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Abstract

Most of Earth's strongest atmospheric convection occurs over the continents, where
potential energy is stored over time in metastable vertical profiles, only to be released
rapidly by severe storms. In contrast to equilibrium-state convection in tropical ocean
regions, there is a relative paucity of research exploring the climate dynamics of conti-
nental deep convection. This work makes a contribution to rectifying that deficiency
by exploring the physical mechanisms by which convective available potential energy
(CAPE) is generated, and their dependence on climatological properties of the Earth's
environment.

First, a budget of the time tendency of CAPE is used to examine the buildup of
CAPE in advance of severe convective storm events in North America via case studies
using reanalysis data. Contributions to extreme peak CAPE from relative advection
of air masses, diabatic heating of the surface boundary layer, and radiative cooling of
the free troposphere are computed. In all 8 cases studied, CAPE buildup is found to
be driven primarily by fluxes of heat and moisture from the surface into the boundary
layer on sub-diurnal time scales, and not by radiative cooling or the relative advection
of air masses at low and upper levels over multiple days.

This result is then further explored using an idealized two-dimensional continental
framework using a minimal numerical model. Experiments in both 2-column and 40-
column configurations demonstrate a link between discontinuities in surface moisture
and high levels of transient CAPE. Surface entropy flux is once again found to be the
primary driver of peak CAPE buildup within the model.

Finally, a thermodynamic constraint on CAPE in continental environments is
established using an idealized, one-dimensional model. This theoretical model in-
corporates the physical principle of CAPE generation identified using reanalysis and
two-dimensional modeling by considering a dry adiabatic column that comes into
contact with a moist land surface. A system of equations is derived to describe the
evolution of the ensuing surface boundary layer. From these, the maximum value of
transient CAPE in the column can be found for any particular combination of sur-
face temperature and moisture. It is demonstrated that, for a given range of surface
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temperatures, the value of peak CAPE scales with the Clausius-Clapeyron relation.

Thesis Supervisor: Kerry A. Emanuel
Title: Cecil & Ida Green Professor of Atmospheric Science
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Chapter 1

Introduction

Convective rainstorms occur on a daily basis in the Earth's atmosphere, and constitute

an important component of the climate system. However, the most severe convective

storms- those which can pose a significant danger to life and property- are much less

spatially and temporally frequent. In fact, these storms tend to occur most frequently

in just a few specific regions of the planet (Zipser et al. 2006), primarily over land.

Such severe convective storms often create hazards such as tornadoes, large hail,

and strong winds. In certain continental regions, these storms occur with a known

climatological frequency of multiple days per year (Brooks et al. 2003a; Doswell III

et al. 2005). But what sets this climatology, and how might the distribution of

severe local storms be expected to change as the Earth's climate changes? This

thesis aims to shed some light on these as-of-yet unanswered questions by determining

the ways in which the atmosphere is preconditioned for severe convection over land,

and developing a theory to constrain available severe storm energy as a function of

climatological properties of the physical environment.

1.1 Background

A certain set of dynamic and thermodynamic conditions must be met for continental

severe convection to occur. Among the necessary ingredients are convective available

potential energy (CAPE), deep-layer vertical wind shear, low-level moisture, and
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dynamical uplift capable of initiating storms (Doswell III et al. 1996; Brooks 2009;

Grams et al. 2012; Bluestein 2007, 2013). In particular, CAPE and shear are the

variables primarily responsible for determining the climatology of severe local storms

over land. This thesis focuses solely on CAPE as a measure of the thermodynamic

capacity of a given environment to support deep convection. Of course, this is only one

part of the puzzle, and further work on the dynamical side is necessary to make theory-

based determinations about the overall distribution of severe storms as a function of

climate. Still, the role of CAPE in constraining severe storm climatology is quite

significant, and a better understanding of its dependence on environmental factors is

pertinently needed.

Herein, CAPE is defined as a measure of the integrated buoyancy of a parcel of air

lifted pseudoadiabatically through a given column of the atmosphere. It is calculated

according to

CAPE, = f(c - ce) dp = Rd (TVp - T, ) d In p (1.1)
P~i PLL

for a parcel of air lifted from the level with pressure pi and whose pressure level of

neutral buoyancy is PL , where ap and a, are the specific volumes of the parcel and

the environment, respectively. Rd is the gas constant for dry air, and Tv, and T,

are the virtual temperatures of the parcel and the environment, respectively. Virtual

temperature is defined by

TV = T 1--(1- )], (1.2)

where e is the partial pressure of water vapor, and E = 0.622 is the ratio of the

molecular weight of water vapor to that of dry air.

Assuming an inviscid atmosphere, the maximum updraft speed of convective thun-

derstorms is proportional to the square root of CAPE (Holton 2004; Bluestein 2007).

Of course, the real atmosphere is not inviscid, and entrainment of environmental air

into rising plumes tends to act as a sink of potential energy, diluting the buoyancy
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of rising parcels and reducing resultant updraft speeds. Still, observations show that

particular types of continental severe convection including supercells are typically

associated with high CAPE (Rasmussen and Blanchard 1998; Brooks et al. 1994;

Grams et al. 2012), and numerical modeling studies such as Weisman and Klemp

(1982) still find a positive correlation between environmental CAPE and storm up-

draft speed. Since high updraft speeds are associated with severe effects such as

high winds, strong downdrafts, and large hail, thunderstorms with these damaging

components occur primarily in environments with high CAPE. Furthermore, Romps

et al. (2014) find that the the lightning flash rate in thunderstorms is proportional to

the product of CAPE and precipitation rate, meaning increases in CAPE correspond

with increases in lightning strikes.

Rasmussen and Blanchard (1998) find that CAPE levels are significantly higher in

environments in which supercells form than in those supporting non-supercell thun-

derstorms. Bluestein (2007) notes that many supercells are associated with CAPE

values in excess of 1500 J kg- 1, although under certain shear conditions, supercells

often occur with minimum CAPE values of 500-1000 J kg- 1 (Bluestein 2013). Fur-

thermore, both L6pez et al. (2001) and Niall and Walsh (2005) find significant corre-

lations between CAPE and hailstorms in observational data in the Iberian Peninsula

and southeastern Australia, respectively. It is therefore apparent that CAPE is an im-

portant property with respect to the preconditioning of the atmosphere for supercell

thunderstorms and those that produce severe hazards.

1.1.1 Climatology of CAPE

Although direct observations of CAPE require full atmospheric soundings and there-

fore are relatively sparse, more spatially complete CAPE climatologies can be com-

puted using reanalysis data. Brooks et al. (2003b) use NCEP/NCAR Reanalysis data

to calculate the frequency of high CAPE occurrences over the United States, with

the finding that environmental CAPE levels are in excess of 2000 J/kg on more than

10 days per year in the central Plains and Midwest, as well as in some parts of Mis-

sissippi and Louisiana. The regions in which extreme CAPE occurs most frequently
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are roughly coincident with those in which severe storm hazards such as tornadoes

(Brooks et al. 2003a) and large hail (Doswell III et al. 2005) are most often observed.

Brooks et al. (2003b) also includes a global analysis that determines that these regions

experience favorable parameters for severe local storms with the greatest frequency

of any regions on Earth.

Similarly, Grumm (2005) uses North American Regional Reanalysis (NARR) data

to produce maps of mean afternoon CAPE values across North America. Their results

also show CAPE maxima in the Southeastern United States and in the central and

southern Plains, with the CAPE field exhibiting the highest variability in the Plains

and Midwestern states. Furthermore, this variability is found to exhibit a seasonal

signal, with maxima moving northward from the southern Plains into the northern

Plains and Midwest over the course of the spring and early summer. Solomon et al.

(2013) are also able to reproduce the results of Brooks et al. (2003b) using North

American Regional Reanalysis (NARR) data to produce a climatology of the number

of days per year with severe local storms in the United States. The spatial pattern

and annual cycle of severe storm frequency as calculated from these reanalysis data

match those of tornado frequency as calculated from observations by Brooks et al.

(2003a).

Previous literature has established an explanation for the relative climatological

prevalence of anomalously high CAPE in central North America: Hot, dry air from

the elevated desert regions of the Southwest is advected eastward by the prevailing

wind aloft, creating a low- to mid-level temperature inversion, and thereby inhibiting

the initiation of convection of warm, moist air parcels closer to the surface (Carlson

and Ludlam 1968; Lanicci and Warner 1991; Banacos and Ekster 2010). Columns

of atmosphere in which this occurs become convectively metastable, a state in which

CAPE can grow continuously until sufficient thermodynamic or mechanical forcing

occurs to overcome the convective inhibition posed by the elevated mixed layer. As

such, severe convective storms over the continents rely on a paradigm of cumulative

stored potential energy, in which CAPE is progressively generated over time, and

reaches transient peak before being consumed. This mechanism stands in contrast to
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that of convective environments over the tropical oceans, where radiative-convective

equilibrium dictates a quasi-steady background level of CAPE (Renn6 and Ingersoll

1996).

The magnitude of the barrier to convection presented by the inversion layer in a

given column of atmosphere can be quantified using convective inhibition (CIN), as

defined by

fPsfc r
CIN = (e - a) dp = Rd (T, - T,) dInp, (1.3)

PLFC PLFC

as in Williams and Renn6 (1993) (this quantity is equivalent to the "negative area"

(NA) discussed in Emanuel (1994)), where LFC denotes the level of free convection

of the lifted parcel.

Previous studies have used observational and reanalysis data to analyze CIN in

severe local storm environments. Grams et al. (2012) finds CIN values of around 25

to 150 J kg- 1 for United States supercells that produced severe hail or wind, with

values a bit lower in tornadic supercell environments. Riemann-Campe et al. (2009)

use ERA-40 reanalysis data to generate a global climatology of CAPE and CIN,

Relatively high mean climatological values of CAPE are found over central North

America, northern Chile, and the coast of India, especially in the March-April-May

(MAM) season. CIN in these regions is also found to be maximum in MAM. The

global spatial maxima of CIN are located elsewhere, but other instances of high CIN

are generally not associated with extreme CAPE.

1.1.2 Observed trends in CAPE and severe storm activity

Several studies identify trends in severe storm activity that could be associated with

climate change. Observed measures of severe hail are found to be increasing in

France (Dessens 1995) and Ontario, Canada (Cao 2008). Reanalysis data are used

by Riemann-Campe et al. (2009) to detect trends in CAPE and CIN over the time

period of the ERA-40 data set. These data show a generally positive trend in mean

CAPE values in middle latitudes. This trend is especially large in continental North
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America for the summer months (JJA). CIN is likewise found to be increasing in all

seasons other than autumn. Combined increases in CAPE and CIN would suggest

an increase in the intensity of convective storms, as stronger forcing is required to

release a larger amount of energy. However, the signs of these trends are found to

have reversed in the years since 1979. This phenomenon is attributed to low fre-

quency CAPE variability, although the study refrains from speculating on a physical

explanation for this variability.

Cook and Schaefer (2008) analyze United States winter tornado reports to find a

significant correlation with the phase of the El Nifno-Southern Oscillation (ENSO).

This connection is found to be due to nonlinear effects of ENSO on the large-scale

forcing over North America. This is an example of the modulation of the interan-

naual climatology of continental severe convection by a long-term, planetary-scale

atmospheric process.

1.1.3 Past studies with global and regional climate models

While severe local storms occur on horizontal scales too small to be resolved by

numerical climate models, several studies have attempted to indirectly predict the

evolution of the climatological state of severe storms by calculating quantities such as

CAPE from the output of global or regional climate models (GCMs/RCMs). Most

notably, Trapp et al. (2007a) use a combination of GCMs and RCMs to predict

the spatial distributions of CAPE, vertical wind shear, and surface specific humidity

over the United States through the end of the 21st century under a given emissions

scenario. These models produce increases in CAPE and surface specific humidity

throughout the country in the spring and summer months with respect to baseline

climatological values established from reanalysis data. These differences are more

pronounced in JJA, especially for the CAPE field, in which increases of over 500 J/kg

are predicted for parts of the Southeast region. Although shear is found to decrease

in the models, the frequency of severe thunderstorm-supporting conditions is found

to increase throughout much of the domain on the order of a few days per season.

A similar conclusion is reached by Solomon et al. (2013), who use a GCM to find
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an increase of similar order in frequency of conditions favorable to severe convection

across the Great Plains and Midwest and April, May, and June (AMJ). Contrastingly,

Niall and Walsh (2005) find a decrease in CAPE for the Mount Gambier region of

Australia under a doubling of atmospheric CO 2 using an RCM. These studies do

not analyze in depth the mechanism by which CAPE would increase, aside from an

attribution to the predicted increase in low-level temperatures.

Likewise, Del Genio et al. (2007) use a GCM to diagnose convective updraft speeds

(by way of calculating buoyancy) in a scenario in which atmospheric CO 2 is doubled.

In this scenario, convective intensity is found to increase by amounts on the order

of 1 m/s globally over land. However, in midlatitudes, the overall nature of moist

convection is found to be unchanged with the exception that the most severe storms

become more frequent. This result is attributed to an increase in the severity of

gradients and shear along frontal boundaries, as CAPE is increased through increased

latent heating.

Trapp et al. (2007b) propose a nested model approach for modeling severe local

storms in the context of climate. By nesting cloud-resolving models inside of GCMs

and RCMs, small-scale convective processes are able to be explicitly simulated, while

large-scale forcing remains the province of the coarse-resolution climate models. This

approach is validated against historical severe convective events as a demonstration

of feasibility for future climate studies.

Ye et al. (1998) use a GCM to estimate the climate sensitivity of CAPE in the

present climate as well as in future climate scenarios. In this case, it is found that

the climate sensitivity of CAPE is predicted to decrease as variations in boundary

layer entropy become less important in CAPE production with respect to changes

in upper-level warming. This thesis aims to further unpack that hypothesis by di-

rectly examining the different mechanisms through which CAPE is controlled in the

planetary boundary layer and in the free troposphere.

Other studies have used the Coupled Model Intercomparison, Phase 5 (CMIP5)

suite of climate models to simulate future changes in continental severe storm clima-

tology. Diffenbaugh et al. (2013) project an increase in days with high CAPE and low
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CIN in conjunction with sufficient shear to support severe convection over the United

States. Likewise, Romps et al. (2014) use 11 CMIP5 models to project an increase

in lightning flash rate with warming temperatures as a result of increasing CAPE.

Seeley and Romps (2015) use a subset of 4 CMIP5 models to project an increase in

frequency of favorable conditions for severe storms in the United States over the 21st

century. That study identifies divergent projections for CAPE and boundary layer

moisture as a source of uncertainty in climate models with regard to atmospheric

preconditioning for continental deep convection.

Trapp and Hoogewind (2016) also use CMIP5 models, but in this case they are

used to obtain a projected base state in which to conduct high-resolution pseudo-

global warming experiments using the Weather Research and Forecasting model.

These simulations project increases in both CAPE and CIN, resulting in fewer storms

but stronger updrafts in those that do develop.

Finally, Gensini and Mote (2015) use high-resolution dynamical downscaling to di-

rectly simulate continental convective storms in environments produced by the Com-

munity Climate System Model version 3, finding an increase in hazards including

tornadoes, large hail, and high winds in several regions of the United States. In par-

ticular, their simulations show an increase in severe convection in the late afternoon

hours of the days on which it occurs. The projected changes in severe storm activity

are attributed primarily to changes in CAPE and deep-layer shear.

