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ABSTRACT

In Part I of this paper, the timing and location of convective initiation along a dryline on 24 May 2002
were accurately predicted, using a large 1-km-resolution nested grid. A detailed analysis of the convective
initiation processes, which involve the interaction of the dryline with horizontal convective rolls, is pre-
sented here.

Horizontal convective rolls (HCRs) with aspect ratios (the ratio of roll spacing to depth) between 3 and
7 develop in the model on both sides of the dryline, with those on the west side being more intense and their
updrafts reaching several meters per second. The main HCRs that interact with the primary dryline con-
vergence boundary (PDCB) are those from the west side, and they are aligned at an acute angle with the
dryline. They intercept the PDCB and create strong moisture convergence bands at the surface and force
the PDCB into a wavy pattern. The downdrafts of HCRs and the associated surface divergence play an
important role in creating localized maxima of surface convergence that trigger convection. The downward
transport of westerly, southwesterly, or northwesterly momentum by the HCR downdrafts creates asym-
metric surface divergence patterns that modulate the exact location of maximum convergence. Most of the
HCRs have a partially cellular structure at their mature stage. The surface divergence flows help concen-
trate the background vertical vorticity and the vorticity created by tilting of environmental horizontal
vorticity into vortex centers or misocyclones, and such concentration is often further helped by cross-
boundary shear instability. The misocyclones, however, do not in general collocate with the maximum
updrafts and, therefore, the points of convective initiation, but can help enhance surface convergence to
their south and north.

Sequences of convective cells develop at the locations of persistent maximum surface convergence, then
move away from the source with the midlevel winds. When the initial clouds propagate along the conver-
gence bands that trigger them, they grow faster and become more intense. While the mesoscale convergence
of dryline circulation preconditions the boundary layer by deepening the mixed layer and lifting moist air
parcels to their LCL, it is the localized forcing by the HCR circulation that determines the exact locations
of convective initiation. A conceptual model summarizing the findings is proposed.
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1. Introduction

The dryline is frequently observed in the western
Great Plains of the United States, usually as a boundary
between warm, moist air from the Gulf of Mexico, and
hot, dry continental air from the semiarid southwestern
states or the Mexican plateau. The dryline is often the
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focus of convection initiation (CI) (Rhea 1966). De-
spite a number of existing studies (Bluestein and Parker
1993; Ziegler and Hane 1993; Ziegler et al. 1995; Shaw
et al. 1997; Atkins et al. 1998; Ziegler and Rasmussen
1998; Hane et al. 2002; Peckham et al. 2004), the exact
processes by which convection is initiated are still not
well understood (Hane et al. 1993). The exact timing
and location that convection is initiated along drylines
are even harder to predict.

In most cases, initiation of deep convection along the
drylines occurs at isolated locations instead of as a band
of convection along the entire dryline. Observational
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studies have identified several mechanisms potentially
responsible for creating preferred locations for CI
along the dryline or other types of low-level conver-
gence boundaries. They include the enhancement of
vertical lifting through the interaction of boundary
layer horizontal convective rolls (HCRs) with the
dryline (Atkins et al. 1998), the development of Kelvin—
Helmholtz instability due to cross-line shear [KHI; e.g.,
Mueller and Carbone (1987); Lee and Wilhelmson
(1997) for outflow boundary; Rao and Fuelberg (2000)
for sea-breeze boundary], misocyclones (e.g., Wilson et
al. 1992; Buban et al. 2003; Richardson et al. 2003; Mur-
phey et al. 2006), and surface heat flux gradients due to
heterogeneous land surface properties (Hane et al. 1997).

Atkins et al. (1998) showed clear examples of HCRs
in the environment of a dryline using Weather Surveil-
lance Radar-1988 Doppler (WSR-88D) and airborne
Doppler radar data. These data revealed dryline vari-
ability in the horizontal along-line direction that was
created as the dryline interacted with HCRs forming
west of the dryline. The rolls intersected the dryline at
periodic locations creating radar reflectivity and verti-
cal velocity maxima and, more importantly, initiated
clouds at these intersection points. Hane et al. (2001)
observed two thin lines immediately to the west of a
dryline and suggested that they were due to HCRs. For
the case investigated in this study, Wakimoto et al.
(2006) point to the presence of cellular structures in the
reflectivity field seen by an airborne radar flown at 600
m AGL, during the hour preceding CI. A wavy pattern
of thin lines is reported by them and is suggested to be
the result of HCRs interacting with the dryline. Hane
and Richter (2004) summarize a series of case studies
that emphasize the importance of processes that occur
in the dry air in creating increased low-level conver-
gence in local areas along the dryline leading to con-
vective initiation.

