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ABSTRACT

Previous studies have explained dryline movement to be a result of vertical turbulent mixing. Such mixing
was shown to efficiently erode the western edge of the shallow moist layer above sloping terrain.

Two- and three-dimensional simulations have been used to demonstrate the impact of surface physiography
on dryline evolution. Those simulations included changes in vegetation type, vegetation coverage, and soil
moisture. In particular, dryline morphology has been shown to be dependent on the horizontal distribution of
soil moisture. Modeling studies have also suggested that increases in the low-level horizontal water vapor gradient,
associated with a dryline, are a result of frontogenetic forcing. The current study will extend past results by
including more sensitivity experiments showing the dependence of dryline morphology on soil moisture.

In this paper, the Regional Atmospheric Modeling System was used to simulate the 26 April 1991 central
plains dryline. Five simulations were conducted in which only soil moisture was varied. Results suggest that
the movement of the dryline and the magnitude of the low-level water vapor gradient are sensitive to changes
in soil moisture. Results from the constant soil moisture case show little movement of the 9.0 g kg21 water
vapor mixing ratio isohume during the day. In that simulation the low-level horizontal gradient of water vapor
displayed little change with time.

Simulated dryline evolution can be viewed as a two-step process. The first is the apparent eastward movement
of drier air due to turbulent erosion of the shallow moist layer. The second step is the relatively rapid increase
of the low-level horizontal gradient of water vapor. The increase of the gradient was found to be in response
to vertically oriented thermally driven solenoids and frontogenetic forcing.

1. Introduction

The dryline is of particular meteorological interest to
both weather forecasters and the general public because
it is a region where severe and tornadic thunderstorms
can form (Rhea 1966; Bluestein and Parker 1993). These
thunderstorms also produce rain for agricultural regions
of the central plains. Typically drylines are regions
where thunderstorms develop in the spring and early
summer.

A dryline in the central plains of the United States
is generally a north–south-oriented boundary that has
an eastward gradient of water vapor in the lowest few
kilometers above the ground (McGuire 1962; Schaefer
1986). A consistent definition of a dryline boundary is
lacking as previous studies indicate. Many methods have
been used to define the location of the dryline. Koch
and McCarthy (1982) used the 355-K isopleth of equiv-
alent potential temperature (ue). Schaefer (1974) used
the 9.0 g kg21 water vapor mixing ratio (ry ) isohume,

Corresponding author address: Dr. Lewis D. Grasso, NOAA/NES-
DIS/RAMMT CIRA, Colorado State University, West Laporte Av-
enue, Fort Collins, CO 80523.
E-mail: grasso@cira.colostate.edu

while Rhea (1966) used the first organized line of veer-
ing winds from the 3-hourly synoptic surface charts. As
a result of this, references made about the location of
a dryline relative to other processes, such as the de-
velopment of thunderstorms, may vary from one study
to the next.

The low-level horizontal gradient of water vapor is
not always associated with a dryline. Early morning
gradients are usually rather small, while in the afternoon
dewpoint gradients of several degrees Celsius per ki-
lometer have been observed to develop rapidly (Parsons
et al. 1991; Ziegler and Hane 1993; Hane et al. 1993).
In this paper the simulated dryline will be denoted as
the region where the magnitude of the low-level =hry

increases rapidly in the afternoon and this region is em-
bedded within a larger-scale moisture gradient. Under-
standing the mechanism that forms the relatively large
eastward moisture gradient has been a research topic
for many years.

In the early morning, the thickness of the moist layer
associated with the dryline decreases toward the west
due to the increase in elevation of the terrain in the
central plains. Daytime heating has been suggested as
a factor in the erosion of the shallow moist layer by
vertical mixing. This gives the appearance that the dry-
line (defined as the 9.0 g kg21 isohume) moves rapidly
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FIG. 1. Tornado tracks superimposed on a county map of northern
Oklahoma and southern Kansas. Wichita, KS, is denoted by ICT and
Oklahoma City by OKC. The surface analysis from 26 Apr 1991 at
2300 UTC is also shown.