1.2 Motivation

1.2.1 Scientific

Until recently, relatively little work had been done at the intersection of continental

deep convection and climate. Now, a growing body of literature has begun to examine

the variability of severe local storms as a function of climate. In the context of the

rapidly developing observation-based and climate model-based understanding of the

climate dynamics surrounding the problem, this thesis aims to establish a theoretical
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understanding of the influence of climatological environmental variables on the ther-

modynamic preconditioning of the atmosphere for deep convection over continents.

The research contained herein may serve as the basis for future work that will fur-

ther elucidate the trends and variability of severe convective storms on interannual

to multidecadal time scales.

1.2.2 Societal

Severe convection over land poses a significant threat to life and property, particularly

in regions such as the Great Plains of the United States, in which it most frequent

and intense. Threats from these storms include high winds, hail, tornadoes, and

flooding. For instance, in 2011, there were 1,894 reported tornadoes in the United

States, resulting in 553 reported deaths (Storm Prediction Center 2011). Between

the years 1950 and 1994, there were $26.3 billion (1997 USD) in insured losses from

tornadoes alone (Changnon 2001). Changnon (2001) also finds that there were $87.2

billion (1998 USD) in reported losses from all thunderstorm catastrophes between

the years 1949 and 1998, with a significant upward trend in loss amounts after 1974.

Furthermore, Changnon (2009) finds that major American loss events associated with

hailstorms have significantly increased in frequency and magnitude since 1990. Av-

erage annual damage to crops and other properties has also trended higher in recent

years (Rosenzweig et al. 2002; Botzen et al. 2010). However, although measures of

severe hail have been found to be increasing in other regions of the world (Dessens

1995; Cao 2008), it is uncertain whether these increases in insured losses are due to

climatological changes in storm frequency or severity, due to increases in exposure

and vulnerability of property to severe storms, or due to some combination of both

factors (Changnon 2009; Bouwer 2011). By providing theoretical insights on the ther-

modynamic constraints on the conditions that give rise to dangerous severe convective

hazards as a function of climate, this thesis aims to produce a baseline upon which

future predictions of these hazards could be improved.
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1.3 Objectives

In this thesis, the problem of constraining the scale of CAPE in continental convective

environments as a function of climatological environmental variables is attacked in

three parts. First, a budget for the time tendency of CAPE is applied to reanalysis

data to determine the primary physical mechanism responsible for the buildup of

CAPE in advance of severe storm events. This work is detailed in Chapter 2. Next,

in Chapter 3, an idealized, two-dimensional numerical model is used to test the results

of Chapter 2 and demonstrate the viability of extreme transient peak CAPE under

certain simplified environmental conditions. Finally, in Chapter 4 a simple, one-

dimensional initial-value model is developed to provide a theoretical scaling for peak

continental CAPE as a function of temperature and other properties of the land

surface. Chapter 5 aggregates the key findings from each of these individual works,

and concludes with an overarching discussion in the context of the goals of the thesis

and potential future research opportunities.
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Chapter 2

Identification of sources of CAPE

in North American severe weather

environments

2.1 Introduction

CAPE is a key thermodynamic property of the atmosphere in determining the fa-

vorability of a given environment to convection. The intensity of a thunderstorm is

theoretically tied to the amount of CAPE present in its environment (Weisman and

Klemp 1982; Brooks et al. 1994; Holton 2004). When convection is triggered, the

environmental CAPE is depleted by conversion to kinetic energy, in the form of verti-

cally overturning motions. Environments with more CAPE therefore support storms

with more vigorous updrafts, which in turn contribute to convective storm severity

by supporting larger hydrometeors, more frequent lightning, and stronger winds at

the surface (Williams et al. 1992). As such, CAPE is considered one of three neces-

sary ingredients for deep convection over land (Doswell III et al. 1996), along with

The contents of Chapter 2 are submitted for publication in Monthly Weather Review. A few
minor edits have been made to the submitted work for the purpose of clarity in the context of this
thesis.
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moisture and dynamical lift.

CAPE can reach particularly high levels over the continents, where energy is stored

gradually over time in conditionally unstable profiles, only to be released rapidly

by severe convective storms (Emanuel 1994). This is particularly evident in the

climatological records of severe local storm hazards, such as tornadoes and severe

hail. Regions such as the Great Plains and Midwest of North America, where the

aforementioned hazards are most frequently observed, are coincident with the areas

in which some of the world's highest levels of CAPE can be found (Brooks et al.

2003b; Zipser et al. 2006).

As discused in Section 1.1.1, the occasional occurrence of exceptionally high CAPE

over land is made possible by the presence of elevated mixed layers- layers of hot,

dry air aloft that act as barriers to convection, thereby allowing entropically rich

air to be trapped near the surface. This process gives rise to metastable atmospheric

profiles with anomalously high CAPE in a way that is unique to particular continental

environments.

While high CAPE is far from the only parameter necessary for severe convection

over land, studying the origins of high CAPE can yield a better understanding of

how, in a dynamical sense, the environment is preconditioned to support severe thun-

derstorms. In North America, the canonical explanation for particularly high-CAPE

situations is a synoptic setup in which the elevated mixed layer is generated in the

southwestern high desert, and advected by mid-level westerlies over the Plains or

Midwest. Concurrently, warm, moisture-laden air from the Gulf of Mexico is thought

to provide the low-level entropy necessary to create significant instability as it is

advected northward at low levels (Emanuel 1994; Johnson and Mapes 2001; Brooks

et al. 2003a; Schultz et al. 2014). Therefore, the presence and relative locations of the

hot, dry desert and warm, moist Gulf are thought to be important for informing the

climatological distribution of the occurrences of high CAPE, and thereby of severe

convection, in North America.

Although this mechanism is generally accepted as being principally responsible for

the buildup of CAPE in advance of severe storm events in central North America, a
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quantitative exploration of the physical mechanisms responsible for supplying CAPE

to continental convective environments has yet to be undertaken. This study aims

to quantify the contributions to CAPE buildup of particular dynamical and thermo-

dynamical processes in advance of North American severe storm events. In doing so,

we aim to improve the quantitative theoretical understanding of the climatology of

extreme peak CAPE, and thereby of severe convective storms.

2.2 Methods

2.2.1 CAPE tendency budget

Case studies are performed in which reanalysis data are used to construct a budget of

the time tendency of CAPE leading up to the onset of severe convection. Following

Emanuel (1994), the time tendency of CAPE can be calculated in a Lagrangian sense,

wherein the time derivative is taken following the motion of a parcel to be lifted from

the surface boundary layer:

d dsb P RQ Tv RT U
-CAPEb (Tb- TL) -d Ur 1v0) Inp, (2.1)
t dt PL cp T 0

where

" the subscript b refers to the boundary layer level from which the parcel is to be

lifted,

" the subscript L refers to the parcel's level of neutral buoyancy,

* Ur = U-Ub is the three-dimensional velocity vector of air in the free troposphere

relative to that of air at the boundary layer lifting level,

and the individual terms on the right-hand side represent the components of CAPE

tendency attributable to

(i) (T - TL) d21, changes in the entropy of the boundary layer (via diabatic heating),
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(ii) - d In p, radiative heating or cooling of the free troposphere,
cp

( P d (Ur VO)dinp, relative advection of the free tropospheric and bound-
P L 0

ary layer air masses.

Terms (i) through (iii) account for the entirety of the Lagrangian tendency of CAPE

in a particular column, with the exception of the depletion of CAPE by convection

itself, which is not reflected in (2.1). Therefore, the case studies conducted here deal

only with the buildup of CAPE in advance of convection, and do not compute the

CAPE tendency budget for times after convection has begun.

In the scenario in which the supply of low-level "Gulf air" is responsible for gen-

erating CAPE, the CAPE tendency budget should be dominated by term (iii), since

parcels traveling in the Gulf air mass near the surface are entering columns with cooler

air and steeper lapse rates aloft. In other words, one would expect the advection of

the cool, continental air mass aloft relative to the warm, moisture-laden Gulf air mass

at the surface to be the primary driver of CAPE buildup.

2.2.2 Data

Data from the North American Regional Reanalysis (NARR) (Mesinger et al. 2006)

from the years 2012-2014 are used to compute the individual terms of the CAPE

tendency budget in each case. NARR is chosen for its high temporal (3-hourly)

and spatial (0.3-degree) resolution, which allow the derivatives in (2.1) to be rea-

sonably approximated by finite differences. Unfortunately, NARR does not contain

4-dimensional radiative heating data, so data from the Modern-Era Retrospective

analysis for Research and Applications, Version 2 (MERRA-2) (Gelaro et al. 2017)

are used in the computation of term (ii). MERRA-2 data also have 3-hourly temporal

resolution, but their spatial resolution is roughly 0.5-degree, so these data are inter-

polated to the NARR grid for te purpose of the tendency budget calculation. Terms

(i) and (iii), as well as the left-hand side of (2.1) are directly computed from NARR.
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2.2.3 Procedure

Cases are identified by searching the United States National Oceanic and Atmospheric

Administration Storm Prediction Center (SPC) database of daily severe local storm

reports for days in which particularly significant storms occurred. Using the storm

reports and NARR, the onset time of convective activity is identified as the output

time step at which the reanalysis first shows convective precipitation in a region in

which storms were reported. The previous time step in NARR output is selected as

time t = 0 for the initial analysis.

Using the temperature, pressure, and humidity fields in NARR, CAPE is calcu-

lated for the entire NARR domain at time t = 0, according to

fPb
CAPE =] Rd(Tp - T,)dlnp, (2.2)

where T, and T, are the virtual temperatures of the lifted parcel and of the envi-

ronment, respectively. The level from which parcels are to be lifted is taken as the

lowest output level above the surface (determined using the NARR surface pressure

field). These parcels are hereafter referred to as boundary layer parcels. Columns in

which CAPE is in the 99.9th percentile (for the entire domain at that particular time

step) at the composite time t = 0 are identified as the columns of interest.

The locations of the boundary layer parcels in each column of interest are then

tracked backward in time using the NARR 3-dimensional wind field for the 2 days

prior to the composite time. A given parcel will cease to be followed if it intersects

terrain, or if it intersects another parcel of interest. At each prior output time step,

the CAPE in each remaining column of interest is calculated.

From the calculated values of CAPE, the total Lagrangian CAPE tendency is

calculated as a finite difference for each column between each time step. Likewise,

the 3-dimensional wind and temperature fields in NARR are used to calculate the

right-hand side terms (i) and (iii) of the CAPE tendency budget, and the MERRA

radiative heating data are introduced to calculate (ii).

The results of these calculations are individual time series of the total CAPE
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tendency and each of its individual components for each of the columns of interest.

By averaging over all columns of interest, a single time series is obtained for each

term in (2.1). Comparing these time series reveals the relative importance of each

physical mechanism described in the CAPE tendency budget, as a function of time

leading up to the onset of severe convection.

Finally, the time series corresponding to each component and the total CAPE

tendency are integrated in time to arrive at a metric of the total accumulated CAPE

attributable to each process. By comparing the magnitudes of the total accumu-

lated CAPE attributable to each physical process with the total magnitude of overall

CAPE buildup, conclusions are formed with respect to the relative importance of

each physical process in generating the CAPE necessary for a particular severe storm

event.

2.3 Cases

Eight instances of severe convective storm activity are identified from the 2012-2014

period. For each instance, a case study is conducted for the buildup of CAPE in

advance of the start of convection. Each of the days selected corresponds to a series

of severe storms that were observed somewhere in the Great Plains, Midwest or

Southeastern United States. Figure 2-1 shows the reports of severe wind, hail, and

tornadoes for each selected day from the SPC database.

The selected cases encompass a variety of continental severe convective modes.

Case (a), from March 2, 2012, is an example of an early-season tornado outbreak in

the Southeastern United States, with a number of long-lived discrete cells tracking

linearly across several states. Case (b), from April 14, 2012, is a similar tornado out-

break associated with a low-pressure system in the Great Plains. Cases (c) and (d),

from April 28, 2012 and May 19, 2012, respectively, feature supercellular convection

triggered along a stationary boundary. Cases (e) and (f), from May 20, 2013 and May

31, 2013, respectively, feature supercellular storms forming in especially high-CAPE

environments over the Great Plains, and growing upscale into mesoscale convective
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systems as they propagated downstream into the Midwest. Finally, later-season con-

vection in the Upper Plains/Midwest is featured in cases (g) and (h), from June 3,

2014 and June 16, 2014, respectively.

Attempts were made to identify nighttime convective outbreaks in the reanalsysis

data set and observational record. However, in each potential case in which severe

convection occurred nocturnally, convection was found to have been initially triggered

during the daytime. Since the CAPE tendency budget (2.1) does not account for the

sink of CAPE by convection itself, these cases are untenable for the purposes of this

study.

In each of these instances, the observed storms form in areas of anomalously high

CAPE. The high CAPE exists in the presence of an inhibitive cap aloft that traps

entropically rich air near the surface, thereby allowing a transient, but extreme level

of instability in a particular region. The methodology outlined in Section 2 is used

to identify the physical mechanisms by which anomalously high CAPE is generated

in each case.

2.4 Results

For each case, the NARR output time step immediately preceding the initiation of

convection is identified, and CAPE is calculated according to 2.2 for the entire NARR

domain. The result of this calculation is shown in Figure 2-2. Figure 2-2 also shows

the locations of the points of interest in which CAPE is in the 99.9th percentile at the

composite time for each case. These points of interest roughly correspond to the areas

in which severe convective storms develop in the hours immediately following the time

of the composites. While the correspondence is not entirely 1-to-1 (for instance, many

storm reports in case (g) are situated to the west of the region of interest), the CAPE

at the algorithmically identified points of interest is taken as a representative sample

of the energy responsible for supporting severe storms in each case.

Figure 2-3 shows the calculated backward trajectories of the boundary layer

parcels that end up in the columns of interest at the time of composite. Addition-

32



(a) March 2, 2012 18Z

(c) April 28, 2012 21Z

(e) May 20, 2013 21Z

(g) June 3, 2014 18Z

3000

2500

2000

1500

1000

500

0

(b) April 14, 2012 21Z

(d) May 19, 2012 21Z

3000

2000

1000

0

5000

4000

3000

2000

1000

0

(f) May 31, 2013 21Z

3000

2000

1000

0

(h) June 16, 2014 21Z

Figure 2-2: CAPE (J kg- 1 ) at the reanalysis time step immediately preceding the

onset convection in each case. The hatched areas indicate the locations of the 99.9th

percentile of CAPE values. Oceanic grid cells are masked.
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Figure 2-3: Paths of boundary layer parcels of interest (blue) tracked backward in
time for the 2 days before the composite time. Red lines indicate the paths of parcels
that end up superimposed on the parcels of interest at the 700 hPa level at the
composite time. Circles indicate the initial positions of each parcel at OOZ the day
prior to the day of the composite.

34



ally, the backward trajectories for parcels that end at the 700 hPa level at t = 0 are

shown, as an illustration of the source of the elevated inhibitive capping layer. In all

cases, the primary origin of the elevated inhibitive layer is indeed the Southwestern

desert or the relatively dry high plains (in case (g)). These elevated dry parcels are

advected eastward (and sometimes northward) to the region of interest, where they

are superposed over the boundary layer parcels to be lifted. This result demonstrates

the importance of the hot, dry elevated inhibitive layer in allowing extreme transient

CAPE to be generated.

