2582

JOURNAL OF THE ATMOSPHERIC SCIENCES

A Mixed-Layer Model of the Diurnal Dryline

PATRICK A. JONES AND PETER R. BANNON

Department of Meteorology, The Pennsylvania State University, University Park, Pennsylvania

(Manuscript received 13 August 2001, in final form 27 February 2002)

ABSTRACT

This study examines the diurnal behavior of the dryline system using a mixed-layer model to represent the
cool moist air capped by an inversion to the east of the line. This inversion is referred to as the dry front, and
the intersection of this dry front with the terrain is the dryline. The results indicate that boundary layer heating
is sufficient to drive the dryline and explain its diurnal variation.

The daytime eastward propagation of the model dryline of 200 km agrees well with other numerical studies
and is in approximate agreement with dryline observations. The present model results also indicate a nearly
vertical inversion slope up to a height of 2 km in the early afternoon. Model simulations with sloping terrain
consistently yield a nocturnal low-level jet between 0000 local time (LT) and 0100 LT, with a speed of 20-25
m s, located below the inversion.

The effect of each mixed-layer process, such as entrainment, surface heat flux, and nighttime cooling, is
examined. Entrainment tends to steepen the slope of the dry front near the dryline but has little impact on its
eastward advance. The dryline advance is most sensitive to the amplitude of the surface heat flux relative to
the depth of the mixed layer and the strength of the inversion. Large heat fluxes, in combination with a shallow
mixed layer and a weak inversion, produce the greatest dryline advance. The westward surge of the dryline at
dusk is most sensitive to the amplitude of the nighttime cooling: larger cooling produces a larger surge.

The model simulations consistently predict alocal maximum in the inversion height (called a spike) near the
dryline at dusk associated with entrainment and boundary layer convergence. This process may be one of the
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possible triggers for the deep convection often seen just to the east of the dryline.

1. Introduction

The south-central plains of the United States is often
the site for the development of a surface boundary be-
tween dry and moist air masses known as the dryline.
Thedry air mass generally originatesin the desert south-
west, while the moist air mass originates from the Gulf
of Mexico. The occurrence of severe weather in the
plains during the spring and summer months is often
linked to the presence of the dryline. Schaefer (1986),
and more recently Miller et al. (2001), provide over-
views of the observations and theories of the dryline,
as well as bibliographies of the literature. The moist air
is capped by an inversion. We refer to this airmass
boundary as the dry front, and its intersection with the
sloping terrain as the dryline.

The diurnal behavior of the dryline is characterized
by a daytime eastward movement, and a nighttime west-
ward retrogression. The slope of the dry front steepens
during the day and relaxes at night. Conversely, the
surface winds in the moist air are a maximum near
midnight and weaken during the day.

The purpose of the present study is to model this di-
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urnal variation of the dryline using a mixed-layer model.
The shallow moist air mass to the east of the dryline is
treated as a mixed layer convectively driven by surface
buoyancy fluxes. The moist air is overlaid by an elevated
mixed layer (e.g., Lanicci and Warner 1991) of uniform
potential temperature that is decoupled from the surface.
The difference in potential temperature between the two
layers manifests itself as an inversion or ““lid” that in-
hibits the development of deep convection over the
plains. The present investigation is an extension and re-
finement of the shallow-water modeling study by Miller
et a. (2001) who prescribe the diurnal variation of the
entrainment and the inversion strength. In the present
study, we predict these quantities using standard mixed-
layer theory (e.g., Tennekes 1973; Stull 1988).

The next section presents the mixed-layer model of
the moist air mass. The standard model equations are
solved numerically using the technique of Schar and
Smolarkiewicz (1996) that can handle vanishingly small
layer depths. Section 3 presents the results of numerical
experiments that isolate the effects of entrainment, sur-
face heating, nighttime cooling, and topography.

2. The model

Figure 1 illustrates the geometry and physics of the
model dryline systemon an f plane. Thex axisisnormal
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Fic. 1. Schematic diagram of the mixed-layer model physics of
the dryline system on an f plane. The cool moist mixed layer of
depth D and potential temperature 6,, lies between the sloping bottom
topography m and an elevated mixed layer of warm dry air with
potential temperature 6.. An inversion of strength A6 = 6, — 6,
lies at the height h. The intersection of this inversion (or dry front)
with the ground denotes the location of the dryline. Southerly flow
in the form of a low-level jet exists in the cool moist air. The stress
on the top layer is indicated by the arrow labeled 7,,,. The stress on
the bottom layer is indicated by the arrow labeled 7.

and the y axis is parallel to the dryline. Henceforth we
refer to these as the eastward and northward directions
respectively. The z axis is in the vertical. The u and v
winds are parallel to the x and y axes, respectively. The
dryline model is assumed to be one-dimensiona with
variations only in the x direction.

The height of the inversion is denoted by h, the var-
iable terrain height by n, and the fluid depth by D = h
— 7. Far to the east the terrain is flat and the inversion
height and fluid depth approach the value H, = 2 km.
Theterrain 7 is either flat or is given by an exponential
of the form (Kovacs 1996)

n = M€, (€
where n, = 2km, b = 450 km, and x = O isthelocation
of the dryline (i.e.,, D = 0) at the initial time (t = 0).
These choices for i enable analytic initial conditions
(see section 2c).