FIG. 2. Location of the three two-way interactive grids used for
this study.

eastward as the moisture gradient increases (Schaefer
1974). An observational study of the 8 June 1974
Oklahoma dryline revealed that wavelike perturbations
propagated along the dryline (defined as the 355-K ue

contour) and contributed more to its eastward motion
than the downward slope of the terrain (McCarthy and
Koch 1982).

Solenoidal circulations, in response to horizontal vir-
tual potential temperature gradients, have been proposed
to cause an increases in the eastward moisture gradient
through horizontal convergence at the dryline (Ogura
and Chen 1977; Anthes et al. 1982; Benjamin 1986;
Sun and Wu 1992; Ziegler et al. 1995). In a two-di-
mensional simulation of the 24 May 1989 dryline in
western Oklahoma, Ziegler et al. (1995) showed that
the water vapor field experienced frontogenesis.

Past work has demonstrated the importance of hori-
zontally varying soil moisture on dryline morphology.

The Pennsylvania State University–National Center for
Atmospheric Research (NCAR) Mesoscale Model was
used by Lanicci et al. (1987) to examine the influence
of soil moisture on a simulated dryline. In their simu-
lations the horizontal and vertical grid spacings were
relatively large. Results suggested that variations in soil
moisture produced a significant effect on the horizontal
water vapor gradient on the scale of 100 km. Based on
observed drylines, Ziegler et al. (1995) used horizontal
grid spacings of 5 km in their two-dimensional simu-
lations. Their results suggested that horizontally varying
soil moisture was necessary for the formation of the
simulated dryline. No dryline formed in the simulation
with horizontally constant soil moisture. Shaw et al.
(1997) demonstrated the importance of surface char-
acteristics on dryline evolution. They showed that hor-
izontal gradients in soil moisture and vegetation type
were important for dryline intensification. Specifically,
they found that horizontally constant soil moisture
would increase/decrease sensible/latent heat fluxes,
compared to variable soil moisture, east of the future
location of the dryline. They showed that a simulation
with constant soil moisture had a negative impact on
dryline formation in that the eastward water vapor gra-
dient was much smaller compared to observations and
a simulation that included variable soil moisture.

This paper presents the results of a study that extends
previous work on dryline morphology relative to soil
moisture by providing more sensitivity experiments.
The methodology was to run multiple simulations of
dryline evolution in which only the initial, horizontally
varying, soil moisture was changed. The Regional At-
mospheric Modeling System (RAMS) mesoscale model
was used and initialized at 1200 UTC 26 April 1991.
All simulations were 12h long and terminated at 0000
UTC 27 April 1991. Results show that dryline formation
varied with changes in the initial horizontal profile of
soil moisture. This suggests that the formation of some
drylines may depend on the history of past precipitating
events. A simulation with horizontally constant soil
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FIG. 3. Initial volumetric soil moisture for the (a) 100%, (b) 75%, (c) 50%, and (d) 25% cases. The contour interval
is 0.1.
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FIG. 4. Horizontal wind vectors and water vapor mixing ratio (every 3 g kg21) at 50 m for the (a) 100%, (b) 75%,
(c) 50%, and (d) 25% cases at 0000 UTC 27 Apr 1991. Vertical motion at 4831 m greater than 5 m s21 is shaded.
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FIG. 5. Same as Fig. 4 but for the constant soil moisture simula-
tion.

FIG. 6. Same as Fig. 4a except at 396 m.

moisture produced no dryline even though variations in
terrain elevation and a larger-scale moisture gradient
were present.

Sections 2 contains a description of the mesoscale
model that was used for this study. Observations provide
evidence that some tornadic thunderstorms on 26 April
1991 were traced back to the dryline. This is discussed
further in section 3. The computational methodology is
found in section 4, followed by the results from the
simulations in section 5. This section also contains an
analysis of the dynamics of the dryline. A discussion
of the results is found in section 6. The summary and
conclusions are in section 7.