The remainder of this study will focus on the backward trajectories of the near-

surface boundary layer parcels (shown in blue in Figure 2-3). In several cases, the

boundary layer parcels from the composite-time high-CAPE columns originate over

the Gulf of Mexico, as hypothesized. However, cases (d), (e), (g), and (h) each include

some fraction of the boundary layer parcels whose origin is over land. The water vapor

contained in these parcels at the composite time is therefore not directly from the

Gulf of Mexico.

Figure 2-4 shows an example of properties of a group of boundary layer parcels

along their backward trajectories. The parcels begin over the Gulf of Mexico (as

shown in Figure 2-3c), so their initial temperature and humidity are relatively con-

stant with time. As they move over land, the diurnal cycle becomes more apparent

in the time series of these quantities. The time series of CAPE are more variable, but

the calculated CAPE following each parcel exhibits a sharp increase in the last few

hours leading up to the composite time. In fact, the majority of the CAPE buildup

in this example is accomplished after t = -9 hours, with a corresponding increase in

both T and qb exhibited concurrently. The changes in T and qb over this time frame

each result in a total increase in boundary layer entropy of order 1000 J kg -.

The results of the trajectory-following CAPE tendency budget calculation are

shown in Figure 2-5. In this analysis, the individual terms of (2.1) are calculated using

finite differences in the Lagrangian frame of the parcels to be lifted (the near-surface

boundary layer parcels along whose backwards trajectories the budget is computed).

The total CAPE tendency is simply the time rate of change of CAPE computed along
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Figure 2-4: Properties of the group of boundary layer parcels of interest along their

backward trajectories for the April 28, 2012 case.
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Figure 2-5: Time series of mean total CAPE tendency (dashed black line), and the
contributions to CAPE tendency from diabatic heating (blue line), relative advection

(red line), and radiative cooling (green line) for each case. The error bars represent
the standard deviation spread of the individual parcels of interest.
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the trajectory of each boundary layer parcel. The remaining three terms correspond

to terms (i), (ii), and (iii) on the right-hand side of (2.1). The error bars on each line

show the standard deviation spread of the individual parcels being tracked.

In theory, the diabatic boundary layer heating, relative advection, and radiative

cooling terms should sum exactly to the total CAPE tendency at any given time along

each trajectory. However, there is some residual error, due to the approximation

of the total derivatives in (2.1) by finite differences, and potentially the internally

inconsistent nature of reanalysis data.

As in the example shown in Figure 2-4c, the total CAPE tendency in each case

exhibits a sharp increase within a few hours of t = 0. This indicates that the majority

of the CAPE being built up toward its transient peak in the columns of interest is

generated on the day of the event, rather than over multiple diurnal cycles.

In each case, the increase in CAPE tendency toward the time of the composite is

tracked closely by an increase in the component corresponding to the boundary layer

entropy tendency. Since in a Lagrangian sense, the entropy of the boundary layer

parcels is conserved in adiabatic motions, the contribution from this term is owed

to diabatic heating of the surface boundary layer. This diabatic heating must occur

primarily through the flux of heat and/or moisture from the land surface into the

near-surface air parcels.

The magnitude of the boundary layer diabatic heating term is much greater than

those of the terms corresponding to relative advection and radiative cooling in the

free troposphere.

Finally, the contributions from each term and the total CAPE tendency are each

integrated over time for each case. The resulting mean cumulative CAPE buildup

attributable to each term is plotted in Figure 2-6. For each case, the contribution

to mean accumulated CAPE from boundary layer diabatic heating is of the same

magnitude as the overall total mean accumulated CAPE, and of a much larger mag-

nitude than the other two contributing terms. Therefore, it can be concluded that

the tendency of boundary layer entropy due to diabatic heating is the primary driver

of CAPE buildup in each of the cases studied here.
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the surface. Specifically, CAPE should increase after the sun rises and net radiative

input to the land surface becomes positive, and is balanced by the flux of heat and

moisture from the surface into the boundary layer. With an inhibitive cap in place,

this allows CAPE to rise to an extreme transient peak, regardless of the origin of the

low-level air mass.

It should be noted that although the relative advection pathway for generating

CAPE is found to be relatively unimportant in these case studies, advective pro-

cesses remain important for generating convective inhibition. In each case, the region

of maximum CAPE coincided with an inhibitive cap of hot desert air that had been

advected into place aloft. Without the inhibitive cap advected into place, diabatic

heating of the boundary layer would cause convection to be triggered thermodynam-

ically before significant CAPE could be achieved.

The importance of surface fluxes in determining the tendency of boundary layer

entropy implies a climatological significance for properties of the land surface. For

instance, the amount of moisture fluxed into the boundary layer by evapotranspiration

in response to daytime heating can be dependent on the amount of available moisture

in the soil. In the cases identified here, the contributions to boundary layer entropy

tendency by the change in boundary layer humidity as a result of surface latent heat

flux and the change in boundary layer temperature as a result of surface sensible

heat flux are found to be of comparable magnitude. Therefore, the fluxes of both

heat and moisture are important in controlling CAPE buildup. This suggests that

a sufficiently moist land surface may be necessary to generate high transient peaks

of CAPE in the presence of an inhibitive cap, and that a climatological modification

of the Bowen ratio could have an effect on transient peak CAPE. Likewise, since the

total entropy flux into the boundary layer from the surface is limited by the amount of

net incoming radiation, surface albedo could have a role in modulating peak CAPE.

In this sense, the Gulf of Mexico may influence the climatology of North American

severe convection indirectly by dictating the climatological properties of the land

surface in the central regions of the continent, rather than by directly supplying low-

level entropy to convective environments. Future studies could attempt to identify
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such relationships in observations and models of continental convective environments.
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Chapter 3

Diagnosis of physical contributors

to CAPE buildup in a simplified

numerical framework

3.1 Introduction

The results of Chapter 2 show that in case studies of United States severe weather

outbreaks, the buildup of CAPE prior to convective initiation is primarily accom-

plished by increases in the entropy of the surface boundary layer due to diabatic

surface heating. In this chapter, we aim to demonstrate the same mechanism in a

simple, idealized numerical model in which the problem is distilled to two dimensions.

If, as originally hypothesized, differential advection of moist air and steep lapse

rates below and above the capping inversion layer (respectively) were the primary

driver of CAPE generation over the continents, a three-dimensional framework would

be required to reproduce the occurrence of transient extreme peak CAPE events in

any model. However, the dominance of the boundary layer entropy tendency term

in the CAPE tendency budget computation of reanalysis data implies that transient

high CAPE can be achieved in a two-dimensional context, since high low-level entropy

can be generated in situ via surface fluxes, rather than advected into place from an
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external source. This work aims to demonstrate that in a single horizontal dimension,

the land surface can be configured in such a way to create a capping inversion and

allow high CAPE to be consistently generated in metastable vertical profiles in a

particular location.

Properties of the land surface have been shown in past studies to play a role in

modulating CAPE on long-term and short-term time scales. By altering the fluxes

of heat and moisture to the planetary boundary layer, these properties affect the

distribution of boundary layer entropy and can therefore influence levels of CAPE

in the atmosphere (Pielke 2001). Although the boundary layer quasi-equilibrium

hypothesis is not valid at short time scales in continental regions (Donner and Phillips

2003), the properties of the boundary layer are found to be the primary control of

CAPE both in continental and tropical oceanic contexts (Donner and Phillips 2003; Ye

et al. 1998). In particular, the surface soil moisture is found to be an important factor

in modulating convection in observations (Taylor and Ellis 2006), climate models

(Schir et al. 1999), and initial-value mesoscale simulations (Shaw et al. 1997).

Here, a simple numerical model is employed to examine the effects of spatial

changes in surface moisture on the background state of CAPE. In this approach, it is

important to construct a minimal model such that the relevant dynamical processes

can be isolated in the absence of complicating 'realistic' (but extraneous) features.

Therefore, a hydrostatic model is used to integrate the primitive equations on a two-

dimensional grid with parameterized convection, clouds, and radiation. To preserve

simplicity, the model is set up on a non-rotating x-z plane, with cloud-radiative

interactions turned off. The land surface is represented by a very shallow ocean layer.

This model is initially run in a two-column configuration before being expanded to a

reentrant many-column channel. In each configuration, the model is allowed to run

into a statistical (not necessarily steady) equilibrium, in which the state of CAPE is

observed.

Another possible approach could have been to start with a realistic regional model

of the Plains region, and establish a baseline of environmental CAPE that reproduces

observations. One could then experiment by toggling environmental features such
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as the surface soil moisture gradient, surface albedo gradient, surface topography,

presence of the Gulf of Mexico or Rocky Mountains, or the strength or shear of the

imposed background flow. By monitoring the response of the equilibrium CAPE

in the system to these changes, one could hypothetically identify the environmental

factors that are most important in supporting high values of CAPE in the Great

Plains and contiguous regions. However, as it is not well understood how CAPE is

produced in such models to begin with, the simplified framework approach is selected

in order to get a better understanding of the dynamics at work. The minimal modeling

approach creates a baseline dynamical framework onto which additional features such

as rotation and three-dimensional physics could be added in future studies.

3.2 Methods

A multiple-column version of the single-column hydrostatic model of Emanuel and

Zivkovid-Rothman (1999) is used. This model includes the parameterized convection

scheme detailed in that study, as well as the fractional cloud scheme of Bony and

Emanuel (2001), and the radiative transfer scheme of Morcrette (1991). The surface

is represented by an ocean with a mixed layer of fixed depth. Land surfaces are simply

represented by an ocean with a very shallow (20 cm) mixed layer, representing the

relatively low heat capacity of land. This 'ocean' has no circulation, and heat is

not allowed to be diffused or advected between columns via subsurface processes.

The model numerically integrates the hydrostatic equations for streamfunction and

vorticity over the two-dimensional domain, with lateral advection allowed between

model columns.

The model is set up with a region of low surface moisture on the western half

of the domain, and a region of high surface moisture on the eastern half. This

configuration is analogous to that of North America, where there is a zonal gradient

in surface moisture between the dry desert southwest and the moister Plains and

Midwest regions to the east.

The system is simplified as much as possible in order to eliminate extraneous
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physical mechanisms and feedbacks that might obfuscate the dynamics of interest.

To that end, the model is set up zonally at a latitude of 0, with the effect of removing

rotation from the system. This is fully equivalent to running the two-dimensional

model in a non-rotating system. Additionally, the radiative transfer scheme is utilized

such that shortwave and longwave radiation do not interact with clouds in the model

(clouds are allowed to form where air is saturated, but they are transparent to all

radiation). This is done to eliminate cloud-radiative feedback mechanisms that would

otherwise complicate the equilibrium state of the system. Furthermore, the longitude

of each column is set to a constant value of 0, in order to eliminate differential timing

of the diurnal cycle (columns in the east receiving incoming shortwave prior to those

in the west). This does not remove the zonal dimensionality or relative locations

of the model columns; it simply ensures that incoming shortwave radiation varies

uniformly with time over the domain.

Radiation, surface temperature, and water vapor content are all calculated inter-

actively, rather than specified in the model. The model is run with a reduced solar

constant to compensate for the lack of poleward heat transport by the ocean in the

two-dimensional model. The value of the reduced solar constant is calculated in pro-

portion to the surface albedo, with a baseline value of 1161.0 W m- 2 for a surface

albedo of 0.20.

The model is run with 46 vertical levels, and random noise is added to the initial

soundings to introduce slight variations between the columns. The model is initially

run in a two-column configuration for the purpose of conducting sensitivity experi-

ments. Later, this is expanded to a 40-column configuration, for which a more detailed

analysis of the production of CAPE is conducted. In each case, the model is run in

one experiment with a diurnal cycle of radiation, as well as an experiment in which

incoming solar radiation is set to a diurnally-averaged constant.

In the model, changes in surface moisture are imposed by modulating a parameter

called evaporative fraction (a). a is defined as a nondimensional coefficient whose

value is between 0 and 1, and acts as a multiplicative factor to the latent heat exchange

between the surface and the planetary boundary layer. It is therefore defined such
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that the total surface entropy flux is given by

Fs = CD jV[L(a )(q0 - qb) + cp(OO - Ob)], (3-1)

where CD is a nondimensional drag coefficient, L, is the latent heat of vaporization

of water, cp is the heat capacity of dry air, IVi is the magnitude of the surface

wind, q and q* are specific humidity and saturation specific humidity, respectively, 6

is potential temperature, and the subscripts 0 and b correspond to the surface and

boundary layer, respectively. Physically, the evaporative fraction corresponds to a

measure of the moisture of the land surface. In the notation of the boundary layer

equilibrium model of Betts (2000), the quantity defined here as evaporative fraction

can be written as

Z = 9V , (3.2)
gv + ga

where ga is an aerodynamic conductance dependent on the surface wind speed, and gv

is a vegetative conductance whose value is the reciprocal of the "vegetative resistance"

(Rv) that modifies the availability of water for evaporation at the surface. Although

the system being studied here is not necessarily considered to be in boundary layer

quasi-equilibrium, this parameterization is still relevant, as the value of Rv is observed

to be low for wet soils and high for dry soils (Betts 2000). Therefore, specifying aZ

can be considered a way of specifying the moisture content of the modeled soil, since

o= 0 in the limit in which Rv -+ xc, and a = 1 in the limit in which R, - 0.

In the many-column configuration, contributions to the equilibrium CAPE state

are analyzed using (3.5). By diagnosing the four terms on the right-hand side of

this equation in a parcel-following sense, the relative contributions to equilibrium

CAPE from surface entropy, radiative cooling, and vertical and horizontal advection

are determined.
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3.2.1 Sensitivity experiments

To investigate the effects of surface properties on the production of CAPE in the

model, sensitivity experiments are first performed in a two-column framework. In this

setup, two adjacent land columns of 500 km width each are specified identically with

the exception of their surface properties in a domain with rigid lateral boundaries.

First, while fixing the evaporative fraction of the easternmost column surface at 1.0,

the a of the western column surface is varied from 1.0 to 0.10 in increments of 0.1.

For each value of a in the western column, the model is run forward in time from its

initial state until its time-dependent fields reach a statistical equilibrium. The model

is considered to be in statistical equilibrium once the trends of its time-dependent

fields go to zero over a sufficiently long time (100 days). This procedure is repeated

for the cases of diurnally averaged and diurnally varying radiation.

From the model output fields, equilibrium mean values of surface temperature,

streamfunction, precipitation, and CAPE are calculated for each column using data

from the last 100 days of each simulation. Here, CAPE is calculated considering a

parcel lifted from the surface boundary layer in each column, according to (1.1), with

parcels lifted from the level of the surface boundary layer. For the purposes of this

calculation, the boundary layer lifting level is simply taken to be the lowest level

of the model. For the diurnal run, the mean daily maximum of these quantities is

calculated for each column.

Next, resetting the evaporative fraction to 1.0 in both columns, a sensitivity ex-

periment is performed using surface albedo. The surface albedo is fixed at its default

value of 0.20 in the easternmost column, while the surface albedo of the western col-

umn is altered in increments of 0.10 over the range of values from 0.10 to 0.90. To

compensate for the loss of energy by the system due to increased surface albedo (or

the decrease in energy due to decreased albedo), the solar constant for each run is

adjusted over the entire domain according to

S = -a , (3.3)
1 -lj(ao + a)'
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where So = 1161.0 W m- 2, ao = 0.20, and a is the surface albedo of the column for

which that quantity is being adjusted. For each value of surface albedo, the model is

run to statistical equilibrium as in the evaporative fraction experiment. Once again,

these runs are conducted both with and without the diurnal cycle of radiation. Upon

conclusion of each model run, mean values of surface temperature, streamfunction,

precipitation and CAPE are calculated for each column in the equilibrium state.