The thermal structure of the dryline system is de-
scribed by the vertically uniform potential temperature
0,(X, t) of the mixed layer that isoverlaid by an elevated
mixed layer of uniform potential temperature 6, . The
strength of the inversion is

AO=06, — 6, (2

We assume the elevated mixed layer is infinitely deep
and time-independent. The mixed layer is in contact
with the surface and undergoes a strong diurnal cycle
of heating during the day and cooling at night. The
daytime heating produces convective activity that can
entrain elevated mixed-layer air acrosstheinversion and
into the mixed layer. The use of a mixed-layer model
is not without some limitations. Its use precludes an
examination of the detailed structure of the nonhydro-
static behavior of the leading edge of the dryline or of
the secondary internal circulations within the moist air.
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a. Mixed-layer equations

The continuity and momentum equations are, re-

spectively,
DD
— =DV -u+w,, 3
Dt u+ w, (3)
DU ~ 1 Tto B Tbot
— 4+ fzXxu=-=Vp+ |—=—=| @
Dt S Po P ( poD ) @

where D/Dt = d/dt + ud/ox, u = (u, v) isthe horizontal
velocity, f = 1 X 104 s~ is the constant Coriolis
parameter, 7, is the stress on the top layer, 7, is the
stress on the bottom layer, p, is a constant reference
density, and w, is the entrainment rate (Tennekes 1973)
that represents the rate at which elevated mixed-layer
air is carried across the inversion into the mixed layer.

The quadratic form of surface friction is, following
Miller et al. (2001),

Tow = PoCalU]U, (5)

where C, is the dimensionless drag coefficient. Though
C, depends on the surface roughness and the atmo-
spheric stability near the surface, it is taken to be spa-
tially uniform in our experiments. We assume that the
turbulent vertical transport of momentum is convec-
tively driven by the surface heat flux. Then the daily
cycle of surface friction is incorporated into the model
by using a time-dependent drag coefficient C, of the
form

Cq(t)
H B it
2 X 1073|1 — cos—-| from 0600 to 1800 LT
_ H 10h
00 otherwise.

(6)

This choice yields a surface friction that increases from
zero at sunrise [0600 local time (LT), t = 0] to a late
afternoon maximum at 1600 LT, and then instantly drops
to zero at sunset (1800 LT), as in Blackadar (1957).
Miller et al. (2001) plot (6) in their Fig. 5.

The stress on the top layer 7,,, represents the addition
of momentum as air aloft is entrained into the dry front.
This process is expressed by the equation

Tiop — pOWe(utop - U), (7)

where w, > 0 is the entrainment of warm dry air across
the dry front during the day, and u,,, is the prescribed
horizontal velocity of the air aloft. Because the model
only describes the dynamics of the cool moist air, the
process of momentum mixing can only be incorporated
to the east side of the dry front. Thus, our test of the
theory of McCarthy and Koch (1982) that the movement
of thedrylineisassociated with momentum mixing from
aloft is only a partial one.

The momentum equation (4) contains a depth-aver-
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aged pressure gradient term of the form (e.g., Keyser
and Anthes 1977)

1 A6 oh
Do 6, ox

D 1op'(H
g_%_ _ap( ) %, (8)
20, 0X  py OX

where 6, = 300 K isthe reference potential temperature
in the Boussinesq approximation and g = 10 m s~2is
the acceleration due to gravity. Here H is a reference
height for the pressure (see Fig. 1) and is arbitrary pro-
vided it exceeds h. The result (8) holds rigorously for
atwo-layer Boussinesq fluid in hydrostatic balance. This
expression takes proper account of the thermal structure
that can exist both inside and above the mixed layer.
Thefirst term in (8) is analogous to the reduced gravity
term in Miller et al. (2001). The second term is the
pressure gradient force due to horizontal variations in
the mixed-layer potential temperature. The third term
in (8) is the synoptic-scale pressure gradient that can
drive motion in the mixed layer. We take this term to
be a zonal pressure gradient force that drives a uniform
8 m s geostrophic v field. This assumption relieves
the h and 6, fields from the burden of driving the mean
low-level winds. Such winds are believed to be present
for the development of the low-level jet (Blackadar
1957). We assess the impact of this synoptic-scale pres-
sure gradient in section 3e.

The thermodynamic evolution of the mixed layer is
described (Tennekes 1973) by

% _ (W’ Hr)surface B (W,B’)invers'on
Dt D

where (W' 6') 4,1ace 1S the heat flux off the surface and
the downward heat flux acrosstheinversion (W' 6"), version

is related to the entrainment rate w, by
(W, Hl)inversion = _WBAG' (10)
The last term in (9) describes nocturnal radiative cool-

ing.

Closure of the mixed-layer model requires arelation
between the surface flux and the inversion flux. Zeman

and Tennekes (1977) argue that the appropriate closure
for a mixed layer overlaid by an adiabatic fluid is

(W, 6’) inversion

+ érad ’ (9)

Ce
1+ Cw36,/gDA®
where the convective velocity scale wy is defined by

W>3k = @ (W)wrfme'
b,

Here, the constants are C; = 3.55 (Zeman and Tennekes
1977) and C. = 0.20 (Tennekes 1973). The expression
(11) is a better physical representation than the simple
proportionality of Tennekes (1973) that uses (11) with
C; = 0O, for it inherently contains a horizontal depen-
dence through D and A 6.