2. Model description

The numerical model used for the dryline simulations
was version 3b, of RAMS developed at Colorado State
University (Pielke et al. 1992). The following features
of the model were used.

R Prognostic variables are the three components of mo-
mentum, u, v, and w, perturbation Exner function p*,
total water rt, and ice-liquid potential temperature uil

(Tripoli and Cotton 1981, 1982, 1989a,b).
R Exner function tendencies used to update the mo-

mentum variables were computed using a time-split
scheme, similar to Klemp and Wilhelmson (1978).

R The model was nonhydrostatic and compressible
(Tripoli and Cotton 1986).

R Hybrid time step scheme: Momentum was advanced
using a leapfrog scheme while scalars were advanced
using a forward scheme. Both used second-order ad-
vection.

R Vertical and horizontal turbulence was parameterized
using a Smagorinsky deformation-based eddy viscos-
ity (Smagorinsky 1963) with stability modifications
(Lilly 1962).

R Parameterized surface fuxes of heat, moisture, and
momentum were used (Louis 1979).

R The horizontal winds at the lowest model level are
reduced by an imposed drag. This produced a quasi-
no-slip lower boundary.

R A terrain-following sigma coordinate system was in-
cluded (Tripoli and Cotton 1981).

R Two-way interactive moving nested grids were used
(Clark and Farley 1984; Walko et al. 1995).

R An Arakawa fully staggered C grid was included (Ar-
akawa and Lamb 1981).

R A Mahrer–Pielke radiation scheme (Mahrer and Pielke
1977) for both longwave and shortwave radiation,
with longitudinal variations of shortwave irradiance,
was used. Radiation tendencies were recalculated ev-
ery 900 s.

R A soil model extended 50 cm below ground using 11
prognostic levels (Tremback and Kessler 1985). The
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FIG. 7. Same as Fig. 4 except at 2200 UTC.
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FIG. 8. Vertical cross section at 368N of (a) uxrvx, (b) vxrvy, (c) wxrvz, and (d) total Fx at 2200 UTC (thin contours).
All values have been multiplied by 1010 in this and the following figures. Thick contours represent the water vapor
mixing ratio (every 3 g kg21).
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FIG. 9. Vertical cross section at 368N of (a) uyrvx, (b) vyrvy, (c) wyrvz, and (d) total Fy at 2200 UTC (thin
contours). Thick contours represent the water vapor mixing ratio (every 3 g kg21).
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FIG. 10. Vertical cross section at 368N of Fx (thin contours) for the (a) 75%, (b) 50%, (c) 25%, and (d) constant soil
moisture cases at 2200 UTC. Thick contours represent the water vapor mixing ratio (every 3 g kg21).
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FIG. 11. Horizontal winds, water vapor mixing ratio (thin contours),
and Fx (thick contours) at 2200 UTC. The Fx values of 21.0 and 1.0
are the only ones depicted for clarity.

soil type used was sandy clay loam throughout the
model domain. As the model was advanced, soil mois-
ture at the ground was reduced due to the flux of
moisture upward.

R A vegetation model was included (Avissar and Pielke
1989), which was run using variable vegetation types
(Loveland et al. 1991) on all three grids.

R A bulk microphysical scheme that included the fol-
lowing hydrometeor species: cloud water, rain, ag-
gregates, graupel, hail, snow, and pristine ice (Walko
et al. 1995). Mixing ratios were predicted for these
species, except for pristine ice, where both concen-
tration and mixing ratio were predicted, and cloud
droplets, where the mixing ratio was diagnosed.

If the reader wishes to delve deeper into the model
design, the following papers may prove useful: Tripoli
and Cotton (1981), Cotton et al. (1986), Tremback et
al. (1985), Tripoli (1986), Pielke et al. (1992), and Wal-
ko et al. (1995).

