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ABSTRACT

Analysis of 1 week’s data in August 1960 shows significant diurnal variations in surface geostrophic wind over the
south-central United States. The oscillation in the southerly component (V,) is driven by the response of the thermal
wind to the diurnal temperature cycle over sloping terrain. A smaller oscillation in U, derives from spatial variations
in the amplitude of the diurnal pressure wave. The amplitude of the oscillation in V', is about 3 to 5 m sec™ at the
surface, decaying exponentially with height to near 0 at 2 km.

Examination of 11 yr of summertime rawinsonde data at Fort Worth, Tex., shows a very regular diurnal variation
in boundary layer wind with maximum amplitude of about 3 m sec~! at 600 m above the ground. This oscillation is
forced by periodic variations in both eddy viscosity and geostrophic wind. Using a simplified model of the boundary
layer, we obtain solutions for the diurnally periodie wind resulting from ‘“‘reasonable’ variations in eddy viscosity and

“observed” variations in geostrophic wind.

1. INTRODUCTION

Boundary layer winds oscillate diurnally reaching a
maximum speed at night and a minimum during the day at
elevations between about 30 and 2000 m above the ground.
The amplitude of this oscillation is 2 to 3 m sec™! at levels
between 0.5 and 1.0 km above the ground (Hering and
Borden 1962). Maximum speed occurs between 00 and 03
local time (1T) (Bonner 1968).

The wind variation is especially pronounced with south-
erly flow along the central plains to the east of the Rocky
Mountains. In this region, superposition of a strong
diurnal oscillation upon the large-scale geostrophic flow
may lead to nocturnal jet streams with speeds of more than
25 m sec™! within the first kilometer above the ground
(Bonner et al. 1968).

Boundary layer wind oscillations may arise from periodic
variations in the horizontal pressure force as in mountain
valley wind circulations, or they may be driven by day-
to-night variations in the frictional stress. Numerical
experiments with constant geostrophic wind and diurnally
varying eddy viscosity duplicate reasonably well the
observed oscillations over the central plains (Buajitti and
Blackadar 1957, Estoque 1963, and Krishna 1968). While
this mechanism alone may explain the oscillation over level
terrain, it has become increasingly apparent that there is a
strong diurnal variation in the surface geostrophic wind
just east of the Rocky Mountains (Hoecker 1965 and
Sangster 1967).

Using the altimeter correction system of Bellamy (1945),
Sangster (1967) has shown a day-to-night change in
geostrophic wind as large as 9 m sec™! in northern Texas.
Minimum speed occurs near 06 cst, maximum speed near
16 ¢sT. An oscillation this large and nearly 180° out of
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phase with the oscillation of the real wind certainly can-
not be ignored in explanations of the low-level jet.

As a corroboration and extension of Sangster’s work,
we have attempted to describe the diurnal variation of
geostrophic wind over the Great Plains, its variation with
altitude, and its interaction with the viscous forcing
function to produce the observed variation in boundary
layer wind. Sections 2 and 3 describe variations in low-
level geostrophic winds in Texas and Oklahoma during a
1-week period in August 1960. Section 4 describes observed
variations in boundary layer wind. as determined from two
sets of data that are combined to give the equivalent of
3-hr observations of the wind. In section 5, we examine
the effects of variable viscosity and variable pressure-
gradient force upon the boundary layer wind, comparing
derived results with observations in section 4.

2. VARIATIONS IN SURFACE GEOSTROPHIC WIND

Using the altimeter correction system of Bellamy
(1945), one may write the eastward and northward com-
ponents of the surface geostrophic wind as

g oD g0z
=2 (14-8%) = +-8* Z —~
and D 5 (1)
_9 OU_ ¢x992
Vg—f (1+8%) dz S*fam

where z is the height of the terrain, S* is the specific virtual
temperature anomaly

g =T, @)

T,

and D is the difference z—zp at terrain height. Variables
T, and z, are temperature and pressure altitude in the
standard atmosphere. Thus, each component of the surface
geostrophic wind is a sum of two terms, one depending
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primarily upon the gradient of D) values along the sloping
terrain, the other upon the product of specific temperature
anomaly S8* and the terrain slope.