(W,H’)surface = 0!

11

(12)
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The surface heat flux is a diurnally varying quantity,
and this model uses a sinusoidally prescribed variation
forit. The peak isat 1300 LT (where 0600 LT issunrise)
and goes to zero just after sunset (1800 LT), at which
time a constant radiative nighttime cooling takes effect.
We are then simply taking the positive part of a sine
curve. Mathematically we write

(W, 6/ )surfa:e

0
. (mt
E(w’e' %o sm(tw), 0600 LT =t = 1800 LT

— D max
0, otherwise,

(13)

wheret,,, determines when the heat flux is a maximum.
This maximum typically lags the maximum insolation
(Stull 1988) and here we take t,,, = 13 h. The value
of the radiative cooling 6., = —0.330 K h-* is ap-
proximately that needed to restore theinversion strength
overnight. With the surface heat flux prescribed by (13),
the inversion heat flux is diagnosed using (11) and the
entrainment rate is then found from (10).

b. Model numerics

The governing equations are solved using finite dif-
ferencing with the conservative flux form as described
in Schar and Smolarkiewicz (1996). Their first-order
differencing algorithm includes a flux correction for-
malism that reduces the computational diffusion and
makes it possible to handle the case where the depth of
the dry front goes to zero. The rotational and frictional
terms are coded using classical implicit numerics, spe-
cifically a trapezoidal finite-differencing scheme. The
pressure gradient term follows the work of Smolar-
kiewicz and Margolin (1993). The friction and Coriolis
terms are coded using an implicit finite-differencing
scheme. The model uses a staggered grid, having h, A6,
and v specified on the same gridpoint with u specified
a half grid length to the east. The grid resolution is 2.5
km. The model domain is 2 X 103 km. The time step,
20 s, satisfies the Courant—Friedrichs-Lewy (CFL) cri-
terion.

Miller (1998) presents the results of a simple control
run to verify the numerics for a shallow-water version
of our model. The current mixed-layer model is tested
by verifying that the far field (D = H,) behavior of the
dryline obeys strictly mixed-layer physics because the
advective dynamical effects are negligible there. In par-
ticular a horizontally homogeneous form of the model
accurately reproduces the solutions in Tennekes (1973)
and Zeman and Tennekes (1977).

c. Initial and boundary conditions

The initial conditions of the model are an f-plane
version of the Wexler (1961) model of the climatological
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Fic. 2. The model initial conditions with topography. The fields are plotted as a function
of distance x from the dryline (x = 0).

mean southerly jet in geostrophic balance. The mixed-
layer equations have an exact nonlinear, uniform po-
tential vorticity, steady-state solution without friction (7
= 0) and without entrainment (w, = 0). Kovacs (1996)
provides the solution with an exponential topography
(1) similar to that of the Great Plains. The initial con-
ditions used here are identical to those in Miller et al.
(2001) except for the addition of a uniform 8 m s—*
meridional wind. The case without terrain appears in
their Fig. 4; the case with terrain is displayed in Fig. 2.
This solution holds only for the case of an elevated
mixed layer aloft that has no variation in potential tem-
perature.

The initial conditions for h and v exhibit alow-level
jet with amaximum of 23 m s—* at the western edge of
the dryline system where D = 0. There is no initial u
velocity. The maximum depth of the mixed layer is 2
km. These conditions are assumed to reflect a mean
dryline system valid at dawn (0600 LT). The v field
decays exponentially with distance from the dryline and
approaches a uniform speed of 8 m s~ in the far field.
The inversion strength is a uniform 6 K.

The eastern boundary in the x direction is open such
that the normal gradient of each variable is set to zero.
Test results proved that this condition is acceptable be-
cause thereislittle reflection at the boundary. The west-
ern edge of the fluid where D and 6,, vanish is treated
following Schar and Smolarkiewicz (1996). This
scheme uses an upstream differencing of the advective
terms in flux form that keeps the fluid depth D and
mixed-layer potential temperature 6,, nonnegative with
a flux correction to reverse the effects of the compu-
tational diffusion. Momentum averaging, rather than ve-
locity averaging (Schar and Smith 1993) is used to keep
the velocity fields bounded in regions where the depth

of the fluid is vanishing. Tests of the algorithm (Schar
and Smolarkiewicz 1996; Miller 1998) indicate that the
scheme can accurately handle both advancing and re-
treating layers of fluid.

3. Results

In order to assess the effects of model physics on the
simulation of the dryline, we first present the results of
a benchmark experiment in section 3a. Section 3b as-
sesses the effects of the choice of the inversion heat
flux parameterization. Section 3c examines the role of
topography on the model dryline and documents the
evening westward surge of the dryline in detail. Section
3d examines the effect of the strength of the prescribed
surface heat flux and nocturnal cooling on the model
dryline. Section 3e addresses the role of the pressure
gradient force (8) on the flow. Section 3f considers the
role of the prescribed far field height H,. In each ex-
periment, the initial model time t = O corresponds to
0600 LT. Each section presents the results of 1-day sim-
ulations except section 3g that presents the results of a
3-day model simulation.