3. Observations

At 1800 UTC the National Centers for Environmental
Prediction (NCEP) surface analysis indicated a dryline
over central Kansas that extended southward over west-
ern Oklahoma. A comparison with Geostationary Op-

erational Environmental Satellite-7 visible imagery at
1746 UTC showed that the dryline was denoted as a
cloud/no-cloud boundary, with a widespread broken
cloud field to the east and a cloud-free region to the
west. At that time, no deep convection was evident in
the imagery at the dryline or within a few hundred ki-
lometers to the east. At 1846 UTC, deep convection
began at the dryline over north-central and south-central
Kansas. Convection also began over northwest
Oklahoma, ahead of the dryline, and dissipated over the
next few hours. At 2046 UTC, convection developed at
the dryline over northwest Oklahoma and south-central
Kansas. At that time a band of thunderstorms extended
eastward ahead of the dryline in central Kansas. The
National Meteorological Center (now operating as
NCEP) 2100. UTC surface analysis aided in locating
the storms relative to the dryline.

Using the 0.58 base scan reflectivity from the KOKC
radar, available approximately every 15 min, dryline-
initiated convection could be traced. One storm formed
at 2106 UTC in northwest Alfalfa County, Oklahoma,
and moved northeastward into southern Sedgwick
County, Kansas, by 2316 UTC. This storm produced an
F5 tornado that touched down at 2305 UTC and was
on the ground for 65 min while passing near Wichita,
Kansas. Farther to the southeast, a separate storm pro-
duced three tornadoes: an F4 in Cowley County, an F3
farther northeast in Elk County, and an F3 in east Green-
wood and northwest Woodson Counties in Kansas. This
storm was also traced back to eastern Major County, in
Oklahoma, where it was linked to the dryline at 2106
UTC. At 2316 UTC, a third storm was located over
northeast Garber County, Oklahoma. This storm pro-
duced an F4/F5 tornado at 2309 UTC that was on the
ground for the next 105 km. Bluestein et al. (1993)
measured winds of 120–125 m s21 near Red Rock,
Oklahoma, from this tornado. Using the KOKC radar,
this storm was traced back to its genesis region, the
dryline, over northeast Dewey County, Oklahoma, at
2106 UTC. Tornado tracks from the three separate
storms are depicted in top of Fig. 1. There were a total
of 55 tornadoes that formed from Iowa south into Texas
on that day as reported in Storm Data (NOAA 1991).

Afternoon surface observations from 26 April 1991
indicated an approximate 208C decrease in dewpoint
temperatures from central to western Oklahoma (Fig.
1). Observed dewpoint decreases of 208C across the
western half of Oklahoma were similar to other days
during the 1989 and 1991 Central Oklahoma Profiler
Studies experiments (Ziegler and Hane 1993; Hane et
al. 1993). A dryline, oriented approximately along a
north–south line, was analyzed by NCEP along western
Oklahoma and central Kansas. Winds east of the dryline
were generally southeasterly with speeds ranging from
5 to 10 m s21. Southwesterly winds existed west of the
dryline with speeds ranging from 5 to 15 m s21 over
southwest Kansas. A cold front extended southward
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FIG. 12. Same as Fig. 11 but for the (a) 75%, (b) 50%, (c) 25%, and (d) constant soil moisture cases.
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FIG. 13. Horizontal winds and (a) p* and (b) 2u0]p*/]x multiplied by 104 at 2200 UTC. In (b) all other contours
have been omitted for clarity.

from central Nebraska, western Kansas, and through
eastern sections of the Oklahoma and Texas panhandles.

Observations from 26 April 1991 indicated that a
dryline could be the genesis region for the development
of tornadic thunderstorms. Such storms have the poten-
tial to produce widespread damage. High impact weath-
er of this type is important to the forecaster and the
general public. Knowing when a dryline will form and
trigger thunderstorms is a difficult forecasting problem.