Suppose, for simplicity, that the gradient of terrain is in
the minus  direction and that the average daily value of
S* is zero. In the morning, a negative S* gives a negative
contribution to V,. If there is no counterbalancing oscil-
lation in 8D/dx, there will be a diurnal oscillation of the
geostrophic wind with an amplitude that depends upon the
terrain slope and the amplitude of the diurnal temperature
wave. In the case of southerly flow east of the Rocky
Mountains, the geostrophic wind will oscillate in phase
with the temperature cycle—reaching maximum speed at
the time of maximum temperature. With northerly winds
or with a reversal in terrain slope, the sense of the oscilla-
tion is reversed with maximum speed at the time of mini-
mum temperature.

METHOD

Geostrophic surface winds were computed from equa-
tions (1) at 28 grid points in Texas and Oklahoma (fig. 1).
Grid points are at intervals of 1° latitude and 1.25°
longitude. Centered differences were used so that the basic
length unit is approximately 220 km.

Use of equations (1) requires a smoothed representation
of the terrain. We used a determination by McClain (1960)
of average terrain heights within areas bounded by 1°
latitude and longitude lines (fig. 2). Terrain heights were
interpolated at grid points; values of 0z/0x and 9z/dy were
computed from centered finite differences and then
smoothed to represent only the large-scale features of
terrain.

Altimeter settings, temperatures, and dew points were
tabulated at 3-hr intervals at approximately 50 stations
in the area of interest. Altimeter settings were converted
to D values (see, for example, Haltiner and Martin 1957),
temperatures and dew points to virtual temperature 7*.
Virtual temperatures and D values were averaged over
the period from Aug. 2 to 8, 1960, and maps were con-
structed of mean D and 7* fields at 00, 03, 06, . . .,
21 csT. Virtual temperatures were converted to specific
temperature anomalies (equation 2), and values of S¥*,
D, 0z/0z, 0z/0y at grid points were used to compute U
and V components of the surface geostrophic wind.

RESULTS

Figure 3 shows isotachs of the mean geostrophic wind
at 00, 06, 12, and 18 csT for the period from Aug. 2 to 8,
1960. Geostrophic winds during the period were constantly

_from the south or southwest. Fronts remained to the north
of the area, and skies were mainly clear except for after-
noon showers and thunderstorms in Texas and scattered
nocturnal thunderstorms in Oklahoma. }

Each map shows a zone of strong geostrophic wind
between 96° and 98° W. There is a weak maximum in
Oklahoma and a second stronger maximum in central
Texas. Strongest computed winds are 13.7 m sec™ at
06 cst and 23.7 m sec™! at 18 csT.
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Frgure 1.—Grid used in determination of geostrophic winds. Grid
point separation is 1° latitude by 1.25° longitude. The map shows
the position of radiosonde stations used in thermal wind caleula-
tions (section 3).

Sangster (1967) determined the average geostrophic
south wind component between Amarillo and Oklahoma
City for the month of June 1966 to be 6 m sec ~* at 06 csT
and 15 m sec ! at 18 cst. Our values in this area for the
shorter period in August 1960 are 7 m sec ! and 15 m
sec™!, respectively.

Figure 4 shows the time variation in the northward V'
component of the geostrophic wind at two locations in
Oklahoma. Near Oklahoma City (grid point 352 in
fig. 1), the oscillation is quite regular with minimum V,
near 0430 csT and a maximum near 17 csT. At grid point
36.4 in northeastern Oklahoma, the terrain slopes upward
to the east (fig. 2). Here, the sense of the oscillation is
changed with minimum geostrophic speed during the
afternoon and maximum speed near 06 csT.

Daily variations in U, and V, are summarized in figures
5, 6, and 7 that represent averages of the geostrophic
components at 12 grid points in figure 1.