The dryline movement is measured using the zero
fluid depth contour (D = 0). All model runs include the
surface friction given by (5) and (6). Asin Miller et al.
(2001), the effect of such a drag by itself is to produce
a westward-moving dryline during the day that is in-
consistent with observations. In addition, the momen-
tum mixing term (7) has no discernible impact on the
dryline simulations (results not shown) and is not in-
cluded in the model runs presented here. Miller et al.
(2001) found similar results.
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FiG. 3. Contour plot of mixed-layer depth D in x—t space with wind
vectors (u, v) in x-y space for the case with no topography, a surface
heating amplitude of (w'6’), = 0.30 K m s, and a nocturnal ra-
diative cooling rate of 0.330 K h=*. In this and subsequent contour
plots, the depth contour interval is 0.5 km, selected contours are
labeled in km, and the reference vector is 10 m s—*.

a. Benchmark experiment

As a standard for comparison we first present results
for an integration without terrain (n = 0). The initia
parameter settings are an inversion strength A6 of 6 K,
a far field mixed-layer depth H, of 2 km. The diurnal
variation is driven by the prescribed surface heat flux
(13) with an amplitude of 0.30 K m s=*. The closure
assumption for theinversion flux is (11) with C. = 0.20
and C; = 3.55.

Figures 3 and 4 present the results for a 1-day sim-
ulation. During the day, the dryline moves approxi-
mately 280 km to the east of itsinitial position, followed
by a nighttime retrogression of 200 km. The wind field,
shown with arrows, has pronounced extrema, with a u-
field maximum around 2 m s~* westward, and v-field
minimum of 8.4 m s~* at the dryline at 1800 LT. At
night, the u field reaches a maximum of 11 m s-* by
2000 LT, while the v field increases to approximately
26 m s~* around 0400 LT.

The “stair-step’” nature of the dry front depth con-
toursdisplayed in Fig. 3 and elsewhereis aconsequence
of the steep slope of the dry front when entrainment
acts to eliminate the line and of the fact that the fields
are sampled at 1-h intervals. No smoothing has been
performed on any of the fields.

During the day, the inversion height rises due to en-
trainment; dynamical considerations seem relatively mi-
nor. At dusk (1800 LT) the westward surge of thedryline
commences and produces a rapid decrease in the slope
of the dry front to the east. Also at dusk thereisa sharp
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FiG. 4. Perturbation mixed-layer potential temperature 6, = 6,, —
6, for the case of Fig. 3 as afunction of horizontal distance x, at 3-h
intervals (labeled in LT) for (a) daytime and (b) nighttime. For ref-
erence the perturbation elevated-mixed-layer potential temperatureis
0, =60, — 0, = 12 K and is constant in time and the inversion
strength A0 = 0, — 0,

spike in the height of the mixed layer of about 1500 m,
indicative of enhanced convergence. As a result of this
spike, an isolated wave of increased inversion height
propagates to the east. The features of this surge and
spike are examined in more detail in section 3c for the
more realistic case that includes topography.

The thermodynamic fields (Fig. 4) exhibit alarge di-
urnal variation. Here we plot the perturbation mixed-
layer potential temperature 6, = 6,, — 6,. For reference,
the perturbation elevated-mixed-layer potential temper-
atureis 6. = 0, — 6, = 12 K and is constant in time.
Initially 6;, = 6 K. When 6/, > 0’,, we set 6;, and D to
zero to indicate the edge of the cool moist air mass.
During the day the mixed layer is warmed most rapidly
near the dryline where the mixed-layer depth is shal-
lowest. Even far from the dryline the inversion strength
has been reduced to a minimum inversion A6 of 1 K
by sunset. A strengthening back to 5 K occurs at night,
due to the prescribed radiative cooling. The effect of
this cooling is studied in section 3d.

An important feature of the 6,,, field is that its gradient
is always directed westward toward the dryline. This
feature is consistent with daytime observations (e.g.,
Ziegler and Hane 1993). The gradient is strongest during
the midmorning and weakest at night.

b. Heat flux ratio parameterization

In order to assess the role of the closure assumption
(11) on the benchmark simulation, two additional model
runs were performed (results not shown). In the first the
variable closure (11) is replaced with the constant heat
flux ratio closure of Tennekes (1973) by setting C; =
0. This case is qualitatively similar to the variable ratio
case in every respect. Quantitative differences due to
the dlightly larger entrainment rate include a higher far
field inversion height, a larger spike at dusk, and a
slightly greater (by 25 km) westward surge at night. The
maxima and minima behave as in the previous case. We
conclude that the C; term in (11) has no significant
qualitative impact on the model dryline.