4. Computational methodology

The simulations were initialized with standard 1200
UTC synoptic data on 26 April 1991. This included
rawinsondes, surface observations, and NCEP Global
Tropospheric Analysis which contains the 2.58 gridded
winds, temperature, and moisture on pressure surfaces
from the initial fields of the Aviation Model. All sim-
ulations contained a total of three, two-way, interactive
grids (Fig. 2). Horizontal grid spacing used was 75, 25,
and 5 km for grids one through three, respectively. The
vertical grid spacing started at 100 m and was increased
using a stretching ratio of 1.1. The model top was just
over 23 km. All three grids were initialized at 1200
UTC and integrated to 0000 UTC 27 April 1991. During
the simulations, the prognostic variables on the lateral
boundaries of the outermost grid were nudged to inter-

polated analyses. Variables at the top boundaries were
nudged on all three grids. Nudging on the top boundaries
used a linear interpolation scheme between the initial-
ization at 1200 UTC and the following synoptic analysis
at 0000 UTC. The simulation also used a 30-s topo-
graphic dataset on all three grids.

The soil moisture was initialized on the first two grids
using a technique based on the antecedent precipitation
index (Wetzel and Chang 1988). This procedure uses 3
months of archived hourly station precipitation reports
in the continental United States prior to model start time.
Precipitation values were weighted more if the dates of
the station reports were closer to the model start time.
Soil moisture on grid 3 was interpolated from grid 2.

The first simulation used the unaltered soil moisture
values derived from the above method and will be re-
ferred to as the 100% case. Three other simulations were
conducted in which the soil moisture was reduced from
the 100% case by multiplying soil moisture values by
0.75, 0.50, and 0.25, respectively. Those cases are re-
ferred to as the 75%, 50%, and 25% cases, respectively
(Fig. 3). The soil moisture profile used in the last sim-
ulation was initialized horizontally constant with a value
of 0.21 (soil moisture is a dimensionless quantity that
measures the volume of water per volume of water at
soil saturation). This value is approximately an average
of that used in the 100% case.
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FIG. 14. Horizontal winds, p* (thin contours), and 2u0]p*/]x (thick contours) multiplied by 104 for the (a) 75%, (b)
50%, (c) 25%, and (d) constant soil moisture cases at 2200 UTC.
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FIG. 15. Vertical cross section at 368N of the solenoidal forcing
(2]B/]x) multiplied by 106 (thin contours) and water vapor mixing
ratio (thick contours) at 2200 UTC.

5. Simulated dryline dynamics

While the simulation advanced from 1200 UTC there
was no evidence of dryline formation, that is, an in-
crease of the magnitude of =hry . At approximately 1900
UTC low-level convergence and the magnitude of =hry

increased relatively quickly. Soon after 2200 UTC con-
vection, extending throughout the depth of the tropo-
sphere, developed along the dryline for the 100% case.
Simulated convection did develop along the dryline for
some of the other cases and is denoted by the shaded
region at 0000 UTC 27 April 1991 in Fig. 4. At the
same time the water vapor field, at 50 m, for the sim-
ulation with constant soil moisture is depicted in Fig.
5. As can be seen in Fig. 5, no dryline nor convection
developed in that case. As a result, the simulated dry-
lines will be analyzed prior to the development of cu-
mulus convection, 2200 UTC, in grid 3.

There were regions of local maxima in the water va-
por field located over north-central Oklahoma in Figs.
4a and 4b. These developed in response to relatively
large latent heat fluxes (compared to nearby regions)
from the wet soil below. Although the local maximum
of soil moisture was present in the 50% and 25% cases
(Figs. 3c,d), the latent heat fluxes were not large enough
to noticably increase the water vapor mixing ratio at 50
m (Figs. 4c,d). The modification of the near-surface wa-
ter vapor field by the underlying wet soil was confined
to the lowest few hundred meters. A reproduction of
Fig. 4a at 396 m shows a small region of enhanced

values of ry along the Oklahoma and Kansas border (Fig.
6).