Total U, and V, components are shown in figure 5.
On the average, minimum V, occurs between 03 and 06
csT and maximum V, near 17 csT. The total variation in
southerly geostrophic wind from morning to evening is
about 7.5 m sec™*. Changes are roughly in phase with the
diurnal temperature wave; however, largest V, occurs
about 2 hr after the time of maximum temperature. The
U, component is strongest near noon, weakest near 21
csT, and undergoes a total variation of about 2.5 m sec™.
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Fraure 2.—Terrain heights in hundreds of feet within areas bounded
by 1° latitude and longitude lines, taken from data used by
MeClain (1960) in construction of a smoothed topographic map.

Diurnal variations in the contribution to U, and V,
from the terrain slope term (fig. 6) are roughly as ex-
pected with minimum and maximum values at 06 and 15
osT. Total variations in U, and V, from the second terms
in equations (1) are 0.8 and 5.4 m sec™!, respectively.

The upper half of figure 7 shows that the observed
veriations in U, result primarily from a diurnal variation
in the y derivative of D values at the level of the terrain.
This effect dominates the terrain slope term at most
locations enhancing the westerly geostrophic winds in the
late morning and early afternoon. The V, component in
the lower half of figure 7 shows a relatively small, pri-
marily semidiurnal oscillation with a maximum contribu-
tion near 18 csT, a relative maximum near 06 cst, and
minima near 03 and 10 csr. '

3. VARIATIONS IN THERMAL WIND

By subtracting the component equations at two levels
a constant height above the ground and using the hydrostatic
relationship 0D/3z=S*/148*, the following expressions
are derived for the thermal wind:

Az 0 ~er—5r~ , 9z
Un=—9 22 L ST +L (S1—s1) &
==0% g STCEENH (515 32
and (3)
Az 0

_ 0 e 9 rax_ e 92,
Vimg % 5 BTAFED—4 (S1-8D 52

The bar indicates an average value in the layer from 0
to 1 of thickness Az. Equations (3) neglect small terms

FigurEe 3.—Isotachs (meters per second) of average geostrophic
wind from Aug. 2 to 8, 1960.

arising from the S* factor in the first terms of equations
(D).
The first terms in equations (3) represent primarily the
gradient of S* in layers parallel to the terrain. The second
term depends upon the vertical variation of S* and the

terrain slope.
METHOD AND ILLUSTRATION

As an example, figure 8 shows the 7* and S* curves
from mean data for Fort Worth, Tex., at 06 and 18 csT.
During the afternoon, S* decreases with height. Since
9z/0x is negative, the second term in the expression for V,,
(equations 3) is negative and acts to decrease the strong
southerly geostrophic wind at the surface. At 06 csT, S* -
is constant or increasing with height and the second term
is small or acting in the opposite sense.

Similar curves were constructed from the average
temperature data from each of 11 radiosonde stations in
figure 1. Mean values of §*/(1+8%) in 400-m layers were
determined for each station at each time. These values
were plotted and analyzed, and first terms were computed
from values interpolated at grid points. Sample analyses of
S*/(148*) are shown in figure 9. At both 06 and 18 csv,



738 MONTHLY WEATHER REVIEW Vol. 98, No. 10
GRID PT. 35.2 , 4 CONTRIBUTION TO Ug FROM TERRAIN SLOPE
T AVERAGE OF I2 GRID POINTS
15 $
.. . - w
..E E 2
10 = e - =
] o
= 5 —
]
e L1 [ 7 ?
e 0
E
o>
> —~
GRID PT.36.4 N
o
10 £ s<\ L/A’VE AGE OF 2I [
~ R OF 12 GRID POINTS
7 i R N R
5 6
(0] 4
0 3 6 9 2 15 I8 21 0O 0 -3 6 9 12 15 18 21 0
LOCAL TIME
LOCAL TIME

Ficure 4.—Southerly component of geostrophic wind at grid points
35.2 and 36.4 (see also fig. 1). The values are averages from Aug. 2

to 8 1960. Smooth curves connect points representing total
geostrophic wind. Unconnected points are contributions from the

Fieure 6.—Time variation of terrain contribution to geostrophic
wind, averaged over the same grid points as in figure 5.