3.2.2 Many-column configuration

For a more detailed examination of the dynamical processes supporting CAPE in

these statistical equilibrium states, the experiment is extended to a framework in

which there are 40 columns in a laterally periodic domain. These columns compose

four regions, as shown in Fig. 3-1: Counting from the left (west) of the domain,

columns 1-10 and 31-40 are ocean columns, with surface evaporative fraction of 1.0,

and mixed layer depth of 50 m. Columns 11-20 are land columns with a = 0.1, and

columns 21-30 are land columns with a = 1.0. The columns have otherwise identical

parameters, with widths of 500 km each. Therefore, the domain contains 10 columns

of 'dry' land immediately adjacent to 10 columns of 'wet' land, surrounded on either

side by 10 columns of ocean in a nonrotating reentrant channel.

This simplified minimal model domain may be considered analogous to the conti-

nental United States, in which the dry land of the desert Southwest is adjacent to the

relatively moist land of the Midwest and Southeast, with oceans on either side, and

a climatological mean westerly background wind. The Great Plains, in which severe

local storms are climatologically most prevalent, are situated on the boundary of the

dry land and wet land regions.

A background zonal flow is imposed throughout the domain. This flow is westerly

(from left to right in the domain; all columns still have constant latitude), with
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------ ----- 700 hPa

10 cols (500 km each)

Figure 3-1: Schematic of the many-column configuration of the idealized numerical

model. Each rectangle represents a region 10 columns in width, with a fixed evapo-

rative fraction and oceanic mixed-layer depth. The red lines illustrate the prescribed

background wind profile, which applies throughout the domain. Atmospheric advec-

tion between columns and regions is permitted, with a periodic rentry between the

left and right edges of the domain. The depth of the bottom section of each section

corresponds to the depth of its ocean surface, and therefore its effective heat capacity.

vertical shear at low levels, according to

U) JUO p < 700 hPa (3-4)
Uo [ "_f 17OPa) p > 700 hPa

where Uo = 20 m s-1, and psfc = 1012.5 hPa. The purpose of the low-level shear is to

allow air from the dry land portion of the domain to be advected above boundary layer

air from the moist land. This superposition of relatively warm air above relatively

cool air may create a temperature inversion that would contribute to metastability of

the column to moist convection. Given the background zonal flow, the purpose of the

deep ocean columns on either side of the land is to provide a large region of high-heat

capacity surface with relatively constant temperature that will damp perturbations

being advected away from the moist land, and prevent them from feeding back onto

the dry land in the reentrant flow (which is now required in order to conserve energy,

due to the imposition of the background flow).

In this configuration, the model is run forward in time until a statistical equilib-
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rium is reached. Separate runs are conducted with diurnally averaged and diurnally

varying radiation. From the model output, 100-day equilibrium means of surface

temperature, streamfunction, precipitation, CAPE, and CIN are calculated. Since

the model is run to a state of statistical equilibrium, each of these quantities can be

calculated for each hour of the day to create a composite of their mean daily evolution

for the experiments with diurnally varying radiation. CAPE is again calculated as

in (1.1), while CIN is calculated according to (1.3). Since the equilibrium state is a

statistical equilibrium, and not a steady state, each of the output variables fluctuates

in time. Therefore, for CAPE and CIN, cumulative frequency diagrams are produced

tallying the number of output time steps in which the quantities fall into given ranges

in each column during 1000 days of statistical equilibrium in the model.

For the cases in which a diurnal cycle has been implemented in the model, com-

posite plots are created in which the values of output quantities including surface

temperature, zonal surface wind, precipitation, CAPE, and CIN at each hour in the

solar day are averaged over 100 days of statistical equilibrium in the model. The

resulting composites show the mean daily evolution of each quantity in each column

with the diurnal cycle.

Finally, for the diurnally varying model runs for which time-dependent composites

have been created, tendency budgets of CAPE are constructed following (2.1). In the

context of this model, the CAPE tendency budget equation becomes

d dsb Pb RQ (T\ RdTv 00 a0-CAPE (T-TL) -Ur - dlnp,dt dt -PL [Cp T 0 Ox DP

(3.5)

where Ur = u - Ub is the zonal velocity relative to that of a parcel in the planetary

boundary layer, total derivatives are decomposed according to

d=-+D , (3.6)
dt at Ox'

and the partial derivatives are approximated by finite differences. For the purposes
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of this calculation, the boundary layer is taken to be first model level above the

surface. Each individual component of the right-hand side of (3.5) is calculated for

each column in the model output, including

(i) (Tb- TL)2, the component due to changes in the entropy of the subcloud layer,

(ii) Pb RdQ - dp, the component due to radiative cooling of the environment,

(iii) "ur - dp, the component due to environmental lateral advection,Pb RdT (
pO OX

and

(iv) P -v W dp, the component due to environmental vertical advection.

Their sums are compared to the calculated CAPE tendencies in those respective

columns. For the case of diurnally varying radiation, CAPE budgets can be calculated

for the mean equilibrium quantities for each hour of the day, thereby creating a daily

mean equilibrium composite for each term in the budget.

3.3 Results

3.3.1 Sensitivity experiments

Evaporative fraction

The results of the first sensitivity experiment in which surface evaporative fraction

is varied for one of two columns are shown in Fig. 3-2. In this experiment, incoming

solar radiation is set to a diurnally-averaged constant. Fig. 3-2a shows the mean

equilibrium surface temperature of each column, while Fig. 3-2b shows the mean

equilibrium precipitation rate in each column, Fig. 3-2c shows the mean equilibrium

level of CAPE, and Fig. 3-2d shows the mean vertical velocity at the 850 mb level. In

this case, the 'dry' column is that in which the value of surface evaporative fraction is

being modulated, since the evaporative fraction of the 'wet' column surface is set to

the constant value of 1.0. With increasing a in the 'dry' column, each output variable

approaches its value from the control case, in which a = 1.0 in both columns.
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Figure 3-2: Mean equilibrium values of surface temperature (a), precipitation (b),
CAPE (c), and vertical velocity at the 850 mb level (d) versus surface evaporative

fraction of the low-a column in the 'dry' column (green) and the 'wet' column (blue)

for the case with diurnally averaged radiation.
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The differential in surface a has the effect of creating a circulation in the 2-column

model, as can be inferred from the vertical velocities shown in Fig. 3-2d. For all cases

except for a = 0.3, this circulation exists such that there is subsidence over the cooler

'wet' column and rising motion over the warmer 'dry' column. This circulation is

associated with increased precipitation over the 'dry' column.

As shown in Fig. 3-2a, decreasing a has the effect of warming the surface in the

'dry' column, and therefore an increased difference in surface evaporative fraction

creates an increased difference in surface temperature.

Finally, the total CAPE in the system appears to be a monotonically increasing

function of the difference in surface evaporative fraction, with maximum mean equi-

librium CAPE values of around 350 J kg- 1 in the 'wet' column for a = 0.1 in the

'dry' column. In all cases, there is no appreciable buildup of CAPE observed in the

'dry' column.

This experiment indicates that in a mean statistical equilibrium sense, large gradi-

ents in surface evaporative fraction correspond to larger background levels of CAPE.

Fig. 3-3 shows the results of the two-column evaporative fraction sensitivity ex-

periment in which radiation is allowed to vary with the diurnal cycle. As in Fig. 3-2,

the four panels show the surface temperature, precipitation rate, CAPE, and 850 mb

vertical velocity, respectively, for each column. However, Fig. 3-3 shows the mean

equilibrium daily maximum for each quantity.

A similar circulation to that of the constant insolation case is shown the develop

when radiation is allowed to vary diurnally. Over the low- evaporative fraction sur-

face, less surface energy flux is partitioned to evaporation, allowing for anaomalous

warming. This warming creates a warmer surface temperature, which is then associ-

ated with rising motion over the 'dry' column and subsidence over the 'wet' column.

More precipitation is thereby observed in the 'dry' column than in the 'wet' column

for all values of a.

Finally, the CAPE in this experiment is not a monotonic function of a difference.

As shown in Fig. 3-3c, the maximum daily CAPE value occurs in the 'wet' column

for the lowest values of a in the 'dry' column, while above some a value of a 0.4
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Figure 3-3: Mean daily maximum equilibrium values of surface temperature (a),
precipitation (b), CAPE (c), and vertical velocity at the 850 mb level (d) versus

surface evaporative fraction of the low evaporative fraction column in the 'dry' column

(green) and the 'wet' column (blue) for the case with diurnally varying radiation.
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to 0.5, the maximum daily CAPE value occurs in the 'dry' column. In this regime,

the maximum mean daily CAPE in the 'dry' column is maximized for a = 0.6.

In all cases (including the control case), the mean equilibrium daily maximum of

CAPE is significantly higher than the mean equilibrium CAPE levels observed in the

nondiurnal experiment (Fig. 3-2c). This is an indication of the relative importance of

the transient nature of CAPE, since the higher values calculated from diurnal cycle

maxima are not reflected in the mean overall background state.

Surface albedo

Fig. 3-4 shows the results of the sensitivity experiment with diurnally averaged radi-

ation in which the surface albedo of one of the two columns is modified while that

of the other column is fixed at ao = 0.20, with a constant evaporative fraction of

a = 1.0 in both columns. Fig. 3-4a shows the mean equilibrium surface temperature

of each column against the surface albedo of the column in which surface albedo is

being modulated. Likewise, Fig. 3-4b shows the mean equilibrium precipitation rate

in each column for each run, Fig. 3-4c shows the mean CAPE level in each column,

and Fig. 3-4d shows the mean vertical velocity at the 850 mb level in each column.

In this case, the control run is that for which a = 0.2 in the variable albedo column.

The results of the albedo sensitivity experiment in which incoming solar radiation

is specified as a function of the diurnal cycle are shown in Fig. 3-5. Here, Fig. 3-

5a shows the mean daily high surface temperature over 100 days of the equilibrium

period of the model runs plotted against the albedo of the column for which albedo is

being modulated. Fig. 3-5b shows the equilibrium mean daily maximum precipitation

rate, Fig. 3-5c shows the same thing for CAPE, and Fig. 3-5d shows the same for 850

mb vertical velocity.

In both of these experiments, the circulation is reversed from those seen when

varying surface evaporative fraction. As shown in Figs. 3-4d and 3-5d, air subsides

over the variable albedo column (where a is higher), and rises over the column in

which albedo is fixed over a = 0.2. This is a rather curious result, as the higher

albedo column is counterintuitively found to have a warmer surface temperature.
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Figure 3-4: Mean equilibrium values of surface temperature (a), precipitation (b),
CAPE (c), and vertical velocity at the 850 mb level (d) versus surface albedo of the
varying albedo column in the column in which albedo is being modulated (green) and
column in which it is held constant (blue) in the domain for the case with diurnally
averaged radiation.
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Figure 3-5: Mean daily maximum equilibrium values of surface temperature (a),
precipitation (b), CAPE (c), and vertical velocity at the 850 mb level (d) versus
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modulated (green) and column in which it is held constant (blue) for the case with

diurnally varying radiation.
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Fig.s 3-4a and 3-5a show the surface temperature decreasing across the domain

with increasing albedo in both the diurnal and nondiurnal experiments. This effect

is observed even though the solar constant is increased to compensate for increased

albedo according to (3.3). Therefore, the surface albedo parameter may be involved in

a feedback on surface temperature and the overall system. Precipitation rate is also

found to decrease with increasing albedo, with precipitation rates generally lower

in the column with lower albedo, as shown in Fig.s 3-4b and 3-5b. These results

are consistent with the aforementioned 'reverse' circulation, whose origin remains

unknown.

For the case of diurnally varying radiation, the maximum value of CAPE in each

column generally decreases with increasing albedo in the column for which albedo

is being modulated. This correlation is not observed in the experiment in which

incoming solar radiation does not vary diurnally. However, in this case, the observed

mean equilibrium CAPE levels are very low (< 50 J kg- 1) due to the lack of capping

inversion, and are therefore not very meaningful in this model. Therefore, in this

configuration, it can be concluded that varying the surface albedo of one of the two

columns does not significantly favorably contribute to the mean background state of

CAPE.

3.3.2 40-column configuration

Diurnally averaged radiation

In Fig. 3-6, the number of model output time steps in 1000 days of statistical equilib-

rium in which CAPE falls into given ranges of values are tallied in each column. The

resulting diagram is a heat map showing the relative frequency (as a nondimensional

fraction; the sum of the frequencies in each column is 1) of each CAPE level in each

column in the non-steady statistical equilibrium state for the 40-column configuration

with diurnally averaged radiation. In this diagram, the 11 westernmost columns and

11 easternmost columns (including 1 boundary column on either side of the domain)

constitute the deep ocean part of the domain. The 10 columns in the left center of
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Figure 3-6: Heat map diagram showing the number of timesteps (shading) in equi-
librium at which the CAPE falls into a given range of values (J/kg, vertical axis) in
each model column (horizontal axis) for the case of diurnally averaged radiation. The
vertical dashed lines indicate the boundaries between the ocean, 'dry' land, and 'wet'

land regions.

the domain constitute the 'dry' land, for which a = 0.1. The remaining 10 columns

(in the right center of the domain) are the 'wet' land, for which o = 1.0.

From Fig. 3-6, it is clear that the highest values of CAPE occur in the westernmost

column of the wet land region. This is the column that is contiguous with the dry

land region. In this column, modeled CAPE levels are most often above 350 J kg-.

CAPE in the adjoining columns in the wet region is highly variable, but generally

appears to decrease with distance from the dry land region. Conversely, in the dry

land region, CAPE values are very low, only rarely exceeding 50 J kg- 1 . Over the

ocean columns, CAPE is more highly variable, but is most frequently observed at the
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lowest levels.

Although levels of CAPE in this simulation are not consistent with those that

would climatologically be associated with severe convection on Earth (Rasmussen

and Blanchard 1998; Grams et al. 2012), the pattern of CAPE distribution in this

result indicates a significant influence of surface properties on the background state of

CAPE in this configuration. This is likely due to the use of a time-invariant constant

solar input at the surface, rather than a diurnal cycle in which the peak surface

heating would be much higher. However, since CAPE in the westernmost column in

the wet land region is categorically higher than that of the other columns, it can be

concluded that a discontinuous jump in surface evaporative fraction is sufficient to

produce an elevated level of CAPE in the presence of a given background flow in this

model configuration.

Fig. 3-7 is the same plot as Fig. 3-6, with the exception that occurrences of CIN

are tallied instead of those of CAPE. The CIN heat map shows that values of CIN

in the leftmost column of the wet land region are frequently around 100 J kg- 1 ,

although lower values are also observed with lesser frequency in this column. In the

columns immediately to the east of this column, CIN levels are much lower, with

values most frequently around 25 J kg- 1. However, with increasing proximity to the

eastern ocean region, the equilibrium CIN distribution becomes increasingly variable,

with CIN values in the rightmost column of the wet land region occasionally exceeding

the maximum values in the leftmost column of that region. This high variability is

continued into the ocean region, while in the dry land region, variability is much

lower.