Wilson et al. (1992) performed a detailed study on
the initiation of thunderstorms along a quasi-stationary
convergence boundary associated with the so-called
Denver cyclone (Crook et al. 1991) using both special
observational data and data from model simulations.
Misocyclones, defined as vertical vortices of less than 4
km in diameter by Fujita (1981), were found in the
observations to form periodically along the main con-
vergence line, and initial clouds that formed south of
the misocyclones were found to intensify as they move
over the misocyclones, which were believed to contain
enhanced upward motion. The observed misocyclones
and clouds tended to drift apart after they crossed each
other, however. One finding of this study is that the
initial clouds did not seem to form over the misocy-
clones despite the enhanced updraft they were believed
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to contain. Their numerical simulations suggested that
the vertical vorticity in the misocyclone came from the
horizontal shear, which was intensified mainly by
stretching that is associated with locally enhanced up-
draft created by the HCRs intersecting the dryline. A
question that remains, however, is why convection was
not initiated at the misocyclone locations if they indeed
contained the vertical velocity maxima on the conver-
gence line. Also, in their simulation, the observed
southwesterly flow west of the dryline was simulated as
from the northwest instead; the implication of this on
the misocyclone development and the role of miso-
cyclones in convective initiation is unclear. Still, the
important role of the interaction of HCRs with the con-
vergence line is evident.

Murphey et al. (2006) analyzed the thin structure and
convective initiation along the dryline of 19 June 2002,
a case from the 2002 International H,O Project
(IHOP_2002; Weckwerth et al. 2004) field experiment.
Data from airborne Doppler radar and water vapor
differential absorption lidar (DIAL) were used. In that
case, the along-line variability found in the data was
attributed to numerous misocyclones that distorted the
thin line and the misocyclones influenced the locations
of the updraft with most of the peak values positioned
north of the circulations. These updrafts coincided with
the triggering of initial convective cells. The HCRs, at
least those east of the dryline, were found to be parallel
to the line and, therefore, would not explain the local-
ized enhancement of vertical motion or the formation
of misocyclones. KHI was believed to be the cause of
those misocyclones. Further, the misocyclones were
found to contain a downdraft core at their center, due
to a dynamically induced downward pressure gradient
force (Klemp and Rotunno 1983; Lee and Wilhelmson
1997); therefore these misocyclones were generally not
collocated with the updrafts and hence did not trigger
convection.

During IHOP_2002, a dryline formed on 24 May and
intense convection was initiated along the line in the
afternoon. The event was intensively observed during
the field experiment for the purpose of studying CI and
possible interaction of the dryline with an intersecting
cold front (Weckwerth et al. 2004). A rich set of special
observations was collected during the field experiment
and additional data were gathered in post-real time
from various networks of surface stations (Weckwerth
et al. 2004). For this reason, the case has been studied
by a number of researchers (e.g., Geerts et al. 2006;
Holt et al. 2006; Wakimoto et al. 2006) from different
perspectives.

In the first part of this paper (Xue and Martin 2006,
referred to hereafter as Part I), a successful simulation
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Fi1G. 1. The 3-km model domain with shaded terrain elevation contours. The nested 1-km
domain is indicated by the rectangular box, which used a separate higher-resolution terrain
definition. The 1-km grid shares the south boundary with the 3-km one. Letters A, L, S, C, H,
F, and O in the figure indicate the locations of Amarillo, Lubbock, Shamrock, and Childress
in Texas, and Hollis, Frederick, and Oklahoma City in Oklahoma. Also shown are county and

state boundaries.

of the 24 May 2002 case is described. The nonhydro-
static Advanced Regional Prediction System (ARPS)
model (Xue et al. 2000, 2003) is used to simulate the
evolution of the dryline and the intersecting cold front
as well as the initiation and development of convective
storms along and near the dryline and cold front. Using
a large (700 km X 400 km) 1-km horizontal resolution
grid nested within an even larger 3-km grid (Fig. 1), the
model is able to accurately predict the evolution of the
dryline, the development and evolution of realistic
boundary layer convective eddies and horizontal rolls,
and most importantly, the timing and location of con-
vective initiation along a section of dryline in western
Texas. The model predicted the timing and location of
convective initiation accurate to within 20 min and 25
km, respectively.

In Part I, it is suggested that the interaction between
the dryline and the horizontal convective rolls from the
west side of the dryline play an important role in de-
termining the preferred locations of convective initia-
tion along the dryline. Such interaction creates local-
ized maximum surface convergence that provides addi-

tional forcing to lift air parcels above their level of free
convection (LFC). The mesoscale convergence in the
dryline zone and the resultant upward bulging of the
well-mixed moist boundary layer created a favorable
zone for moist convection.

In this paper, the development and evolution of the
boundary layer (BL) HCRs and open convective cells
(OCCs) and their interaction with the dryline are ana-
lyzed in detail in section 2. The processes by which a
series of (moist) convective cells are triggered are dis-
cussed in section 3. The possible role of misocyclone
vortices that form along the main convergence line is
also discussed. In section 4, we propose a conceptual
model that summarizes our findings. A summary is then
given in section 5.