D value term alone. Note the phase reversal with the reversal of

terrain slope.
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Fraure 5.—Time variation of total geostrophic wind, average of
12 grid points in western Oklahoma and north-central Texas.
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Figure 7.—Time variation of the contribution to geostrophic wind
from the gradient of D values, averaged over the same grid points
as in figure 5.

warmest air lies over the northwestern section of the
region. Thermal winds from this term paralle] the isopleths
of S*/(148*) and shift from northeasterly during the
morning to northerly during the afternoon—acting at the
later time to diminish with height the strong southerly
surface geostrophic winds.



October 1970

William D. Bonner and Jan Paegle

739

( 58 56 54 52 S
€C
. fe 2

06 CST 18 CST

<
807876 74 (710 | 68
.

FORT WORTH, TEXAS (2-8 AUG 60)
06 CST 18 CST
2.0
\ oo
1.8 \ — 4
\
| o\
I \ \
8 14 —\-
N ENEE \
o L2 -
© \ [ \\
w0 } X
2 { \
2 os y \
s / \
¥ 06 / A
|y 1\
0.4 \
v \
0.2 ¢ <
A A
%9520 25 30 35 15 20 25 30 35 40 45
s* 04 05 086 06 .07 08 09

Froure 8.—Height and time variation of 7% (solid lines) and S*
(dashed lines) at Fort Worth, Tex., averaged over the week from
Aug. 2 to 8, 1960.

RESULTS

Figure 10 shows thermal winds computed from equa-
tions (3) at 06 and 18 csr and the vector change in thermal
wind between the two observation times. At 06 csT,
thermal winds within the first 2 km are directed mainly
from the east-northeast with speeds of roughly 4 to 7 m
sec™l, At 18 csr, thermal winds are from the north-
northeast with speeds of 8 to 12 m sec™! through most of
the region. Changes in thermal wind are parallel to the
terrain contours and are northerly where the terrain
slopes down to the east and southerly where the terrain
slope reverses (grid points 37.4 and 36.4). Vector changes
in figure 10 show a variation in thermal wind within
the first 2 km that is nearly equal and opposite to the
variation in surface geostrophic wind. Addition of the
V components of the thermal winds in figure 10 to the 06
and 18 csr surface winds in figure 3 yields geostrophie
southerly winds at 2 km that are essentially the same at
06 and 18 cst. Since 06 and 18 csT are near the times of
minimum and maximum surface geostrophic wind, the
amplitude of the implied surface oscillation is roughly
one-half the magnitude of the thermal wind changes
in figure 10.

The oscillation in thermal wind is shown schematically
in figure 11. Physically, the process is quite simply and
roughly as Sangster describes. At 2 km, the geostrophic
wind does not vary from day to night. At night, air above
the higher terrain cools much more than the air at the
same pressure level farther to the east. This introduces
a southerly component to the thermal wind that implies
that V; at the surface is less than V, at 2 km. During the

403~235 0—70-——3

Ficure 9.—Fields of S*/(1+S*) from the surface to 400 m above
the ground. Values have been multiplied by 10%. Note the warm
tongue to the west and the change in orientation and spacing of
the lines between 06 and 18 csr.

the day, the air over the mountains becomes warmer
than the air to the east; V,, is from the north, and V, at
the surface becomes larger than V, at 2 km. Thus, the
oscillation in the surface geostrophic wind is driven by
an alternating thermal wind that results from the daily
heating cycle over sloping terrain. The picture is a
simplification of the thermal wind patterns in figure 10
where a mean temperature gradient from east to west
keeps a northerly component to the thermal winds at
both 06 and 18 cst. However, the important feature is
the pronounced daytime increase in the northerly com-
ponent of the thermal wind (fig. 10) that produces an
afternoon maximum in the southerly component of the
surface geostrophic wind. '

Figure 12 shows the rate of decay of this oscillation
with height as determined from thermal wind calculation
in 400-m layers. The graph is based upon changes in the
V component of the geostrophic wind at 15 grid points
and assumes that there is no significant shift in the phase
of the oscillation with height. At each level, the change
in V, was expressed as a percentage of the surface change.
Percentages at individual grid points were then averaged
to obtain the plotted points in figure 12. The decay with
height is logarithmic and follows very closely the relation-
ship 7=¢7%*° 8 where z is in kilometers above the ground
and r is the ratio between the amplitude at z and the
surface amplitude.