The relatively high levels of CIN in the leftmost column of the wet land region,

in association with the relatively high CAPE values in the same column indicate

the possibility of climatological conditional instability in this column. As shown in

Appendix A, the mean states of dynamic quantities in the model output demonstrate

that this conditional instability is the result of an anomalous warm layer that is

created above the dry land section and advected downstream by the background

shear flow, providing a capping layer in at least one of the westernmost wet land
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Figure 3-7: Heat map diagram showing the number of timesteps (shading) in equi-
librium at which the CIN falls into a given range of values (J/kg, vertical axis) in
each model column (horizontal axis) for the case of diurnally averaged radiation. The
vertical dashed lines indicate the boundaries between the ocean, 'dry' land, and 'wet'
land regions.

columns.

Diurnally varying radiation

Fig. 3-8 shows a statistical equilibrium heat map of CAPE as in Fig. 3-6, but for

the case of diurnally varying radiation. However, for this figure, instead of tallying

the occurrences of CAPE at all time steps, the maximum values of CAPE in each

24-hour period are found. The resulting figure tallies the number of days in which

the maximum value of CAPE falls into a given range for each column. In this figure,

the variability of maximum daily equilibrium CAPE is much lower than that of equi-
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Figure 3-8: Heat map diagram showing the number of days (shading) in equilibrium

at which the maximum value of CAPE falls into a given range of values (J/kg, ver-

tical axis) in each model column (horizontal axis) for the case of diurnally varying

radiation. The vertical dashed lines indicate the boundaries between the ocean, 'dry'

land, and 'wet' land regions.

librium CAPE in the nondiurnal experiment (while the values themselves are much

higher). While some variability remains, the maximum daily CAPE for each column

falls into a discrete range of values. The highest of these ranges is again found on the

western edge of the wet land region, where maximum daily CAPE values are most

frequently between 1400 and 1800 J kg- 1 . The second highest range of CAPE is

found in the adjoining wet land column, where CAPE is most frequently between 600

and 1000 J kg- 1 . CAPE values continue to decay to the east approaching the ocean

columns, in which CAPE is always below 200 J kg- 1. CAPE values in the dry land

columns are slightly higher than those over the ocean, but they by and large remain

63



below 400 J kg-.

This result reinforces that of the nondiurnal 40-column experiment, showing that

a gradient in surface evaporative fraction can lead to climatologically large values of

CAPE. The highest values of CAPE in this run are found in the same column as

those in the nondiurnal run. Furthermore, the relatively small variation in this result

indicates that the diurnal cycle is the leading timescale for modulating the transience

of CAPE in this configuration, as CAPE reaches roughly the same maximum levels

each day. Furthermore, the maximum values of CAPE are consistent with those that

might be sufficient to produce severe storms in the real atmosphere.

Fig. 3-9 is the same as Fig. 3-8, with the exception that maximum daily occur-

rences of CIN are tallied instead of those of CAPE. The equilibrium distribution of

maximum daily CIN values is slightly more variable than that of those of CAPE. How-

ever, daily CIN maxima still fall into discrete ranges for each column. The highest

of these ranges is found on the western edge of the wet land region, where maximum

daily CIN values are most frequently between 140 and 230 J kg 1 . The adjacent wet

land column has maximum daily CIN values between 90 and 150 J kg- 1 , while CIN

maxima in the rest of the wet land region are always between 40 and 75 J kg- 1. Daily

CIN maxima in the dry land region are of comparable magnitude, while those over

the ocean are more highly variable.

Once again, the highest values of CIN fall in the same column as those of CAPE,

indicating that the configuration of surface evaporative fraction and background shear

flow creates the possibility of conditional instability in this column.

Fig. 3-10 contains hourly composites of surface variables, showing their mean evo-

lutions with the diurnal cycle in the equilibrium state. Fig. 3-10a shows a diurnal

composite of surface temperature across the domain, while Fig. 3-10b shows a com-

posite of precipitation, and Fig. 3-10c shows the same thing for surface zonal wind.

In these plots, the horizontal axis is x in the domain, while the vertical axis is time

in the diurnal cycle, and the mean values of each quantity are indicated by shading.

Therefore, these plots are akin to mean diurnal Hovm6ller diagrams for each quantity.

Fig. 3-10a shows that the dry land surface is consistently warmer than that of the
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Figure 3-9: Heat map diagram showing the number of days (shading) in equilibrium at

which the maximum value of CIN falls into a given range of values (J/kg, vertical axis)

in each model column (horizontal axis) for the case of diurnally varying radiation.

The vertical dashed lines indicate the boundaries between the ocean, 'dry' land, and

'wet' land regions.

wet land, while the magnitude of the diurnal cycle of ocean surface temperature is

negligible. Furthermore, the maximum of wet land surface temperature occurs earlier

in the day than that of dry land surface temperature. This is likely due to cooling

associated with the precipitation that occurs in the wet land columns around 15 hours

local time, as shown in Fig. 3-10b. This maximum of precipitation corresponds to

a convective release of the CAPE built up around 13 hours local time, as shown in

Fig. 3-11.

Fig. 3-10c shows a maximum of westerly surface wind in the dry land columns in

the afternoon. Flow in the wet land columns also becomes westerly at this time after
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Figure 3-10: Composites of hourly eqilibrium means in surface temperature (a), pre-

cipitation (b), and zonal wind (c) for the case in which a diurnal cycle of radiation

is used. The vertical dashed lines indicate the boundaries between the ocean, 'dry'

land, and 'wet' land regions.
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having been easterly in the morning near the boundary with the dry land. The cause

of this sudden reversal of surface flow is not immediately clear, although its onset is

contemporaneous with the daily precipitation event in the wet land columns. The flow

reversal also corresponds to strong convergence at the dry/wet land boundary during

the afternoon; this acts to support further precipitation after the initial triggering of

convection.

Fig. 3-11 shows similar diurnal composites for CAPE and CIN. Both CAPE and

CIN show pronounced maxima in the wet land column closest to the dry land at 13

hours local time. At this time, the mean CAPE in this column is 1700 J kg- 1, while

the mean CIN is 220 J kg- 1. A model-generated sounding of the mean atmosphere

in this column at this time is shown in Fig. 3-12. This sounding indicates a low-

level temperature inversion, with warm, dry air in place just above the surface layer,

which itself is nearly saturated. This inversion persists up to roughly the 850 hPa

level, above which a parcel lifted from the boundary layer would be positively buoyant

up to about the tropopause. This low-level temperature inversion is a consequence

of advection of warm, dry air from the dry land region by the background shear flow

across the boundary to the wet land region above the surface layer. While advection
U

of warm, dry air is also responsible for creating capping inversions in real continental

atmospheres, the lack of terrain height differences in this model causes the inversion

to occur much closer to the surface, increasing the transience of the modeled CAPE

extreme.

CAPE tendency budget analysis Fig. 3-13 shows the mean hourly values of each

of the four terms on the right-hand side of (3.5). These plots use the same composite

Hovm6ller format as those in Fig.s 3-10 and 3-11. Fig. 3-13a shows the contribution

to the tendency of CAPE following a boundary layer fluid parcel due to changes in

boundary layer entropy, Fig. 3-13b shows the contribution to CAPE tendency due

to radiational cooling, Fig. 3-13c shows the contribution due to horizontal advection,

and Fig. 3-13d shows the contribution due to vertical advection. Note that the color

scales are not the same for each image, as data in Fig. 3-13a are of order 10-1 J kg-1
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Figure 3-12: Skew-T diagram for westernmost 'moist' column at the time of peak
CAPE.

s-1, while data in Figs. 3-13b and 3-13c are of order 10 3 J kg 1 s-, and data in

Fig. 3-13d are of order 10-2 J kg- 1 s- 1 .

Fig. 3-13a demonstrates that term (i) is maximized in the midday and afternoon,

and in the wet land column closer to the dry land. This term is minimized overnight,

and on the western boundaries of both land regions. The contribution due to radi-

ational cooling (term ii) is maximized over the land columns during the overnight

hours, and minimized at midday, as would be expected for a diurnal cycle of radi-

ation. Term (iii) is positive in the overnight hours over the wet land, and negative

over the overnight and morning hours over the dry land. This advectional term is

also minimized in the wet land column closest to the dry land in the late afternoon

(hour 17). Finally, term (iv) is maximum in the morning hours over the dry land,

while mainly negative over the wet land in the overnight hours and at around hour

10.

Fig. 3-14 compares the mean diurnal composite of CAPE tendency calculated
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directly from CAPE output to the sum of terms (i) - (iv) in (3.5). From this figure,

it can be concluded that the CAPE tendency budget in (3.5) is able to successfully

reproduce the sign and magnitude of the CAPE tendency maximum at midday in the

westernmost column of the wet land region, although the terms on the RHS of this

equation appear to overestimate the CAPE tendency in the surrounding columns in

the late morning, as well as the tendency in that column in the late afternoon. The

late afternoon discrepancy is attributable to changes in CAPE due to convection at

the wet/dry land boundary. Such convective activity would tend to act as a sink of

CAPE that is unaccounted for by (3.5).

Comparing the magnitudes of terms (i)-(iv) in Fig. 3-13, the term containing

the tendency of boundary layer entropy following a fluid parcel is dominant, as its

values are on the order of 10-1 J kg- 1 s-1, while the magnitudes of the vertical

advection term, horizontal advection term, and radiative cooling term are 10-2, 10-3,

and 10-3 J kg- 1 s-', respectively. Therefore, the boundary layer entropy tendency

term comprises the majority of the RHS of (3-13), and so it can be concluded that

to leading order, the daily maximum of CAPE in the column on the boundary of the

wet land and dry land regions is caused by a gradient in the entropy of the boundary
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Figure 3-14: Hourly mean equilibrium values of the LHS (a) and RHS (b) of (3.5).
The vertical dashed lines indicate the boundaries between the ocean, 'dry' land, and
'wet' land regions.
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layer.

3.4 Discussion

The results of this work demonstrate that high levels of transient CAPE can be

generated in a climatological sense by a two-dimensional idealized numerical model.

In such a configuration, properties of the land surface are shown to have a significant

effect on the preconditioning on the atmosphere for potentially severe convective

storms.

3.4.1 Role of surface properties in supporting CAPE buildup

The presence of gradients in properties of the land surface is found to modulate atmo-

spheric CAPE in statistical equilibria of the simplified minimal model. Specifically,

discontinuities in surface evaporative fraction are found to give rise to relatively high

levels of background CAPE in a two-dimensional, hydrostatic, nonrotating frame-

work. In a two-column model, a sensitivity experiment determines mean equilibrium

CAPE to be a monotonically increasing function of the difference in surface evap-

orative fraction between the two columns. This result is expanded to a 40-column

framework including a background zonal flow. Under these conditions, relatively

large equilibrium values of CAPE and CIN are supported just downstream of the

discontinuity in surface evaporative fraction.

Upon introducing a diurnal cycle of solar radiation to the model, this configuration

is found to produce large, but transient values of CAPE and CIN coincident on the

'wet land' side of the evaporative fraction boundary each day in the early afternoon.

A budget calculation of the Lagrangian CAPE tendency shows that the tendency

of boundary layer entropy is primarily responsible for the daily rapid generation of

CAPE. This is consistent with the findings of Williams and Renn6 (1993) and Donner

and Phillips (2003) that boundary layer temperature and humidity are the main

modulators of CAPE even in continental midlatitudes where the quasi-equilibirum

assumption does not apply.
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In this case, the entropy tendency following a parcel of air in the boundary layer

is controlled by the surface evaporative fraction. Since a higher evaporative fraction

yields a higher flux of entropy from the surface into the boundary layer (3.1), boundary

layer parcels in columns in which the land surface has a high evaporative fraction

experience a large entropy tendency when the surface is exposed to radiative heating

by sunlight. In those columns with a low evaporative fraction, the low-level entropy is

lower, but a hot, dry air layer is created and advected downstream by the background

shear flow. Therefore, in those high-a columns nearest to the low-a columns, the hot

air layer aloft allows the surface boundary layer entropy tendency to contribute to a

rapid buildup of CAPE before convection is triggered. This is the same mechanism

of CAPE production identified in North American reanalysis data in Chapter 2.

In addition to a sharp spatial gradient in CAPE, this model configuration also sup-

ports a sharp temporal gradient. Specifically, in the diurnally varying case (in which

the magnitude of peak radiative heating allows a greater tendency of the boundary

layer entropy), CAPE in the westernmost wet land column increases at over 500 J

kg- 1 hr- 1 at midday to allow a mean daily maximum of 1700 J kg 1 . Furthermore,

while this CAPE maximum is transient in nature, its rapid development in concur-

rence with a maximum in CIN is a combination that might support severe storms

in the real atmosphere. Thus, the presence of a discrete gradient in surface evapo-

rative fraction in this configuration allows the atmosphere to be thermodynamically

preconditioned to support severe local storms in its equilibrium state.

While this simplified minimal model omits many important dynamics of the mid-

latitude atmosphere (such as rotation), it is able to produce an atmosphere that is

preconditioned for severe storms using a configuration that is analogous to that of

continental North America. It is thereby demonstrated that a gradient of land sur-

face moisture in a single dimension, under a particular wind pattern, is sufficient to

produce high transient peak CAPE in a climatological sense.
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3.4.2 Research limitations and errors

A possible source of error in these experiments is insufficient resolution of the modeled

subcloud layer. Although the two-dimensional model is run with 46 vertical levels, in

some cases there are only two levels below the level of free convection. This level of

discretization makes robust use of finite-difference methods difficult. Furthermore, the

model contains no parameterization of stable boundary layers, which is problematic

when considering the flow of hot air over a relatively cool surface. Therefore, moving

forward, it may be valuable to use increased vertical resolution at low levels, or to

use a more complex model with more advanced boundary layer parameterizations, in

order to more accurately calculate the contributions of radiative cooling and advection

in the subcloud layer.

Additionally, the CAPE tendency budget equation (3.5) does not account for

changes to the entropy of a given column of atmosphere due to convection itself.

Therefore, the budget should not be expected to close at any time step during which

the model's parameterized convection scheme is triggered. This is particularly rel-

evant for the afternoon portions of the diurnal multicolumn experiment. However,

since we are interested only in the buildup of CAPE prior to convection, and not the

convection itself, this limitation does not detract from the main results.

Another limitation of this model configuration is its uniform height of terrain. It

is hypothesized that in the real atmosphere, inhibitive hot layers such as those found

in central North America are effective at allowing CAPE growth because the tem-

perature inversion occurs at slightly elevated altitudes. The elevation of these layers

is thought to be a consequence of the elevated nature of the desert terrain in which

they are generated (Carlson and Ludlam 1968; Lanicci and Warner 1991; Banacos

and Ekster 2010). This effect could not be fully captured in the idealized model used

here, since elevated terrain is not a possible feature of the model. The background

shear flow used in the multiple-column experiments compensates somewhat for this

effect by advecting hot, dry air only above the surface boundary layer, but a model

with variable terrain height could conceivably capture the elevated inhibitive layer in
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a more directly analogous sense to the real atmosphere.

3.4.3 Future research

While this work confirms the importance of diabatic surface heating in the thermody-

namic preconditioning of the atmosphere for continental convection, there is a multi-

tude of ways in which this research could be extended to gain a better understanding

of the climatological dependence of continental peak CAPE on environmental vari-

ables.

First, the same model, or a similar framework could be used to explore the sen-

sitivity of these results to variations of other parameters. For example, the surface

albedo of the upstream columns could be altered in conjunction with their evapo-

rative fraction. Other parameters that could be altered include the magnitude of

the background flow, magnitude and vertical extent of the background vertical wind

shear, assumed background surface wind speed for surface heat fluxes, or relative

populations of dry and wet land columns.Furthermore, the effects of replacing the

discontinuous evaporative fraction distribution used in this study by a more contin-

uous gradient could be examined.