A second experiment considered the case of en-
croachment, for which the inversion heat flux (11) is
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FiG. 5. Contour plot of mixed-layer depth D with wind vectors for
the case of Fig. 3 but with topography (1). In this and subsequent
contour plots with topography, the dotted lines indicate topography
with a contour interval of 0.25 km, and the 2-km contour is aligned
with x = 0.

set to zero (C. = 0). Again, the results (not shown)
reveal little sensitivity to the change in the closure as-
sumption. For example, here the dryline moves eastward
about 50 km less than the result shown in Fig. 3 during
the day. The major differenceisthat theinversion height
to the east of the dryline remains unchanged because
there is no entrainment and thus no mechanism for
changing the inversion height. This result lends support
to our interpretation in section 3b that the inversion
height is primarily controlled by the thermodynamics
during the daytime. A spike of 500 m developsjust after
dusk but it is much weaker than that for the cases with
entrainment. Thus, entrainment is an important process
in the development of a strong spike.

c. Effect of bottom topography

Next, we consider the addition of sloping terrain of
the form (1). The results (Fig. 5) show an eastward
movement of the dryline of 205 km during the day. The
u-field maximum at 1800 LT is 2.4 m s westward,
while the v field decreases to 9 m s—* northward by this
time. After sunset, the dryline surges westward by 145
km, with the u field increasing to 9 m s—* at 2000 LT.
The v-field maximum at 0200 LT of 22 m s~* isin
accord with a nocturnal jet (e.g., Bonner 1968). The
mixed-layer potential temperature in this case (Figs.
6a,b) displays a variation nearly identical to that in Fig.
4. Figures 6¢—f are for different cases, which will be
discussed later. There is a decrease in the far field in-
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Fic. 6. Perturbation mixed-layer potential temperature 6/, = 6,, —
0,. as a function of horizontal distance x, at 3-h intervals (Iabeled in
LT) for (left) daytime and (right) nighttime. (a), (b) For the case of
Fig. 5; (c), (d) for the case of Fig. 8, whose surface heating amplitude
is (W), = 035K ms? (e), (f) for the case of Fig. 9, whose
nocturnal radiative cooling rate is 0.165 K h-*.

version strength to 1.2 K by sunset, while the nighttime
cooling increases its strength to 5.1 K by sunrise.

Despitethe similarity between thisand the benchmark
run, there are clear differences. In particular, thedaytime
movement is 75 km less compared with that of the no-
terrain case. We attribute this behavior to the fact that
the initial depth D of the dry front is greater for the
terrain case. Here the initial depth is constrained by the
assumption of uniform potential vorticity (Kovacs 1996)
to have the form

Mo

D(X) = Ho|(1 — ) +
(9 = Hol( ) R

(e*)(/b — e*x/R) ,

(14)

where b and 1, are defined by the terrain (1), H, is the
far field depth, and R = (g'H,/f3)¥2 = 200 km is the
Rossby radius. The second term in (14) is the additional
depth present with terrain. Because this quantity is pos-
itive (b > R), there is a greater volume of air to be
eliminated as the dryline advances eastward in the ter-
rain case.

In addition the nighttime surge in the terrain case is
25 km less than the no-terrain case. This behavior is
consistent with having the term —g’dn/ox > 0 in the
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FiG. 7. Cross sections of the dynamic fields for the 6 h after sunset in the case of Fig.
5. The dryline stops at 0000 LT and moves eastward thereafter.

pressure gradient force. At night the flow is uphill and
moves in opposition to gravity, and so there is a loss
of kinetic energy relative to the no-terrain case. The
westward surge in the terrain case ceases by midnight
and there is the start of an eastward advance of the
dryline before dawn. This feature is absent in the no-
terrain case.

Figure 7 shows a detailed view of the nighttime surge
for this case at sunset and the first 6 h thereafter. The
spike in the inversion height extends 1 km above the
mean inversion height at 1800 LT. By 1900 LT it extends
over 2 km. Thisincrease occurs after the surface heating
(13) hasterminated, and thus, it isthe result of boundary
layer convergence rather than entrainment. The spike
initially weakens asit propagates eastward. Thisisolated
wave of increased inversion height is associated with a
pulse of eastward winds that propagatesto the east. This
feature is reminiscent of pressure jump lines (Tepper
1955) but here it isarelatively weak linear phenomenon
generated at dusk with the cessation of the daytime heat-
ing and the commencement of the nighttime cooling.
To the west one can clearly see the surge slow down
approaching midnight just before the slight eastward
movement starts again (see Fig. 5).

Figures 7a and 6b indicate that a representative fluid
depth and inversion strength at 1800 LT are 2 km and
1 K, respectively. The corresponding gravity wave
phase speed ¢, = (gA 6D/6,)¥?is8.2 m s~*. Thisvalue
is consistent with the surge speed around 1900 LT. The
subsequent acceleration of the surge is due to the influ-
ence of the synoptic pressure gradient force and the
increase in the inversion strength associated with the

radiative cooling. The speed is always less than the
speed (2 c,) associated with the nonrotating dam break
problem (see Miller et al. 2001).

Examination of Fig. 7 shows that the slowing of the
westward surgeis consistent with anorthward deflection
of the westward flow by the Coriolis force. Just before
the surge stops its westward movement, the inversion
slope has become considerably gentler than when it
started out at sunset (see Fig. 7a). This deceleration
happens very quickly; the surge speed decreases by over
10 mstinjust 3 h.