4. VARIATIONS IN OBSERVED WIND

The period Aug. 2 to 8, 1960, was chosen initially be-
cause of a high frequency of morning low-level jet obser-
vations (Bonner 1968), and winds during this period do
show strong and regular diurnal variations. Our .aim,
however, is not to describe the particular events from
August 2 to 8, but to provide & much more general de-
scription of the diurnal oscillation in boundary layer wind.
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Fieure 11.—Schematic representation of oscillation in thermal wind.

For this purpose, we examined daily rawinsonde obser-
vations at Fort Worth, Tex., for July and August 1952 to
1955 and 1958 to 1964. During the earlier period, obser-
vations were regularly scheduled at 03, 09, 15, -and 21 amT;
for the later period, observation times were 00, 06, 12, and
18 emr. By combining the two series of observations, it
is possible to obtain the equivalent of 3-hr observations
of the wind. The same technique has been used by Harris
et al. (1966), Harris (1959), and Johnson (1955) to obtain
first and second harmonics of daily variations in wind,
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Ficure 12—Decay of the oscillation with height. The values follow
closely a curve with equation r=¢-2/%8 where 2z is in kilometers
above the ground and r is the percentage of the surface oscillation

at level z.

pressure, and temperature. Levels examined that are
common to both series include the surface, 0.5, 1.0, 2.0,
2.5, and 3.0 km above sea level.

At each observation time, we computed the deviation
of the wind from its average value for the particular day.
Deviations were averaged over all days in each series, and
the two series were combined to give the average variation
shown in figure 13.
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Figure 13.—Time variation of the deviations in wind from its daily mean value at Fort Worth, Tex. Values are in meters per second.
Observations at 00, 06, etc., are averages for July and August 1958-1964. Observations at 03, 09, etc., are averages for July and August

1952-1955.

Both components of the wind show a daily variation of
5 to 6 m sec™! between about 400 and 800 m above the
ground. Maximum westerly wind occurs between 06 and 07
osT; maximum southerly wind near 00 cst. The level of
maximum amplitude in both components is approximately
600 m above the ground, and the oscillation disappears
between 2.0 and 2.5 km above the ground.

Figure 14 shows hodographs of the wind variations at
selected levels above the ground. At 0.15 km, observations
exist only for the later period. At the surface, observations
could not be combined, but both sets of data indicate
counterclockwise rotation of the deviation vector with
time. At other levels, rotation is clockwise at a rate that
appears to be greatest at night, slowest during the after-
noon. Hodographs are nearly circular, with slightly re-
duced amplitude during the afternoon.

The size of the data circles in figure 14 indicates the
probable error in the estimate of each mean deviation
vector as determined from the relationship r=0.939 d/yn
(Chapman 1951) where » is the radius of the probable
error circle, d is the mean distance between the vector end
point for each individual year and the n-yr mean. Hodo-
graphs are, in general, well determined, with » approxi-

mately an order of magnitude smaller than the deviation
vector itself. The tendency for larger probable errors at
03, 09, etc. is a reflection of the smaller number of years in
the earlier data sample.

5. THEORETICAL SOLUTIONS
FOR THE BOUNDARY LAYER WIND

In this section, we use a model developed by Paegle
(1970) to examine the effects of diurnally periodic eddy
viscosity and pressure gradient force on the boundary
layer wind. Specifically, we consider (1) time dependent
eddy viscosity, constant geostrophic wind; (2) constant
eddy viscosity, variable geostrophic wind; and (3) variable
viscosity, variable geostrophic wind.

The first problem has been treated by Buajitti and
Blackadar (1957), Qoyama (1957), Estoque (1963), and
Krishna (1968); the second by Lettau (1964) and Holton
(1967) ; and the third by Sangster (1970) and Paegle (1970).

METHOD
Here, we will briefly outline the model and the method
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Ficure 14.—Hodographs of the wind variations at selected levels
(same data as in fig. 13). Size of the data circle indicates probable
errors in determination of the mean deviation vector. Heights are
in meters above the ground; times are csT.

of solution. A more complete description is given by Paegle
(1970).