This framework could also be extended to a model in which terrain height is

allowed to vary. Using an elevated terrain height for the dry land region would allow

more robust examination of the inversion layer generated there. As a parallel to (2.1),

a budget for the tendency of CIN could be derived. A budget of CIN tendency could

be used to test the hypothesis that differential advection is the process primarily

repsonsible for supporting diurnally transient high values of CIN in the continental

configuration examined here.

Finally, the approach used in this research could be applied to more complex

models. Three-dimensional large-scale or cloud-permitting models could be used to

repeat this experiment for a configuration that is not meridionally symmetric, or

one for which rotation of the system is allowed. Incrementally adding more complex

dynamics to the system would allow use of the CAPE tendency budget equation to

determine which dynamics are relevant to climatological preconditioning for severe
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convection.
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Chapter 4

Clausius-Clapeyron scaling of peak

CAPE

@2017 American Meteorological Society.1

4.1 Introduction

Constraining the intensity of severe local storms in continental environments presents

a major problem at the intersection of convective meteorology and climate. While

continental convective storms can be among the most severe on Earth (Zipser et al.

2006), the problem of how such storms may vary as a function of climate has only

recently begun to be addressed substantially (Brooks 2013; Tippett et al. 2015).

Convective storms present a unique challenge in that their spatial extent is too

small for them to be resolved by general circulation models. This difficulty is exac-

erbated in continental convective environments, where, unlike for oceanic convection,

the atmosphere cannot be considered to be in radiative-convective equilibrium. There-

fore, climate research on these severe local storms often focuses on the environments

in which severe local storms are formed. CAPE and deep-layer vertical wind shear

'The contents of Chapter 4 are published as part of Agard and Emanuel (2017), in Journal of
the Atmospheric Sciences. Permission to use figures and brief excerpts from this work in scientific
and educational contexts is hereby granted provided that the source is acknowledged. A few minor
edits have been made to the published work for the purpose of clarity in the context of this thesis.
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are two important parameters that, when considered in tandem, provide a metric for

the propensity of a given environment to support severe convection (Brooks 2009;

Grams et al. 2012). Both CAPE and shear are necessary (although not sufficient)

ingredients for severe convection over land, and their respective climatologies are im-

portant for determining the climatology of severe local storms. Here, we focus solely

on constraining peak values of CAPE over land.We do not make any determinations

about vertical wind shear as a function of climate, and therefore this study does not

explicitly forecast changes in severe local storm climatology.

However, CAPE by itself still offers a significant environmental constraint on se-

vere storms. Higher values of CAPE theoretically correspond to more intense storms

(Weisman and Klemp 1982; Holton 2004), as CAPE provides an upper bound for the

theoretical maximum updraft speed. Higher updraft speeds can in turn support larger

hydrometeors or ground-level winds associated with a given storm. High CAPE is of-

ten associated with especially severe types of continental convection such as supercells

(Emanuel 1994; Rasmussen and Blanchard 1998; Bluestein 2007). Recently, several

authors have studied the behavior of continental CAPE in projected future climates

using general circulation models. Trapp et al. (2007a) and Del Genio et al. (2007)

predict increases in CAPE in the eastern half of the United States, and over land

in general, respectively, under increased greenhouse radiative forcing. Diffenbaugh

et al. (2013) and Seeley and Romps (2015) find evidence of CAPE driving an in-

crease in favorable conditions for U.S. severe convection in data from CMIP5. Other

studies achieve similar conclusions using dynamical downscaling of climate models

(Gensini and Mote 2015) and numerical pseudo global warming experiments (Trapp

and Hoogewind 2016).

Yet, despite a growing consensus from modeling studies that continental CAPE

should increase with increased greenhouse gas forcing, a quantitative theory under-

pinning this change remains elusive. In general, one would expect warming scenarios

in which temperature and moisture increase close to the surface to produce increased

atmospheric instability. But can we say something more specific about the partic-

ular paradigm of instability generation that supports severe convection over land?

78



Currently, a theoretical constraint on even the order of magnitude of CAPE in such

environments does not exist. For instance, why should CAPE be 2,000 J kg 1 , and

not 200 J kg- 1 , or 20,000 J kg-?

While other studies (Parodi and Emanuel 2009; Sobel and Camargo 2011; Romps

2011; Singh and O'Gorman 2013; Romps 2016) have derived scalings to constrain

equilibrium energy scales for convection in the tropics, the highly transient nature of

CAPE in continental environments precludes the use of a quasi-equilibrium framework

for its study. Rather than quasi-equilibrium, the continental convection paradigm in-

volves the time-dependent buildup and storage of potential energy in conditionally

unstable profiles. It is the peak values of transient CAPE, rather than the time-

averaged background levels, that are therefore relevant to the severe storm environ-

ments in which we are interested. Therefore, we develop a simple, idealized initial

value problem encompassing a typical condition in which severe local storms might

form in continental environments.

4.2 Idealized model

The scenario being modeled is one that is canonically associated with favorable se-

vere weather environments over North America: The southwestern high desert gives

rise to a hot, dry air mass that is advected eastward by the mean flow aloft. Under

certain synoptic conditions, upon moving east of the Rocky Mountains, this air mass

is superimposed above cooler, moister air near the surface in the Great Plains and

Midwest (Emanuel 1994; Schultz et al. 2014). These regions are home to the con-

tinent's most frequent occurrences of extreme peak CAPE (Brooks et al. 2003b), as

the dry air mass acts as an inhibitive cap, allowing CAPE to rise as energy builds at

the surface. It should be noted that the relative motion of the 'dry' and 'moist' air

masses aloft and near the surface, respectively, often also provides the requisite shear

for supporting severe local storms.

With an inhibitive cap in place aloft, CAPE can be generated by one of three

mechanisms (Emanuel 1994): First, air in the free troposphere can be radiatively
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cooled, thereby increasing instability for parcels lifted from near the surface. A second

possible mechanism for CAPE buildup in this scenario is the low-level advection

of high-entropy air from outside the column, causing an increase in instability by

supplying increased heat and moisture to the boundary layer from which parcels

might be lifted. Finally, CAPE can be generated by the diabatic heating of near-

surface air from below, as heat and moisture (to the extent to which moisture is

available) are fluxed from the land surface into the boundary layer in response to

diurnal solar forcing. In general, the differential advection pathway and the diabatic

heating pathway are thought to be the most important in generating CAPE in severe

storm environments such as those in the Great Plains, with the former being more

important earlier in the spring season when synoptic forcing is greater (Brooks et al.

2003a).

This model examines the diabatic heating pathway in which low-level moisture

in the boundary layer below the elevated inhibitive cap is generated in situ through

the flux of latent heat from the land surface. In the sense that the model generates

transient peaks of CAPE in the absence of external low-level advection, we thereby

demonstrate that the placement of dry air over a moist land surface in the presence

of diabatic heating is sufficient for providing instability to continental severe storm

environments.

The synoptic-scale circumstances outlined above can be simply and ideally mod-

eled by considering a one-dimensional problem in which a dry adiabatic column is

placed in contact with a moist surface. As in the real-world case of dry desert air

placed above a moister, vegetated surface, surface latent heat flux gives rise to a

moist surface boundary layer that expands with time, given some radiative input to

the surface.

The model consists of a single column of atmosphere placed atop a zero- heat

capacity land surface. In order to study the simplest possible case, we begin with an

atmosphere that has zero water vapor everywhere. The column is assumed to follow

a dry adiabatic temperature profile throughout its entire depth, with a near-surface

air temperature of To. This pre-initial condition is shown schematically in Fig. 4-la,
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and an example of the temperature profile created is shown in Fig. 4-3a.

Then, at time t = 0, a cooler, moister surface is instantaneously introduced. To

accommodate the new lower boundary condition, a surface boundary layer with some

initial height ho is created, as shown in Fig. 4-1b. The boundary layer is assumed

to have a nonzero specific humidity that is constant with height, and a temperature

profile that follows a dry adiabat (but at a cooler temperature than the that of the

pre-initial dry column). It is assumed (for a perfectly moist surface) that the air

at z = ho has cooled to its wet bulb temperature, such that saturation is achieved

exactly at the top of the boundary layer. For less moist surfaces, we assume that

the air at z = ho achieves a relative humidity equal to the evaporative fraction of

the surface. The column above z = ho (henceforth the "free troposphere") remains

unperturbed, and retains its initial dry adiabatic temperature profile. An example of

this is shown in Fig. 4-3b.

At time t > 0, the system is forced with a constant net radiative flux Frad into the

surface. Since the land surface has zero heat capacity, we require the radiative input

to be exactly balanced by a sensible heat flux Fs, and a latent heat flux FL from the

surface into the boundary layer. As time evolves, the boundary layer expands upward,

D =Do D =DO D= DO
M =Do M =D, M=DO
q=O q=0 q=0

dry adiabatic dry adiabatic dry adiabatic
free troposphere free troposphere free troposphere

z=h

z=h, F.= AFs D <Do
0~s < Do Fd mos M>D,moist F.O o FS bounstylayer >

T=TO boundarylayer qc=q(T...) FL

dry surface

(a) pre-initialization (b) t = 0 (c) t > 0

Figure 4-1: Schematic of the single-column idealized model (a) before introduction
of the moist surface and boundary layer, (b) at the initial time, and (c) during its

evolution. Indicated on each diagram are the dry static energy (D), moist static
energy (M), temperature (T), and specific humidity (q) of each part of the system.
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entraining dry air from above as it does so. There is an associated entrainment heat

flux, represented by Fe, owing to the discontinuous jump in temperature between the

boundary layer and free troposphere. This configuration is illustrated in Fig. 4-1c.

It is assumed that the depth of the surface boundary layer is greater than the

Monin-Obukhov (1954) length, so that the growth of the boundary layer is thermo-

dynamically, rather than mechanically driven. We therefore assume the entrainment

flux at the top of the boundary layer to be proportional by a constant (AR) to the

surface sensible heat flux, as in Lilly (1968):

Fe = p(Do - D)we = ARFs, (4.1)

where we is the entrainment velocity, a measure of the turbulent entrainment into

the boundary layer of quiescent air from above, and p is a reference density of air. A

typical value of AR is 0.2.

The evolution of the system is modeled in terms of the dry and moist static energies

of the boundary layer and free troposphere. Since the free troposphere contains no

moisture and retains the dry adiabatic temperature profile of the pre-initial column

for all time, its dry and moist static energy are both equal to the constant

Do = cTo, (4.2)

where cp is the specific heat capacity of dry air. Meanwhile, since the boundary layer

has a constant vertical profile of water vapor and a dry adiabatic temperature profile,

its dry static energy D and moist static energy M are both constant in height (but

not in time). We assume that the initial moistening of the boundary layer is done

in a way that conserves moist static energy, so at t = 0, M = Do. However, since

the boundary layer is therefore cooled during the initial moistening, it has an initial

dry static energy D < Do at t = 0, with a discontinuity in dry static energy across

the interface between the boundary layer and the free troposphere. Therefore, at the

beginning of the initial value problem, there is a deficit of dry static energy in the

boundary layer with respect to the free troposphere. This deficit in dry static energy
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can be thought of as a measure of the inhibitive cap arising from the temperature

inversion at the interface with the free troposphere.

As time evolves, heating of the boundary layer by Fs and F, causes D to increase,

thereby decreasing the deficit in dry static energy. The decreasing dry static energy

deficit represents the erosion of convective inhibition by diabatic heating. Conse-

quently, when the dry static energy deficit goes to zero, the cap is eliminated and

convection can be thermodynamically triggered- this represents the end of the prob-

lem we address here.

Concurrently, the fluxes of heat and moisture from the land surface into the bound-

ary layer cause M to initially increase, thereby creating a surplus in moist static

energy in the boundary layer with respect to the free troposphere. This moist static

energy surplus will serve as a proxy for the thermodynamic instability of the column.

The evolutions of D, M, and the boundary layer height h with time t are described

by a set of ordinary differential equtaions:

dD
ph dt= Fs + pwe(Do - D) (4.3)

dM
ph = Frad + pw(Do - M) (4.4)

dt
dh
- = We (4.5 )
dt

Fs = pCTVsfc(cTsef - D) (4.6)

FL apCTvsfcLV (f) - M + D] (4.7)

FS + FL = Frad. (4.8)

Here, the rate of change of the boundary layer height h is set equal to the entrainment

velocity we, as defined by (4.1). This velocity scale therefore governs both the growth

of the boundary layer and the dilution of its dry and moist static energies. We have

also introduced the nondimensional coefficient a to modify the availability of surface

moisture for evaporation. This evaporative fraction parameter holds a fractional value

between 0 and 1, with those limits effectively representing a totally dry surface, and a

(zero- heat capacity) ocean surface, respectively. The bulk aerodynamic flux formulas
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also include the parameter vsfc, an assumed background wind speed for surface fluxes,

and the time-dependent temperature of the land surface, Tfc. Finally, Lv is the

latent heat of vaporization of water, and CT is the nondimensional aerodynamic flux

coefficient.

At t = 0, the initial conditions of the system are given by

D = Do - ADinit

M = Do

h = ho,

(4.9)

(4.10)

(4.11)

where ADinit is calculated from the assumption of fractional saturation at the top of

the initial boundary layer, according to

ADinit = cp(T - Ti 1 )

Tbit = Tw + gho

cpTw + aLvq*(Tw) = cp(To - gho),

(4.12)

(4.13)

(4.14)

where Tb,., is the near-surface air temperature in the initial boundary layer, and T"

is the temperature at the top of the initial boundary layer. Tw is the temperature

achieved by cooling the pre-initial air at z = ho to the point at which its relative

humidity is equal to a, while conserving moist static energy.
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The time-dependent variables are nondimensionalized according to

Do - D

M - Do
Do

h

CTVSfC

ho

p cTsSfC + Lq*(Tsfe)
Do

where 6, p, r, and T represent the dry static energy deficit, moist static energy

surplus, boundary layer height, and time, respectively.

energies of the land surface are represented by 6, and p,

be positive-definite.

Additionally, we define the nondimensional constant

4) &Frad
pCTvSfcDo

The dry and moist static

All variables are defined to

(4.21)

to represent the net radiative surface input.

Applying the normalizations in (4.15) through (4.21) to (4.3) through (4.8) yields

the following nondimensional system of equations:

6 = + AR( -1) (4.22)
dT r
dy
dT

(A pAR
= I - 77+6 )

dr; AR
d-r 6

(I1-a) (6 + 6') + a(PS - P) - 1=<.

(4.23)

(4.24)

(4.25)

This system is partially analytically integrated to arrive at a system of three diagnostic
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equations and one time-dependent ODE:

+AR6 = 6init9 ^1A nA (4.26 )

P = -D '(4.27)

d (- 6 ( -l1) (4.28)
dT 6

(I- a)(6 + 6') + (/-s - /-) - 1 = <. (4.29)

Note that while these four equations contain five unknown variables, both 6, and yi

are functions of the surface temperature Tfc, as described by (4.19) and (4.20).

At time -r = 0, the nondimensional initial conditions are given by

6 = 6init (4.30)

yu=0 (4.31)

1. (4.32)

The system is integrated numerically to achieve time series of 6, P, and 77. The

integration ends when 6 = 0, since at that time the temperature inversion has been

erased, and convection is therefore thermodynamically permitted.