Processes governing dryline morphology will be ex-
amined prior to convective development. This will as-
sure that any possible influence between the dryline and
convective elements is removed. Winds and water vapor
mixing ratios near the surface at 2200 UTC are shown
in Fig. 7. A comparison between Fig. 7 and Fig. 4 in-
dicated that the magnitude of =hry in low levels in-
creased rapidly (relative to the first 10 simulated hours)
over the 2-h period. This was most noticable in the
100%, 75%, and 50% cases.

The time rate of change in the water vapor field will
be examined through frontogenetic forcing terms. Fron-
togenetic forcing could also be analyzed on the dew-
point field. Water vapor mixing ratios (ry ), however,
were chosen because they are an absolute measure of
water vapor in the atmosphere. The material derivative
of =hry can be expressed as

D(= r )h y 5 F e 1 F e , (1)x x y yDt

where ex and ey are unit vectors while

] Dr ]u ]r ]y ]r ]w ]ry y y yF 5 2 2 2 and (2)x 1 2[ ]]x Dt ]x ]x ]x ]y ]x ]z

] Dr ]u ]r ]y ]r ]w ]ry y y yF 5 2 2 2 . (3)y 1 2[ ]]y Dt ]y ]x ]y ]y ]y ]z

Following Ziegler et al. (1995), the first term on the
right-hand side of Eqs. (2) and (3) will not be analyzed
since the soil moisture gradients existed on a scale larger
than the width of the dryline. The remaining terms will
be analyzed for the 100% case and will be denoted as
uxrvx, vxrvy, wxrvz in Eq. (2) and uyrvx, vyrvy, wyrvz
in Eq. (3), respectively. This was done within an east–
west vertical cross section at 368N.

Terms composing Fx are displayed in Fig. 8. The first
term, uxrvx, maximized in the lowest 1500 m and in-
creased the water vapor gradient (Fig. 8a). The second
term, vxrvy, was weakly frontogenetic in the lowest 500
m (Fig. 8b) compared to uxrvx at the same location.
Above 500 m vxrvy acted to reduce the eastward com-
ponent of =hry . Values of the third term, wxrvz, indi-
cated it had a larger influence on the water vapor field,
compared to the first two terms, between approximately
1500–3500 m (Fig. 8c). Physically this term represents
the turning of the water vapor isohumes into the vertical
by the updraft associated with the developing dryline.
The region of the wxrvz positive and negaitve couplet
acted to increase =hry . Where wxrvz was positive/neg-
ative =hry had an eastward/westward component. This
resulted in an increase of the horizontal gradient of ry

in both locations within that layer. The net effect (Fig.
8d) was a frontogenetic partitioning between the con-
vergent term uxrvx, from the surface and 1500 m, and
the tilting term wxrvz, between 1500 and 3500 m.
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FIG. 16. Same as Fig. 15 but for the (a) 75%, (b) 50%, (c) 25%, and (d) constant soil moisture cases.

In a similar manner, the terms composing Fy are
shown in Fig. 9. Results of that term show that both
the southward and northward components of =hry were
increased by the tilting term wyrvz from approximately
1500 to 3500 m (Fig. 9d). There was a relatively small

frontolytic effect in the lowest 1000 m by the uyrvx
term (Fig. 9a). Also the magnitude of Fx was approxi-
mately a factor of 3 larger than Fy. These results suggest
that processes governing the horizontal gradient of the
water vapor field were generally in the east–west di-
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FIG. 17. Horizontal winds, water vapor mixing ratio (thin contours),
and the solenoidal tendency (thick contours) multiplied by 106. All
other contours of the solenoidal field have been omitted for clarity.

rection. As such only the Fx term was analyzed for the
four other simulations (Fig. 10). As the soil moisture
was reduced there was a successive reduction of the
convergent/tilting forcing from the 75% to 25% cases.
The constant soil moisture case showed no evidence of
dryline formation through frontogenetic forcing.