In the complex plane, the horizontal momentum equa-
tion may be written

. .

o UV ifU+iV)=if U, iV + K EEET) )
where (U,, V,) are eastward and northward components
of the geostrophic wind, ¢’ is time, and K is the eddy vis-
cosity. The geostrophic wind can have an arbitrary time
and height dependence; the eddy viscosity may be time
dependent, but is assumed to be constant in height. Non-
linear terms are ignored, although Bonner et al. (1968)
and Paegle (1969) have shown that they may contribute
significantly to ageostrophic winds in the vicinity of a
well-developed jet.

Solutions of equation (4) are more compact when the
independent variables are nondimensional:

t=ft’ and ;:(%)”22. )

Equation (4) has the exact solution

U+iV=U,+iV,+ Wi+ W,+Ws)e~¥ (6)

where W;,, W,;, and W, are defined by the following
integrals:
_ G4

o M G-
W1=~—1:f [6 r —e A ]x(n)dn
21/1” o -

Vol. 98, No. 10
where X(i‘):(U—I—’LV)(g', T=O)_‘(Ug+1:Vg)(§', T=0),

O
Wimg' e )
where ¢(r)=—(U,+1V,)(¢=0, r)e*, and )

S
¢ o=y (")
(r—7')2

p ((i'—!rr)z (E+m)?

1 T o T’ P 4(r—r') e 4(r—7')
Wimgr |7 ST dnds’
v Jo Jo

(r—r )1

UetiVy) U +iVp)\
9¢? or

where G(¢, 7)=é" (az

If the eddy viscosity is constant in time, then r=:t. If the
eddy viscosity varies with time, then 7 is a more compli-
cated function of time. We will consider an eddy viscosity
with time dependence:

K=A(1—vcos Qt’), 0<r<1 (8)

in which case
r=t—v é sin (% t):

and the scaling in (5) is accomplished with A4 replacing K.
The first integral, W), accounts for initial conditions, W,
for the surface boundary condition, W, exists for nonzero
@ that occurs only if the geostrophic wind is time depend-
ent or has curvature with height. Ching and Businger
(1968) give similar integral solutions for the nonsteady
boundary layer.

Integrals in equation (6) were evaluated by Gaussian
quadrature for prescribed values of K, U,, and V. Solu-
tions are for the initial value problem, and transient
components are present together with any steady and
periodic modes. With the winds initially in geostrophic
balance, diurnally periodic modes dominate the solutions
after several days. Results to be shown were taken from
the fourth day of the integrations.

In problem 1, geostrophic components U, and V, are
assumed to be functions of height alone. Eddy viscosity
is given by equation (8) which is the same formulation as
used by Ooyama (1957) except that Ooyama allowed A
to vary with height. In the calculations to be shown, A is
assumed to be 8 m? sec™! implying, for the steady Eckman
problem, a geostrophic wind level of 1.4 km. We set »=0.8.
The maximum K value of 14.4 m? sec™! corresponds
closely to numerical results by Krishna (1968). Minimum
K is then 1.6 m? sec™! (equation 8), and the oscillation is
phased so that the minimum eddy viscosity occurs at
01 v

In problem 2, eddy viscosity is given a mean value of
8 m? sec™?, independent of height or time. The geostrophic
wind is allowed to vary in the following way:

UAiV=(U,+iV,)—iaViee="7 cos (Qt) (9)
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Ficure 15.—Hodographs of wind variations from (A) variable
viscosity and constant geostrophic wind, (B) constant viscosity
and variable geostrophic wind, and (C) variable viscosity and
variable geostrophic wind. Upper diagrams are for 32.5° latitude;
lower, for 37.5° latitude. Altitude is 500 m; times are csT. Oscilla-
tions in geostrophic wind and eddy viscosity are phased to give
minima at 05 and 01 csT, respectively.

where U,+1V, is the time-averaged geostrophic wind at
some height z above the terrain. The geostrophic variation
in (9) is entirely in the ¥ component of the wind. The vari-
ation is diurnally periodic with amplitude AV, at the
surface, decreasing exponentially with height. H is set
equal to 0.8 km, AV, is 3 m sec™. The oscillation is phased
to give minimum and maximum V, at 05 and 17 wur,
respectively. (See preceding sections.)