4.3 Results

Solutions to (4.26) through (4.29) fall into three distinct categories, depending on

the choice of parameters To, a, vsfc, and Frad. Fig. 4-2 shows an example solution

belonging to the intermediate category. However, this solution exhibits characteristics

common to each category of solutions:

After T = 0, 6 decreases monotonically with time as heat is fluxed into the bound-

ary layer from the surface and entrained from above, causing the temperature of the

boundary layer to approach that of the free troposphere. Likewise, the height of the

boundary layer increases monotonically with time, as the entrainment flux from the
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free troposphere remains positive. While the boundary layer initially grows relatively

slowly, the growth rate increases substantially toward the end of the problem as the

dry static energy deficit is eroded and the temperature jump across the interface with

the free troposphere becomes small.

The rapid expansion of the boundary layer at later times results in non-monotonic

behavior of p. While /t initially increases due to the flux of moist static energy from

the moist surface into the boundary layer, the rapid entrainment of dry air from

the free troposphere at later times causes the moist static energy of the boundary

layer to decrease. Consequently, the moist static energy surplus reaches a maximum

some time before the end of the problem. This transient peak in P corresponds to a

transient peak in CAPE.

After its peak is reached, the behavior of the /t time series depends on the prob-

lem's location in parameter space, as shown in Fig. 4-4. Keeping other parameters

constant, the time evolution of the moist static energy surplus falls into one of three

regimes, depending on the temperature of the initial dry profile.

At low temperature, the moist static energy of the boundary layer subsides to that

of the free troposphere (M -+ 0) as the temperature of the boundary layer approaches

that of the free troposphere (6 -+ 0). In this regime, the convective instability of the

column is completely eliminated at the same time that its convective inhibition goes

to zero. Thermodynamically-triggered convection is therefore impossible. However,

the thermodynamic instability of the column does reach a transient peak shortly

0.05 0.12 . . . 4

0.04 0.1 3
0.08

0.03
LQ =L 0.06 2

0.02
0.04-

0.01 0.02

00 1 2 3 4 0 2 3 4 00 1 2 3

(a) dry static energy deficit (b) moist static energy surplus (c) boundary layer height

Figure 4-2: Numerically integrated time series of (a) 6, (b) A, and (c) ri for To = 305
K, ce = 0.5, ho = 100 m, Vsfc = 5 m s-, and Frad = 200W m- 2
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Figure 4-3: Skew-T diagrams depicting the vertical profile of temperature (solid black

line) and dew point temperature (dashed black line) for an example model solution

in which To = 305 K, a = 0.5, ho = 500 m, vsf = 5 m s-1, and Frad = 200 W m-2, at

(a) t < 0, (b) t = 0, (c) the time at which maximum CAPE is achieved, and (d) the
same time as (c), but with the temperature of the free troposphere relaxed to that of

the U.S. Standard Atmosphere (1976).
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before the inhibitive cap is exhausted, at which time convection could be triggered

by modest dynamic uplift.

At warmer temperatures, the system enters an intermediate regime, in which A

reaches a transient peak before relaxing to a finite positive value. The value that /I

attains in its long-time limit is dictated by the initial temperature of the dry adiabatic

profile, To. In this regime, thermodynamically-triggered convection is possible, since

a finite amount of instability remains after the dry static energy deficit is removed.

Still, a transient peak in M is reached while 6 is nonzero in this regime.

Finally, at the warmest temperatures, the moist static energy surplus has no tran-

sient maximum at all. Instead, the maximum value of p is approached asymptotically

as 6 goes to zero as time goes to infinity. In this regime, the maximum value of the

moist static energy surplus is identical to its long-time limit.

In all three regimes, two of the three requirements for preconditioning the en-
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Figure 4-4: Top panel: Time evolution of boundary layer dry static energy (solid

blue line) and surface dry static energy (solid red line) for three different values of

To, with a = 0.5, h0 = 100 m, Vsfc = 5 m s-, and Frad = 200 W m 2 . Boundary

layer dry static energy is plotted as 1 - 6 to provide a nondimensionalized measure of

near-surface air temperature. The dashed black line at 6 = 1 represents the level at

which temperature is equal to To. Bottom panel: Time evolution of the moist static

energy surplus corresponding to each case. Panels a, b, and c represent the peak,
intermediate, and asymptotic regimes, respectively.

89



vironment for deep convection (as outlined in Doswell et al. 1996) are met: The

environmental temperature profile is conditionally unstable, and the boundary layer

contains sufficient moisture such that lifted parcels will become saturated and posi-

tively buoyant if they enter the free troposphere. The final requirement, which applies

in all three regimes when /i is maximized before 6 goes to zero, is that some process

provides dynamical lift for parcels to reach their level of free convection. The question

of how and when this trigger is provided is outside the scope of this study, but we

can still attain information about the magnitude of the transient peak in conditional

instability.

In both the intermediate regime and the fully-asymptotic regime, the long-time

limit of the dimensional moist static energy surplus is given by

lim M - Do = Leq*(TO) - Fra(433)
t->oo a~os

as derived in Appendix B. In the warmest regime, this limit provides an expression for

the maximum value of M, whereas in the intermediate regime, M exhibits a transient

peak at a value greater than its long-time limit.

It is also notable that the expression in (4.33) is independent of the initial bound-

ary layer height parameter ho. We therefore consider the limit in which the initial

boundary layer depth goes to zero. In this case, the nondimensional time r goes to

infinity for any positive t, according to (4.18). The long-time limit of the system is

thereby reached immediately. Therefore, in the limit of an initially shallow boundary

layer, the solution for M is given explicitly by the expression in (4.33).

The boundaries between each of the three regimes are given by

peak: q*(To) < FraL (434)
apCrvsfeLv

Frad 1 1 Fradintermediate: < q*(T) < + -) - (4.35)
a pCrvsfre L, (AR a p vL

asymptotic: q*(TO) > ( + I) ' (4.36)
a Ad a pCtgprLu

as derived in Appendix C. Increasing the initial atmospheric temperature To, the
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evaporative fraction a, or the surface wind speed vSfc; or decreasing the net surface

radiative input Frad each has the effect of moving toward the asymptotic regime.

For most reasonable parameter choices, the boundary layer does not achieve sat-

uration during its evolution, as shown in Fig. 4-5. Supersaturations (in which the

relative humidity at the top of the boundary layer exceeds 1) occur only at partic-

ularly high values of surface moisture and pre-initial temperature. Since this model

does not account for cloud formation in the boundary layer, it is ill-equipped to han-

dle supersaturations. However, for the majority of relevant parameter space, they do

not occur.
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Figure 4-5: Maximum relative humidity achieved at the top of the boundary layer
during its evolution as a function of To and a, for ho = 100 m, vsfc = 5 m s-1, and
Frad = 200 W m-2.

4.4 Scaling of peak CAPE

By considering a parcel lifted from the boundary layer with moist static energy M

into the free troposphere, whose environmental moist static energy is a constant Do

in height and time, we calculate from (1.1) an approximate dimensional CAPE as a

function of the boundary layer moist static energy surplus:

CAPE ~ - Me dz = (M - Do) In (T ), (4.37)
fh CP Te TLNB
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where Mp is the moist static energy of the lifted parcel (equal to M), Me and T are

the moist static energy and temperature, respectively, of the environment, Th is the

temperature at the top of the boundary layer, and TLNB is the temperature at the

parcel's level of neutral buoyancy. It is assumed that the deep convection resulting

from the stored CAPE will reach the tropopause, and therefore that the temperature

at the level of neutral buoyancy is coincident with the temperature at the tropopause

in a typical column. Taking a rough average of data from Hoinka (1999), Holton et al.

(1995), and the U.S. Standard Atmosphere (1976), we assume a value of TLNB ~ 220

K for a midlatitude column.

Fig. 4-6 shows the time evolution of CAPE for several values of the pre-initial

near-surface air temperature To, for a given choice of the surface moisture parameter.

The functional forms of the time evolution of CAPE closely resemble those of the time

evolution of pL, since CAPE in this model has a linear dependence on boundary layer

moist static energy. However, CAPE also depends on the height of the boundary

layer: As rj increases with time, the top of the boundary layer becomes progressively

colder. Most notably, in the asymptotic regime, rj continues to grow linearly after 6

goes to zero. In those cases, since the long-time limit of D is Do, the entire column

reverts to its pre-initial dry adiabatic temperature profile. Therefore, as h increases

linearly with time, Th must decrease along a dry adiabat. Consequentially, while M

remains at its asymptotic value for infinite time, CAPE actually decreases with time

after the dry static energy surplus is sufficiently small.

Therefore, CAPE has a transient peak in every regime. This transience is due to

the competing effects of two different mechanisms: Surface fluxes heat and moisten

the boundary layer, thereby increasing the thermodynamic instability of the column.

Meanwhile, the upward growth of the boundary layer engenders entrainment of dry

air from the free troposphere above, acting to decrease instability. CAPE is further

diminished as the increasing altitude of the boundary layer top lessens the area of

positive buoyancy for lifted parcels. Near the beginning of this initial value problem,

the surface fluxes dominate as the boundary layer grows slowly, but they are even-

tually overwhelmed by the boundary layer growth process- this is the time at which
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Figure 4-6: Evolution of CAPE with time for several different values of To, given
a = 0.5. Here, CAPE is nondimensionalized by a factor of pCTvscFrja, while time is
nondimensionalized according to (4.18). The dashed black line displays the end of a
12-hour diurnal time scale corresponding to the particular parameter choices ho = 100
m and vsfc = 5 m s-1.

peak CAPE is reached.

The value of peak CAPE increases monotonically with increasing temperature

when other parameters are held fixed.

The functional relationship between peak CAPE and initial near-surface air tem-

perature is shown by the solid green line in Fig. 4-7. For any given fixed set of

parameters (Frad, a, ho, vf), peak CAPE is found to increase approximately ex-

ponentially with increasing temperature To. Note that dimensional CAPE in this

model is considerably higher than that which is observed in nature; this is due to

the idealizations made in constructing the model, in particular the assumption that

the boundary layer is topped by a perfectly dry adiabatic layer with unlimited depth.

The effect of this assumption is explored in Fig. 4-3, which shows the time evolution

of the vertical temperature profile for an example solution at To = 305 K. Fig. 4-3c

shows the most unstable temperature profile in the evolution of the column, under

the assumption that the free troposphere follows the dry adiabatic lapse rate to an

infinite height. In this case, CAPE is estimated by (4.37) to be 10,600 J kg- 1 . In

Fig. 4-3d, however, the free troposphere is given a lapse rate more typical of the real

atmosphere by relaxing in height that same most unstable profile to the U.S. Standard
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Atmosphere (1976) above the boundary layer using an exponential function. With

this modification, an explicit level of neutral buoyancy exists, and CAPE is directly

calculated to be 4,500 J kg-1, a value that more closely reflects levels of extreme

CAPE that might be observed in a continental severe weather environment. While

the magnitude of the peak of CAPE is significantly reduced by the implementation of

a more realistic free troposphere, one would expect that the overall scaling of CAPE

with To would retain its functional form if this artificial correction were applied across

the board.

12x 104

- model solution

10--- asymptotic limit

8

4 -

r00 290 300 310 320 330
T0 (K)

Figure 4-7: Modeled dimensional peak CAPE as a function of To (solid green line)
for a = 0.5, ho = 100 m, vsfc = 5 m s-1, and Frad = 200 W m- 2; and a theoretical
curve (dashed red line) corresponding to the asymptotic limit of CAPE that arises as
t -+ o0, or ho 4 0. This curve is an exact solution to the Clausius-Clapeyron relation,
as described by (4.38). The dotted black lines indicate the boundaries between the
three regimes of model solutions.

Combining (4.33) and (4.37) provides an expression for CAPE as a function of

the solution to the Clausius-Clapeyron equation relating saturation specific humidity

to temperature:

lim CAPE = Lvq*(TO) Frad T-] . (4.38)
t +oo 1 pCTvsfc TLNB

This solution, shown by the dashed red line in Fig. 4-7, defines the response of the

long-time limit of CAPE to changes in temperature. It therefore corresponds ex-
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actly to peak CAPE in the asymptotic (warmest) regime for any initial boundary

layer depth, and in all regimes for the limit in which ho - 0. The solution is lin-

early dependent on q*(To), and peak CAPE therefore scales exactly according to the

Clausius-Clapeyron relation in the temperature space for which it applies.

As peak CAPE increases with increasing temperature, so too does the time re-

quired for peak CAPE to be achieved. This presents an issue, since in nature the

boundary layer does not grow continuously for infinite time. Instead, energetic input

to the system stops as the sun sets and the net radiative input to the surface goes

to zero. This issue could be addressed by imposing a diurnal cycle on the surface

radiative input; for simplicity, we merely introduce a limiting dimensional time scale

after which the constant radiation is to be cut off. We assume a cut off time scale

of 12 hours (or nondimensionally, rdiurmal = CTvSfcho- 1 - 12 hours) to be a duration

representative of diurnal radiative input. The maximum dimensional CAPE achieved

within time rdiurnal is shown in Fig. 4-8 as a function of To for a particular choice of

ho, Vsfc, a, and Frad-
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Figure 4-8: Modeled maximum CAPE within a diurnal time scale, as a function of

.22

To for a = 0.5, ho = 100 m, v,,e = 5 mn s-_ and Frad = 200 W mn--

The imposition of the diurnal time limit introduces a new behavior for peak CAPE

values at high temperature. This model predicts that, for a given choice of constant

parameters, increasing To will cause the peak in CAPE to occur later in the day. At
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low temperatures (in this case, To < 305 K), the CAPE peak occurs prior to the end

of the diurnal time scale, so the curve of peak CAPE with To retains its exponential

nature. At higher temperatures, CAPE is still increasing when T = Tdiurnal, so the

maximum in CAPE occurs at the diurnal time limit. In this regime, the maximum

in CAPE still increases with increasing To, but its rate of increase is lessened. A

consequence of this is the existence of a maximum in the sensitivity of peak CAPE

with respect to temperature. In Fig. 4-8, this sensitivity maximum occurs at To ~ 305

K.

Finally, we vary the surface moisture (a), wind speed (vsfc), and initial boundary

layer height (h0 ) parameters to determine their effects on peak CAPE. These results

are shown in Fig. 4-9. The flux of moist static energy from the surface to the boundary

layer that fuels CAPE buildup is a function of both surface moisture and wind speed.

Increasing either the surface moisture parameter or the surface wind speed parameter

has the effect of modifying the Bowen ratio such that a greater portion of the surface

moist static energy flux is partitioned to latent heat flux. Both peak CAPE and the

time taken to achieve it are thereby increased. As a consequence, CAPE increases

more quickly with increasing temperature, but the regime of maximum sensitivity is

shifted to lower temperatures. Nevertheless, for a fixed To, increasing either a or vsfc

has the monotonic effect of increasing peak CAPE.

X~ , -x 10 'a X10"3 0x)02.5 x 104. .5 x10
- 1.0 0.6- 0.2-5m/s - 50m

2. 0.5- 0.1 - 10 m/s -- 10m
0. -0.4 3 2 - 15 m/s - 4 - 200 m0.7- 0.3 0, co

a) 20 m/s a) - 300 m
2 E 25m/s E -- 400 m

500 m
. 1.5 1 2

1. 