Visual inspection of Fig. 7 suggests that the wind
field curves extend farther to the east than the western
edge of the depth of the mixed layer. The model output
(not shown) indicates that the depth and wind fields are
consistent but that the mixed-layer depths can be ex-
ceedingly small. For example the depth D is no greater
than 3 m in the vicinity of the eastward peak in the
zonal wind field at the leading edge of the dryline at
0000 LT.

d. Heating—cooling cycle

The surface heat flux is the primary physical process
driving the mixed-layer physics. In Fig. 8, we have in-
creased the heat flux amplitude to 0.35 K ms—¢, slightly
larger than the 0.30 K m s~* used previously. The day-
time movement is 325 km eastward, with u and v values
of 2m st and 8.4 m s, respectively, by sunset at the
dryline. The westward surge is 160 km with amaximum
uof 9 m st west a 2100 LT. The behavior of both
fieldsis essentially identical to previous cases. Thether-
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Fic. 8. Contour plot of mixed-layer depth D with wind vectors for
the case similar to Fig. 5, but with a surface heating amplitude of
W), =035Kms

modynamic variables (Figs. 6¢,d) act in accordancewith
the increased heat flux. The far field inversion strength
(not shown) decreases to 0.5 K by sunset, less than half
the value found for any of the lesser heat flux simula-
tions. The maximum 6,, is greater by 0.65 K, which is
consistent with (9) (i.e., a greater flux leads to a higher
rate of change of 6,.).

One primary difference between this and the other
cases is the eastward movement: an increase of only
0.05 K m st in the flux amplitude yields a 100-km
greater displacement. This behavior is not surprising
since the inversion heat flux is larger and A 6 decreases
faster, leading to increased entrainment of upper-layer
air into the lower layer, and so faster elimination of the
inversion.

A second difference is that this case exhibits neither
a significant spike in the inversion height at dusk nor a
downstream wave. We attribute their absence here to
the fact that the larger heating produces a uniform
mixed-layer temperature by dusk (not shown). Thusthe
second term in the pressure gradient force (8) related
to the variation in mixed layer temperature is relatively
insignificant. This issue is examined further in the next
section, which deals with the influence of the pressure
gradient force.

Table 1 summarizes a series of simulations on the
effect of the amplitude of the daytime surface heat flux.
Asexpected, theinversion strength at 1800 LT increases
with decreasing heat flux while the eastward advance
decreases. Overall, the westward retreat decreases
slightly with decreasing heat flux. The strength of the
low-level jet is relatively insensitive to the heat flux
amplitude.
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TaBLE 1. The effect of the amplitude of the surface heat flux
(W™ 6"), on the far field inversion strength at 1800 LT A#, eastward
advance X,.., and westward retreat Ax of the dryline and the strength
of the low-level jet v,,,,.

(W 6')o
(Kms?t) A6 (K) Xmax (KM) Ax (km) Ve (M S71)
0.35 0.5 325 160 22
0.30 15 205 145 22
0.25 2.0 128 133 21
0.20 25 78 128 20
0.15 35 35 140 20

Just as the surface heat flux is crucial in moving the
dryline eastward during the day, the radiative cooling
at night is important in its westward retrogression. Fig-
ure 9 shows the results of decreasing the cooling to
—0.165 K h~1, or one-half the value it has had up to
this point. Comparison of Figs. 9 and 5, and of Figs.
6a and 6b, shows that the daytime integrations are iden-
tical, as they should be. The present nighttime integra-
tion displays 50 km less movement than that in Fig. 5.
This behavior seems contradictory to intuition, since a
cooling reduction would seem to imply a reduction in
the tendency to move downslope. However, the cooling
also impacts the movement by altering the pressure gra-
dient (8) via A6, and this counteracts any tendency the
flow might have to move downslope.

The nighttime u-field maximum is 7 m s—* westward
and occurs at 2100 LT before veering eastward toward
dawn. The v field becomes a minimum at 2100 LT de-
creasing to 10 m s—* before reaching a 20 m s—* max-
imum northward shortly after midnight. The thermo-

N

L - reference vector: /l\
(10m/s: )

time (LT)
®

—
w
T

Tt 10
2 3
X (100 km)

Fic. 9. Contour plot of mixed-layer depth D with wind vectors for
the case similar to Fig. 5, but with a nocturnal radiative cooling rate
of 0.165 K h-1.
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dynamic fields (Figs. 6e,f) behave in exact accordance
with the decreased cooling rate. In particular, the night-
time increase of A6 to 3.2 K isjust half of the corre-
sponding change seen in Fig. 6b.

The heating—cooling cycle as described here then
plays an important part in adjusting the pressure gra-
dient, so that the nighttime retrogression is not over-
predicted. The observation of less westward movement
with lower cooling is now more understandable, con-
sidering how the lower cooling reduces the pressure
gradient to the west.

At the suggestion of areviewer, we tested the role of
a downward heat flux at night. A model run identical
to that displayed in Fig. 7, but with the inclusion of a
small downward heat flux of 0.05 K m s*, produced
an unrealistically large inversion strength of several tens
of Kelvins at the leading edge of the surge. The reason
for this behavior is that the warming rate of the mixed
layer is given by the surface heat flux divided by the
mixed-layer depth D. The prescribed downward flux
produces unrealistic cooling rates where the depths are
extremely shallow.

e. Pressure gradient considerations

We next consider the interaction between the ther-
modynamics and the dynamics. The thermodynamics
will alter the strength of the inversion A and this in
turn will modulate the strength of the pressure gradient
force (8). The first two terms in (8) will be affected.
We first consider the extent of this change by setting
A6 equal to a constant value of 6 K in the first of these
terms, while retaining the predicted inversion strength
in the remainder of the calculations. The result is shown
in Fig. 10, with Fig. 5 as the relevant comparison case.