In problem 3, eddy viscosity varies according to (8),
geostrophic wind according to (9). We use the same values
for 4, v, AV, and H as in the previous problems.

RESULTS

Results=of a series of integrations for latitudes 32.5°
and 37.5° are shown in figure 15. The altitude in each
case is 0.5 km, which is near the level of maximum oscil-
lation in the model and in the observed wind.

Results from problem 1 are shown in figure 15A. At
both latitudes, the oscillation from eddy viscosity varia-
tion alone is elliptical with the major axis directed slightly
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to the right of the geostrophic wind. The mean amplitude
of the oscillation is about 2.5 m sec™ at 37.5° and 3 m
sec™! at 32.5°. Phase, orientation, and amplitude of the
oscillation agree closely with results by Ooyama (1957).
Maximum speed occurs between 00 and 03 LT, minimum
speed near noon. The phase of the oscillation advances
with latitude as would be expected from the change in
the inertial period (see also Krishna 1968).

Hodographs for problem 2 (fig. 15B) show an amplitude
smaller than that for problem 1. Maximum speed occurs
between 18 and 21 vr—well ahead of the observed max-
imum in figure 14. The solution at 32.5° agrees closely
with results by Holton (1967) for an isothermal atmos-
phere at 30° latitude.

Hodographs for problem 3 are shown in figure 15C. The
amplitude of the oscillation is 4 m sec™ at 37.5° and
roughly 5 m sec™! at 32.5°. Oscillations are nearly cir-
cular. Maximum wind speed occurs near midnight, mini-
mum speed between 09 and 12 wLT.

Given the very simplified treatment of the boundary
layer, particularly the assumption that eddy viscosity
is independent of height, we cannot expect exact agree-
ment with results in figure 14. The amplitude of the os-
cillation is fairly sensitive to the mean geostrophic wind,
the selection of », and the phase difference between eddy
viscosity and pressure gradient oscillations (Paegle 1970).
Solutions to problem 3, however, duplicate the major
features of the observed oscillation in figure 14. Most
important, comparison of results from problems 1 and
3 shows that the prescribed variation in geostrophic wind
increases the amplitude of the oscillation that arises from
eddy viscosity alone. With diurnally periodic viscosity,
a thermal wind oscillation giving maximum geostrophic
wind in late afternoon yields a large circular oscillation in
the real wind with mazimum speed near midnight.

7. SUMMARY AND CONCLUSION

Summertime geostrophic winds at terrain level in Texas
and Oklahoma show day-to-night speed variations of the
order of 5 to 9 m sec™!. Maximum speed occurs near 17
csT, minimum speed near 05 csT. The oscillation is driven
by an alternating thermal wind within the first 2 km
that arises from the daily heating cycle over sloping ter-
rain. The surface variation is explained fairly well by
considering only a term S* 9z/0z in the equation for V.
However, there are significant variations in both U, and
V, that derive from diurnal variations in the gradient of
D values over the sloping terrain (Bonner and Paegle
1969).

Observed winds at Fort Worth, Tex., show a very
regular diurnal oscillation with an amplitude of nearly
3 m sec™ at 600 m above the ground. This oscillation is
described rather poorly by a model with constant viscosity
and variable geostrophic wind, fairly well by assuming
constant geostrophic wind and variable viscosity. Simula-
tion of the real situation in this area with variable viscosity
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and variable geostrophic wind yields solutions with roughly
the same shape and phase as the oscillation in observed
wind. The time of the geostrophic minimum is known.
If we prescribe a phase lag of at least 2 hr between the
geostrophic wind and eddy viscosity oscillations, the
geostrophic oscillation acts to increase the amplitude
that would arise from variable viscosity alone (Paegle
1970). This provides at least a partial explanation for the
pronounced diurnal oscillations in boundary layer wind
observed with southerly flow over the south-central
United States. l
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