11

L 0.5C

E NO 290 300 310 320 330 E 980 290 300 310 320 330 E %80 290 300 310 320 330
T (K) To (K) To (K)

(a) varying surface moisture parameter a; (b) varying surface wind speed parameter (c) varying initial boundary layer height
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Figure 4-9: Modeled maximum CAPE within a diurnal time scale, as a function of

To with varying a, vsfc, and h0 .
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The exception is that for sufficiently high temperatures (in this example, To > 320

K), increasing a slightly decreases the maximum CAPE that can be achieved within

the diurnal time scale. This is due to the assumption that a moister surface is

associated with a moister, and therefore cooler initial boundary layer. This effect

acts to decrease the initial Bowen ratio, thereby increasing the time taken for peak

CAPE to be reached. Imposing the diurnal time cutoff translates this slower CAPE

buildup into a smaller value of maximum CAPE achieved within that time.

At low To, changing ho has little effect on peak CAPE. However, a deeper boundary

layer requires a larger total flux to achieve an equivalent buildup of moist static energy.

Raising the initial boundary layer height thereby has the effect of prolonging the time

needed for peak CAPE to be achieved. The temperature at which the diurnal cutoff

time scale becomes the limiting factor for peak CAPE is therefore lower for solutions

with deeper boundary layers. Thus, while the diurnal cutoff time is unimportant at

sufficiently cool temperatures, increasing ho monotonically decreases the maximum

CAPE within the diurnal time scale at warmer temperatures.

4.5 Discussion

The idealized column model developed here introduces a theoretical constraint on

transient peak CAPE for a particular mechanism of instability generation unique to

continental severe weather environments. Both in the presence and in the absence of

a limiting time scale, the model predicts increasing peak CAPE with the increasing

temperature of the pre-initial dry column that provides the capping inversion.

In the case of no limiting time scale, peak CAPE scales exponentially with the

temperature of the elevated dry layer and follows an exact solution to the Clausius-

Clapeyron equation. For a given range of temperatures, the magnitude of peak CAPE

is a direct function of the pre-initial saturation specific humidity of the dry column.

This is consistent with past studies linking the growth rate of CAPE with tempera-

ture to the increase in the water vapor capacity of air with increasing temperature (as

found by Romps (2011) and Romps (2016) for tropical climate). The idealized col-

97



umn model derived here extends this theoretical thermodynamic constraint on severe

convection to continental environments.

In the case in which radiative input to the surface is limited by the time scale

of the diurnal cycle, peak CAPE also increases monotonically with dry layer tem-

perature, but as temperature increases, the peak occurs at a later time. This result

is consistent with Gensini and Mote (2015), which found a delay in the diurnal dis-

tribution of severe convection in dynamically downscaled future climate simulations.

At sufficiently high temperatures, the time of peak CAPE coincides with the end of

the diurnal time scale, at which point the relationship between temperature and peak

CAPE diverges from the exponential Clausius-Clapeyron scaling.

Finally, we conclude that high temperature, high available moisture in the land

surface, and high surface winds are each conducive to increased peak CAPE. This sug-

gests that for the particular means of CAPE buildup studied by this model, increas-

ingly severe continental convection would be permitted in warmer climates, should

other environmental parameters be unchanged. This result could also be extended to

seasonal variability of severe convection, with wetter winter or spring seasons possi-

bly yielding moister soils that would be conducive to higher peak CAPE conditions.

Future studies could seek to identify such correlations in the observational record.

Care should be taken not to overgeneralize these results. No determinations are

made about changes in deep layer shear or convective initiation, both of which are

important for supporting severe convection over land. However, this model does

provide a theoretically based constraint on the magnitude of CAPE that can arise

through diabatic heating in typical continental severe storm environments.
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Chapter 5

Conclusions

The overarching goal of this thesis is to contribute to the theoretical scientific under-

standing of the climatology of severe convection over land. Its components accomplish

this task by providing key results on the thermodynamic preconditioning of the at-

mosphere in continental convective environments. A new paradigm for the buildup

of CAPE in advance of severe weather events is identified, and an idealized model

is used to demonstrate its viability in a generalized framework. This information is

used as the basis of a new theory for the scaling of transient extreme peak CAPE

in continental severe environments as a function of known climatological properties

of the Earth. The results of these works represent a contribution to the scientific

knowledge base in severe weather and climate, but there remains a vast amount of

further progress that can be made with related future research.

5.1 Key findings

First, in Chapter 2, a budget of the parcel-following time tendency of CAPE is com-

puted for 8 case studies of severe weather outbreaks in the United States using re-

analysis data. In this analysis, it is determined that the primary physical process by

which CAPE is generated in advance of such events is the flux of entropy from the

land surface into the adjacent bundary layer, in response to diurnal heating. This

result is contrary to the established hypothesis that CAPE is built up by way of
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differential advection of separate air masses that are already preconditioned: Instead

of an existing inhibitive cap layer and low-entropy continental air mass aloft being

undercut by high-entropy air advected northward at low levels from the Gulf of Mex-

ico, we find that low-level entropy is actually generated in situ by surface fluxes of

heat and moisture. Furthermore, the time scale of CAPE buildup is such that the

relevant physical processes tend to occur while the parcels in which high CAPE is

achieved are already over land, on the same day that the peak is achieved. In addi-

tion to challenging the established paradigm for thermodynamic preconditioning of

the atmosphere for severe local storms over North America, this result also implies

that properties of the land surface may play an important role in determining where

and when transient instances of extreme CAPE are climatologically supported.

Next, in Chapter 3, the result of Chapter 2 is tested in an idealized numerical

framework. The numerical model demonstrates that transient extreme peak values

can be achieved in a two-dimensional setting in which differential advection is neg-

ligible. Instead, a zonal discontinuity in the amount of moisture in the land surface

available for evaporation is sufficient to create a capping inversion and allow in-situ

generation of low level entropy when a background shear flow is imposed, and the

dry land region is upstream of the moist land region. The configuration tested is

analogous to a simplified version of the North American continent, where the hot,

dry desert region is zonally upstream of the moister soils of the Plains, Midwest, and

Southeastern United States. However, since no actual geographic features are in-

cluded in the idealized model, the results are generalizable to any continent on Earth

in which a gradient in surface moisture lends itself to the climatological placement of

a capping layer above a moist land surface. The CAPE tendency budget is again used

to determine that increases in boundary layer entropy, as driven by diabatic surface

heating, are the primary contributor to transient CAPE buildup in such situations.

Finally, a theoretical model of CAPE buildup via boundary layer diabatic heating.

is developed in Chapter 4. It is determined that for this mechanism, the time-transient

peak in CAPE theoretically scales according to the Clausius-Clapeyron relation that

determines the saturation limit of water vapor in air as a function of temperature.
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Specifically, peak CAPE has a roughly exponential relationship with the temperature

of the free tropospheric inversion in this idealized single-column model. However,

this model also predicts that CAPE peaks of greater magnitude take more time to

be achieved. Therefore, warmer environments should cause CAPE peaks to occur

later in the afternoon. Eventually, the peak of CAPE is restricted by the end of

the diurnal heating cycle, and the relationship between peak CAPE and temperature

deviates from Clausius-Clapeyron scaling. Crucially, this model also predicts that for

a given choice of background temperature, the magnitude of peak CAPE increases

with increased evaporation due to an increase in available moisture in the land surface,

or due to increased surface wind speeds.

5.2 Future work

As the work that comprises this thesis takes place in a newly burgeoning subfield at

the intersection of severe storms and climate, its restilts open doors to a plethora of

possible future research paths.

First, the CAPE tendency budget case study methodology established in Chap-

ter 2 using the North American Regional Reanalysis could be extended to other

regions of the globe. While North America is home to some of Earth's most severe

convection, similarly intense storms are also observed in other parts of the world,

including central Argentina, west central Africa, and the coast of the Indian sub-

continent (Zipser et al. 2006). While the results of Chapter 3 demonstrate that the

boundary layer diabatic heating mechanisms is sufficient to sustain climatologically

frequent occurrences of high CAPE over continents, it would be instructive to deter-

mine definitively if this is indeed the principal mechanism at play in Earth's other

severe storm environments, especially those closer to the Equator. This could be

accomplished using global reanalyses (although this may prove challenging for those

reanalyses whose resolution is courser than that of NARR), operational forecasting

models, or even field campaigns.

Another direction in which the research could be taken is the study of convective
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inhibition. While this thesis provides important insights about the climatology of

CAPE in metastable atmospheric profiles, little determination has been made with

regard to CIN. A logical extension of the CAPE tendency budget work in Chapters

2 and 3 would be to derive a budget for the time tendency of CIN, and apply it to

reanalysis or to an idealized model to test the hypothesis that the CIN in continen-

tal deep convective environments is derived from differential advection of a capping

inversion layer. It will also be important to characterize the theoretical dependence

of continental CIN on climatological environmental factors, in order to make any

determination about changes to the overall climatology of severe local storms. For

instance, if CIN increases concurrently with CAPE, one might expect to see fewer,

but more intense storms; if CIN remains constant, there could be an increase in both

frequency and severity of continental deep convection.

One interesting possible research path with respect to frequency and severity of

storms would be to attempt to calculate a metric for the integrated amount of CAPE

converted to kinetic energy by continental deep convection on an annual basis, and

look for trends in that metric over time in data, models, or theory.

The theoretical scaling for CAPE as a function of temperature, surface moisture,

and surface wind speed derived in Chapter 4 could be tested by looking for correlations

between those quantities and continental peak CAPE levels in observations, reanalysis

or models. One challenge that would be presented when attempting to examine past

data for such correlations is that observations of soil moisture are not particularly

plentiful in the historical record. However, tools such as the Oklahoma Mesonet

(McPherson et al. 2007) and the NASA Soil Moisture Active Passive (Entekhabi et al.

2010) satellite instrument could provide a partial record of soil moisture conditions

for certain subsets of the geographical-temporal parameter space. Otherwise, records

of seasonal precipitation could be used as a proxy to get a rough estimate of the

amount of moisture contained in the soil of a certain region for a given season.

Furthermore, the peak CAPE scaling could be applied to climate projections

of the aforementioned environmental variables to make predictions about potential

changes in continental peak CAPE in different climate change scenarios. In that
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sense, the results of this research could be used in conjunction with global or regional

climate models as a sort of post-processing tool to make inferences about convective

environments or convective storms on scales that are too fine to be resolved by such

models. The scaling could also be applied in an operational context to underpin

seasonal severe storm forecasts on an interannual basis. -
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Appendix A

Equilibrium mean dynamic state of

multi-column model in constant

radiation experiment

Figure A-i shows cross sections of mean equilibrium quantities from the nondiurnal

run. Figure A-la shows the time-averaged vertical velocity field across the domain,

while Figure A-lb shows the convective updraft mass flux as calculated by the model's

parameterized convection scheme. Figure A-lb shows the perturbation temperature

field. This field is calculated by subtracting the mean domain temperature at each

level from the full temperature field. Finally, Figure A-ld shows a cross section of

time-averaged relative humidity for the statistical equilibrium state.

As shown in Figure A-la, a local maximum of large-scale rising motion occurs

on the dry side of the dry land-wet land boundary. This maximum of rising motion

may be a result of surface zonal wind convergence as air flows from the cooler ocean

and wet land regions onto the dry land region. This feature is advected toward the

easternmost boundary of the dry land region by the background zonal wind. Likewise,

a local maximum of large-scale subsidence occurs on the ocean side of the ocean-dry

land boundary. At higher levels (above 600 hPa), large-scale ascent is observed over

the wet land columns, while large-scale subsidence is observed over the dry land.

Figure A-lb shows deep convection occurring across the entirety of the domain,
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with the exception of the dry land columns. While the LFC is below 900 hPa for the

rest of the domain, it appears to be just below 800 hPa in the dry land columns. Thus,

the subcloud layer is much deeper over the surface with low evaporative fraction than

over those with high EF. Furthermore, the vertical extent of convection is much lower

in these columns, while convection nears the tropopause in the rest of the domain.

Figures A-ic and A-id show that the subcloud layer of the dry land columns is

anomalously warm and dry. Figure A-ic shows a large warm anomaly in the dry

land columns between the surface and LFC, while Figure A-id shows a region of

relatively dry air in the same area. Contrastingly, in the remaining columns, the

mean relative humidity is close to 1 near the surface. Additionally, while the greatest

warm anomaly is confined to the subcloud layer of the dry land columns, as shown in

Figure A-ic, a larger area of smaller warm anomaly extends vertically and to the east

of that area, overlapping with the leftmost wet land columns below approximately

700 hPa. This eastward extent of the region of anomalous warmth is likely due to the

zonal background shear flow, which allows warm air to be advected to the east above

the surface level. The presence of anomalously warm air above the surface layer in

the westernmost wet land column provides the possibility of a temperature inversion

that could create a potential barrier to convection and allow large transient values of

CAPE to build.
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Appendix B

Derivation of long-time moist static

energy limit in asymptotic regime

We begin with the nondimensional equation governing the flux of moist static energy

from the surface into the boundary layer (4.29):

(1-a)(6 + 6) + c(pS - P) - 1 = (D. (B.1)

In the limit of infinite time (T - 0-), the dry static energy deficit, 6, goes to 0, while

the surface dry static energy, 6, goes to 1 (as Tsfc - To).

infinite time limit to this equation yields

(1-a) + a lim (p, - p) - 1

Rearranging and redimensionalizing gives

Therefore, applying the

(B.2)

lim (M - Do - cpTsfc - Lq*(Tsrf)) = - Fra - Do.
t-400 apCTVsfc

We now substitute limteoo Tsfc = To and cpTo = Do to yield

lim M - Do
t-*oc

(B.3)

(B.4)Lq* (TO)- Frad
aPCTVsfc
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Appendix C

Derivation of regime boundaries

The boundaries between the peak, intermediate, and asymptotic regimes are derived

in terms of the long-time limits of model variables.

In the intermediate and asymptotic regimes, the long-time limit of moist static

energy M is given by (4.33), as derived in Appendix A:

lim M - Do = Leq*(TO) - Fra . (C.1)
t-+oo apC0V0re

When the long-time limit of the moist static energy surplus is positive (limt+0 0 M - Do >

0), the system is in either the intermediate or asymptotic regime. Therefore, when

the limit is negative (limto0 M - Do < 0), the system must be in the peak regime.

Substituting this inequality into the above equation and rearranging yields the con-

dition

q*(To) < FV (C.2)
apCrvere Lv

for the peak regime.

To distinguish between the intermediate and fully asymptotic regimes, we start

from the nondimensional equation for the time rate of change of the moist static
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energy surplus (4.23):

d= - (pAR (661)
dT 77 07

(C.3)

In the fully asymptotic regime, the moist static energy surplus, p, increases asymp-

totically toward its long-time limit for all time, and does not exhibit a transient peak.

Therefore, the time derivative of p is positive-definite:

dp 17
d-r q1

IAR(68 + 6 - 1) > 0.
176

Simplifying and rearranging yields

D > iAR (S+6 - I

We now take the long-time limit of this inequality:

<b > lim p AR lim
L7-4001 T+O0

(C.4)

(C.5)

(C.6)(6S + 6
6

Since limTrs1 61 = 1, it can be shown that

lim=J
Iro _ 0

(C.7)

Substituting this into (C.6) and redimensionalizing yields

Frad > AR liMM - Do.
PCTV;fc t-+oo

(C.8)

We now substitute the long-time limit of moist static energy (limt,, M) from (4.33)

into the above inequality, resulting in the condition

q*(To)>
(AR

+1 Frad
a pCTVsfcL,

for the asymptotic regime.

112

(C.9)



The intermediate regime exists for the range of q*(To) between the peak and

asymptotic regimes:

Frad < q*(T) < + - .Fra (C.10)
azpCrevqeL, AR oz pCTvsfL
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