The low-level water vapor field experienced fronto-
genesis along a convergence zone for the 100% case
(Fig. 11). A region where the values of forcing were
negative existed near the center of Fig. 11. This was
caused by the reversal of the horizontal water vapor
gradient that was associated with the low-level maxi-
mum in ry above the moist soil (Fig. 4a). Although the
values of Fx are negative they still represented fronto-
genesis since =hry had a westward pointing component.
A similar profile existed for the 75% case except the
horizontal extent was smaller (Fig. 12a). As in Fig. 11
there was a general reduction in the values of Fx for the
50% and 25% cases (Figs. 12b,c). For the constant soil
moisture case there was weaker forcing, relative to the
100% and 75% cases. The forcing was along the con-
fluent zone where the southwesterly winds merged with
the southerly winds.

As indicated in Fig. 8a, the primary contributor to
the net value of Fx near the surface was the uxrvx term
(Fig. 8a). Physically this means that =hry increased over

time due to the superposition of the positive water vapor
gradient, ]ry /]x . 0, and the convergent wind field ]u/]x
, 0. This can be seen in Fig. 11 where positive fron-
togenetic forcing existed. An examination of Fig. 4a
shows that there was veering and acceleration of the
winds along 368N from the west side of the figure to
the 10.0 g kg21 contour. The veering was also evident
at 2200 UTC in the same region (Fig. 11). That aspect
of the winds suggests the existence of a trough in the
pressure field along the convergence zone. Figure 13a
indicates that a trough in the perturbation p field did
exist. The veering winds existed within a region that
was characterized by an eastward acceleration (Fig.
13b), 2u0]p*/]x . 0, generated by the p* field. As
soil moisture values decreased so did the extent of the
area that experienced an eastward acceleration (Fig. 14).
No eastward acceleration of the low-level winds was
evident at 2200 UTC for the constant soil moisture case
(Fig. 14d).

Another possible way to explain the eastward accel-
eration of the winds is through the existence of vertically
oriented thermally driven solenoids. To test for the ex-
istence of baroclinicity along the developing dryline,
the gradient of the simulated buoyancy field, 2]B/]x,
was computed. Model buoyancy is defined as B 5 (u*/u0

2 rc)g. In this expression rc and g represents the total
water condensate mixing ratio and the gravitational ac-
celeration, respectively. The other two variables rep-
resent the reference state potential temperature, u0, and
perturbation potential temperature, u*. Results of this
calculation along 368N for the 100% case supports the
existence of two solenoids of opposite signs (Fig. 15).
Both solenoids acted to increase the low-level conver-
gence and aid in the development of the dryline. As a
consequence of mass continuity, the increase of low-
level convergence implied an increase of vertical mo-
tion. (This may have important implications to the study
of convective initiation along the dryline. Although it
is an important topic, it is outside the scope of this study
and will be contained in a future manuscript.) Solenoids
were evident in the 75% case (Fig. 16a) and to a lesser
extent in the 50% case (Fig. 16b). Solenoids were es-
sentially absent in the other two cases (Figs. 16c,d).

An examination of Fig. 15 shows that the magnitude
of the low-level solenoid forcing maximized a few hun-
dred meters above the ground for the 100% case. At
396 m the solenoidal forcing (Fig. 17) extended gen-
erally over the same region as did the eastward accel-
eration generated by the p* gradient (Fig. 13b). A sim-
ilar relationship between the solenoid forcing and the
eastward acceleration was evident in the other cases (cf.
Figs. 18 and 14). Also indicated in Fig. 18 is the overall
reduction of the solenoid forcing as the soil moisture
was reduced.