2. The development and evolution of HCRs
preceding CI

The studies based on observational data, cited in the
introduction, though very valuable, are usually subject
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to the limitations of data coverage in both space and
time. Only a few numerical simulation studies on the
interaction of HCRs with a dryline in the context of CI
exist (Ziegler et al. 1997; Richter and Hane 2003; Peck-
ham et al. 2004), and they either used relatively coarse
resolutions or idealized conditions. The current under-
standing of the convective initiation processes along
drylines remains incomplete. In the high-resolution (1
km) simulation study of Peckham et al. (2004) that em-
ploys idealized terrain, sounding, and periodic north—
south boundary conditions, HCRs and OCCs were
found to develop on both sides of the dryline, with
those on the west side having deeper and stronger ver-
tical circulations. The OCCs and HCRs east of the
dryline were found to impact the dryline and convective
cloud location by modulating the low-level moisture
and upslope easterly flow. The interaction between
OCC and HCR circulations and the dryline appeared
primarily responsible for creating a considerable
amount of along-line variation in the dryline character-
istics. Many shallow convective clouds developed along
and west of the dryline over the OCC and HCR up-
drafts as well as OCC—dryline and HCR-dryline inter-
section points, and they evolved into deep convective
clouds where OCCs and HCRs to the east intersect the
dryline near the same location. While many of the re-
sults of the study appear realistic, it is limited by its use
of idealized conditions, the most restrictive of which
being perhaps the periodic north-south boundary con-
ditions. A preliminary real-case modeling study of
Richter and Hane (2003) did involve the development
of HCRs and their interaction with the dryline. Their
study emphasizes the role of the so-called clear air
downdrafts, forming as part of the downward branches
of HCRs in the dry air that intersect the dryline at an
angle. Such downdrafts are believed to carry large west-
erly momentum to low levels thereby enhancing the
low-level convergence locally. The study of Ziegler et
al. (1997) also pointed out the presence of HCRs in
their numerical simulations although it did not carefully
examine or emphasize their possible role in CI. A close
examination of their figures (e.g., Fig. 6a) does suggest
local enhancement of surface convergence and vertical
motion at the intersecting points.

In Part [, it is pointed out that boundary layer con-
vective eddies and horizontal rolls quickly develop after
the model initial time in our simulation. Active dry
convection spans a width of 100 to 150 km on both sides
of the dryline south of the cold front by 2000 UTC
(hereafter all times are UTC), that is, 2 h into the fore-
cast, and such eddies and rolls are also evident in the
radar reflectivity observations. The convective eddies
and rolls are believed to be processes through which the
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vertical mixing and deepening of the convective bound-
ary layers on both sides of the dryline are realized.
Further, it is also noted that the boundary layer con-
vective eddies and rolls, mainly those on the west side
of the dryline, are responsible for creating locally en-
hanced convergence at the surface that appears to be
responsible for CI at specific locations along the
dryline. In this section, we analyze the evolution of
HCRs preceding the dryline CI in more detail. We note
here that the HCRs we refer to in this study are usually
not purely two-dimensional rolls; significant along-roll
variability often exists and sometimes the rolls appear
more like elongated OCCs. We refer to them as rolls as
long they do not appear circular in shape.

The evolution of the HCRs in the 1.5-h period pre-
ceding CI is illustrated in Fig. 2, which shows the near-
surface moisture convergence fields. The figure centers
around the SSW-NNE-oriented primary dryline con-
vergence boundary (PDCB) and corresponds to the
west portion of the domain shown in Fig. 9 of Part L.
Here we define the PDCB as the strong mesoscale con-
vergence zone or boundary between the generally
southeasterly flow on the east side and generally west-
erly flows on the west side of the dryline. This boundary
is usually located near the eastern edge of the zone of
strong surface moisture gradient that often spans a
width of 50 to 100 km (see, e.g., Fig. 3 of Part I) while
the PDCB is much narrower.

By 1830, 30 min after the initial time of the 1-km
forecast, bands of enhanced surface convergence due to
HCRs [roll convergence bands (RCBs)] have devel-
oped along the PDCB (Fig. 2a) and these bands are
labeled RO through R5. RCBs R1, R3, and RS are re-
sponsible for the later triggering of three groups of con-
vective cells along the PDCB in the model. The spacing
between the RCBs ranges from 40 to 80 km and the
southern ones are shorter and more distantly spaced.
The convective eddies farther west of these bands show
more open-cell structures. At this time, the positive ver-
tical vorticity is generally collocated with positive con-
vergence bands and the PDCB roughly collocates with
the 10 g kg~ ' g, contour. At 1900 (Fig. 2b), more roll
structures are established to the west of the original
ones, with the latter becoming longer, narrower, and
more intense; the g, convergence maximum is more
than doubled from 1830. The PDCB and the leading
RCBs have progressed eastward by about 80 km. The
RCB labeled R1 remains the strongest and all conver-
gence bands appear collocated with the bands of posi-
tive vorticity.

In general, the negative vorticity bands are much
weaker than the positive bands, reflecting the positivity
of the background or mesoscale vertical vorticity in the



















