The daytime behavior away from the dryline remains
relatively unchanged. The explanation here is that the
inversion height is relatively flat during the day, and so
the first term in (8) does not play a crucial role in de-
termining the dryline movement. This result disagrees
with the shallow-water model results of Miller et al.
(2001), where a sinusoidal time variation in the static
stability [as measured by the inversion strength (2)] was
considered important in moving the dryline eastward
during the day. The present results show that in the
context of a mixed-layer model, the time variation of
stetic stability plays a minimal role during the day be-
cause the height field is so flat.

Thesituation at night isvastly different. Then the effect
of the constant inversion strength in the first term of the
pressure gradient force (8) is to increase the surge west-
ward by over 100 km. The change in the surge may be
understood by considering the slope of the inversion just
after sunset; here it is exceedingly steep and so the term
in (8) proportional to the inversion height gradient is
large. By keeping A6 at 6 K for the entire integration,
we are making this term at least six times larger in mag-
nitude at sunset than it is when A6 is allowed to vary
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Fic. 10. Contour plot of mixed-layer depth D with wind vectors
for the case similar to Fig. 5, but with constant mixed-layer strength
imposed in the pressure gradient force (8) only. The synoptic forcing
is also removed.

(A6 = 1 K by sunset in the previous cases). Therefore
the pressure gradient produces a greater westward ac-
celeration that drives the dryline farther to the west. This
behavior is consistent with the fact that the maximum
easterlies are greater in Fig. 10 than those in Fig. 5.

We note that the synoptic pressure gradient force is
not included in the calculations leading to the results
depicted in Fig. 10. Its inclusion (not shown) has little
effect during the day. However, at night the westward
surge is much greater than that displayed in Fig. 10 and
extends unrealistically westward of x = —200 km. Thus
the simulations that include the synoptic forcing and
predict the inversion strength better simulate the dryline
retrogression.

A similar model run to diagnose the role of the pres-
sure gradient term that is proportional to the gradient
in the mixed-layer potential temperature [the second
term in (8)] was also performed (Fig. 11). This simu-
lation is accomplished by setting this term equal to zero
in the integration. The absence of this term had a min-
imal effect on the movement of the dryline (Fig. 11)
and the thermal structure (not shown). However, com-
parison of Figs. 5 and 11 indicates that the absence of
this pressure gradient term has two major effects. First,
it produces a zonal wind within 200 km of the dryline
that points slightly eastward instead of westward during
the day. Second, it leadsto agreat reduction in the spike
in the inversion height at dusk. These effects are inter-
related. The thermal gradient term in (8) is directed
westward toward warmer air, and because of theincrease
in potential temperature at the dryline during the day
(see section 3aand Figs. 4aand 6a), it actsto drive flow
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Fic. 11. Contour plot of mixed-layer depth D with wind vectors
for the case similar to Fig. 5, but without the pressure gradient term
due to the gradient in mixed-layer potential temperature. The dashed
contour represents the 2.75-km depth of the mixed layer.

toward the line. This flow is convergent and thus con-
tributes to the production of the spike in the inversion
height.

The lack of a significant model response to this term
at night agrees with the nocturnal structure of the mixed-
layer potential temperature. For example, examination
of Fig. 6b shows that the gradient in 6,, is very small
from 1800 LT onward.

We next examine the role of the synoptic-scale pres-
sure gradient force [i.e., the third term in (8)]. Model
results (not shown) without this term exhibit a slightly
larger (~10 km) eastward movement of the dryline dur-
ing the day with a similar nocturnal retreat as that dis-
played in Fig. 5. The mgjor difference is that the max-
imum low-level jet speed isreduced by 10 m s~*. This
result partially supports the view of Blackadar (1957)
regarding the evolution of the low-level jet. It also in-
dicates that the movement of the dryline is insensitive
to a steady synoptic-scale pressure gradient force.

f. Far field height considerations

We next consider the reduction of the initial far field
height to 1 km, or one-half the value it has had up to
now. In making such a reduction, we are reducing the
total amount of mass contained in the lower layer, and
so the inversion should weaken much more easily under
this circumstance than before. Thisbehavior can be seen
to great effect in Fig. 12, where the eastward movement
is approximately 430 km. It is evident that the far field
height has a major impact upon the daytime behavior
of the dryline. Note the jump in the dryline position is
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FiG. 12. Contour plot of mixed-layer depth D with wind vectors for
the case similar to Fig. 5, but with a far field height H, = 1 km.

over 100 km from 1700 to 1800 LT. Thisfeatureis often
observed (e.g., Schaefer 1986) as the discontinuous
propagation of the dryline as it leaps eastward. There
is no significant effect on the wind field here. The u
field reaches 2 m s—* at the dryline by sunset, while the
v field there decreasesto 7 m s—*. The v field then starts
increasing to a maximum of 20 m s~ at 0200 LT, while
the u field has a maximum of 8 m s~ toward the west
at 2100 LT, before veering to the east.

Inspection of the thermodynamic fields (not shown)
indicates that the inversion strength is only afew tenths
of aKelvin by dusk. As aresult, aimost the entire layer
has been eliminated by sunset. This situation arises be-
cause we are applying the same amount of heating as
before to essentially one-half the mass. So the mixed-
layer temperature increases much more, and the inver-
sion strength is correspondingly much weaker than in
previous cases. If the heat flux amplitude were much
larger than 0.30 K m s—*, the entire mixed layer would
have been eliminated by sunset.