6. Discussion
Past research on dryline movement has examined the

relatively rapid eastward progression of the 9.0 g kg21
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FIG. 18. Same as Fig. 17 but for the (a) 75%, (b) 50%, (c) 25%, and (d) constant soil moisture cases.
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water vapor mixing ratio contour. This contour was used
to denote the location of the dryline in some studies. A
combination of the downward sloping terrain toward the
east, a thinning of the moist layer toward the west, and
horizontal variations of vertical turbulent mixing have
been suggested to explain dryline movement.

Except for the constant soil moisture simulation, the
9.0 g kg21 water vapor mixing ratio contour moved east
a few hundred kilometers prior to 2200 UTC. At that
time =hry was still relatively small compared to 0000
UTC for the 100%, 75%, and portions of the 50% cases.
Even though the 9.0 g kg21 water vapor contour moved
east in the 25% case, no further increase of =hry oc-
curred from 2200 to 0000 UTC. Dryline development
and movement of the 9.0 g kg21 isohume were essen-
tially absent in the constant soil moisture case. In both
of these cases solenoids were also absent.

These results suggest that the proposed mechanism
for the movement of the 9.0 g kg21 contour did not aid
in the increase of the magnitude of =hry from 2200 to
0000 UTC in some of the simulations presented here.
Results from this study suggest that the continued in-
crease of the magnitude of =hry , from 2200 to 0000
UTC, resulted from two related processes. First was the
thermally driven solenoids that aided in the eastward
acceleration of the winds at the dry side of the dryline.
The second process was frontogenetic forcing of the
water vapor field superimposed on the convergent wind
field within the lowest 1000 m.

Future work will address how the magnitude and hor-
izontal variations of soil moisture influence the low-
level pressure field, solenoids, and frontogenesis along
the dryline. Regions where the soil moisture was larger
resulted in a reduction of sensible heating and an in-
crease of latent heating. The total flux was essentially
constant for all simulations. The difference was in the
partitioning of the total flux into sensible and latent heat
fluxes.

7. Summary and conclusions

Drylines are a region where thunderstorms can de-
velop during the spring and early summer. Some of these
storms may produce hazardous weather and damage to
property. For this reason understanding the movement
and the relatively rapid increase of =hry at the dryline
are important to forecasters.

Two-dimensional studies have shown that dryline
movement, denoted by the 9.0 g kg21 isohmue, can be
attributed to vertical turbulent mixing of the shallow
portion of the moist layer above sloping terrain. They
have also been used to show the importance of hori-
zontally varying soil moisture on dryline development
through the frontogenesis process. Three-dimensional
simulations have also demonstrated an influence of hor-
izontally varying soil moisture, and other surface char-
acteristics, on dryline evolution.

In this study a three-dimensional model was used to

provide more experiments that demonstrate the sensi-
tivity of dryline evolution to soil moisture. Five sim-
ulations were conducted in which only soil moisture
was changed. Results suggest that the evolution of some
drylines may be influenced by horizontal soil moisture
variations. This may have an important consequence.
The ability of a mesoscale model to accurately simulate
dryline evolution in a regional setting (research or fore-
casting) may be greatly reduced through the use of con-
stant soil moisture.

Results of this study also suggest that dryline mor-
phology may be a two-step process. The first is the
increase of the larger-scale eastward gradient of mois-
ture through the erosion of the shallow moist layer by
turbulent mixing. The second is the relatively rapid in-
crease of the magnitude of the =hry through vertically
oriented solenoids and frontogenetic forcing. Convec-
tive initiation at the dryline may be related to the mag-
nitude of the second step.

Future work will examine the relationship between
soil moisture, latent and sensible heat fluxes, and dryline
evolution. Currently a fourth grid has been spawned at
2000 UTC for the 100% case. This grid has horizontal
grid spacings of 1.6 km. Several thunderstorms have
developed along the dryline in a nonuniform manner.
Results from this grid will be used to study convective
initiation along the simulated dryline.
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