The nighttime behavior is not affected qualitatively
by the change in far field height. A westward surge of
about 150 km is accompanied by an increase in the
inversion strength to 4 K by dawn. The surge is slightly
decreased over previous simulations. Miller et al. (2001)
show that the surge speed is proportional to the gravity
wave phase speed c,. Thus, the reduced surge in this
simulation can be explained by noting that A6 is so
small at 1800 LT and that the reduced mixed-layer depth
also reduces the gravity wave speed.

g. 3-day integration
Figure 13 shows the result of running our model for
a 3-day cycle. The parameter space is identical to that
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Fic. 13. Contour plot of mixed-layer depth D with wind vectors for the 3-day integration.
Full physics included with heating and cooling as in the case for Fig. 5.

for the case in Fig. 5. The movement of the dryline
during each individual day is typical of what we have
found for each 1-day case presented. The behavior on
the third day displays a stabilization because the dryline
at dawn ends up where it had started from the previous
morning. By this time, the loss of mass at the dryline
during the day is balanced by the entrainment of mass
into the mixed layer east of the dryline. Because the
results for the individual days in the 3-day simulation
are so similar, we conclude that the results of the 1-day
simulations are not particularly sensitive to the initial
conditions. Table 2 summarizes the wind field extrema
near the dryline, as well as the thermodynamic far field
values. The v-field data clearly indicate nocturnal jets
around 0000 LT and 0100 LT, with the westward zonal
wind maximizing at 2000 LT to 2100 LT.

The parameter space one uses for a 3-day integration

is not as arbitrary as that for a 1-day integration. It is
possible, for example, that if the daytime heating is too
large, or the nighttime cooling too small, then the in-
version strength at 0600 LT of the next day would be
too small to accommodate that day’s heating. Therefore,
a set of values for the heat flux amplitude and nighttime
cooling that give acceptable resultsin a 1-day case may
not do so in a 3-day case.

4. Conclusions

The results of the present study are in general agree-
ment both with previous dryline simulations and with
observational studies of the Great Plains springtimedry-
line environment. Theseinclude the eastward movement
of the dryline and the steepening of the dry front during
the day, the westward gradient of the mixed-layer po-

TABLE 2. Extrema of the dynamical and thermodynamical fields for the 3-day integration. Parameter settings are the same asin Fig. 13.
Here u- and v-field values are near the leading edge, with A6 values are for the far field. Time of occurrence (in LT) for each vaue is

indicated in parentheses.

Extrema Day 1 Day 2 Day 3
Uyin (M S71) —2.4 (1800 LT) —2.0 (1800 LT) —1.9 (1800 LT)
Uy (M s72) —9.0 (2100 LT) —9.0 (2000 LT) —9.2 (2100 LT)
Vpin (M S7Y) 9.1 (1800 LT) 10.0 (1800 LT) 11.0 (1800 LT)
Uk (M S71) 22.0 (0100 LT) 23.0 (0000 LT) 25.0 (0100 LT)
A6 (K) 1.2 (1800 LT) 1.4 (1800 LT) 2.1 (1800 LT)
A (K) 5.1 (0600 LT) 5.3 (0600 LT) 6.1 (0600 LT)
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tential temperature, the inverse effect during the night,
and the development of a nocturnal low-level jet. Thus
our model supports the hypothesis (Schaefer 1973,
19744a,b; Sun and Wu 1992) that boundary layer heating
is sufficient to drive the dryline, and explain its diurnal
variation. The model dryline can exhibit discontinuous
eastward movement (see section 3f) when the inversion
strength is vanishingly small.

A consistent feature in our simulations is the gen-
eration of a spike in the inversion height, when the
dryline has stopped its eastward advance and started a
return to the west. The spike is partly a result of the
large entrainment (10) that can occur at the dryline
where the inversion strength is small and partly due to
the warmward convergent flow driven by the pressure
gradient force associated with the westward gradient in
the mixed-layer potential temperature (section 3e).
Westward flow toward the dryline as it advances east-
ward is typically observed during the daytime (e.g.,
Schaefer 1986). It is proposed here that it is this bound-
ary layer convergence just to the east of the dryline that
is the mechanism in the atmosphere that breaks the in-
version and produces convective activity.

We note that Parsons et al. (2000) observed an ele-
vated bulge in anocturnal dryline but it appearsto prop-
agate toward the dryline rather than away from it as our
simulations show. Further research using a two-dimen-
sional mixed-layer model may shed light on this dis-
crepancy.

The present results indicate that the dryline system
is particularly sensitive to the amplitude of the surface
heat flux relative to the strength of the inversion and
the depth of the mixed layer. This sensitivity implies
that accurate forecasting of the dryline motion requires
detailed knowledge of surface properties (Ziegler et al.
1995) and the ability to predict the cloud cover
(McNider and Kopp 1990). This sensitivity also sug-
geststhat irregular features of the dryline such asdryline
waves and bulges (McCarthy and Koch 1982) may owe
their origin to variations in terrain, surface properties,
and cloudiness.
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