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ABSTRACT
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A short review of solar semidiurnal atmospheric tides is presented. Semidiurnal atmospheric tides have been docu-
mented in the troposphere primarily through analyses of long time series of surface pressure measurements, although
the winds produced by these tides have, by now, been well documented in the middle and upper atmosphere. Recent
research using UHF and very-high-frequency radar wind profilers has now identified tidal wind perturbations in tropo-
spheric data. This review focuses on the tidal wind characteristics and the distinctive signature of this wind system in

radar profiler data analyses.

1.Introduction

As UHF and very-high-frequency (VHF) radar
wind profilers have become more widely available,
it has become possible to routinely detect and moni-
tor the influence of solar semidiurnal tides on the
earth’s troposphere. The tidal influences on the middle
and upper atmosphere have been well documented and
modeled by geophysicists, but many meteorologists
who have worked solely on tropospheric problems are
unfamiliar with the solar semidiurnal tides. This pa-
per provides a short review of this atmospheric tidal
phenomenon, pointing out the physical causes of the
tides, their influence on the earth’s atmosphere, and
the distinctive characteristics of the tropospheric tides
in radar profiler data analyses.

Several earlier reviews of solar tides are available
for the interested reader. The book by Chapman and
Lindzen (1970) provides an excellent broad overview
of scientific research on solar and lunar atmospheric
tides up to the late 1960s. A review by Lindzen (1979)
updated the Chapman and Lindzen book by concen-

Corresponding author address: Dr. C. David Whiteman, Battelle
Northwest Laboratories, P.O. Box 999, Richland, WA 99352.
e-mail: cd_whiteman@pnl.gov

In final form 28 August 1995.

©1996 American Meteorological Society

Bulletin of the American Meteorological Society

trating on new observations and theoretical develop-
ments. More recently, Lindzen (1990) has provided
an interesting historical summary of research on the
tides, emphasizing the scientific hypotheses that were
tested, the incremental progress made in understand-
ing the tides, and the applications and pitfalls of the
scientific method in tidal investigations. In the years
since the Chapman and Lindzen book was published,
there has been a great deal of activity in modeling the
tides with upper-atmospheric and global climate mod-
els (e.g., Lindzen and Hong 1974; Walterscheid and
DeVore 1981; Forbes 1982; Hamilton 1984; Zwiers
and Hamilton 1986; Forbes and Hagan 1988). We will
not review this modeling literature here. Readers of
literature on the upper atmosphere are cautioned that
coordinate systems, symbols, and other aspects of the
upper-atmospheric work use mathematical conven-
tions that frequently differ from those in common use
in the troposphere.

2.Review of solar semidiurnal tides

The term “solar semidiurnal tide™ has been applied
to the small, regular, atmospheric pressure oscillations
that occur with a period of half a solar day (i.e.,
12 hours). Such pressure oscillations are a well-
known feature of the surface pressure climatology and
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have been observed over the earth’s surface since
Toricelli’s invention of the barometer in about 1643.
The semidiurnal surface pressure oscillations have
typical amplitudes of 1.2 hPa at the equator and vary
from 0.9 hPa at the southern border of the United
States to 0.3 hPa at the Canadian border (U.S.
Weather Bureau 1943). It was recognized very early
that the amplitudes of the semidiurnal pressure per-
turbations decrease with increasing latitude and that
the semidiurnal signal is more easily detected in qui-
escent tropical barometric records than in midlatitude
records, where the small signal can be masked by
traveling synoptic-scale pressure disturbances. The
semidiurnal pressure oscillations are well known by
weather forecasters because measured pressure ten-
dencies must be corrected for these regular oscilla-
tions if the pressure tendency field is expected to be
representative of the synoptic-scale pressure systems
associated with traveling weather disturbances.

The interpretation of the surface pressure oscilla-
tion as a solar tide has a long historical basis and
comes from the characteristics of the oscillation,
which are in some respects similar to the characteris-
tics of ocean tides. In the case of ocean tides, two high
tides and two low tides occur each day at a given lo-
cation, with the high tide generally occurring at the
time of the overhead transit of the moon. The ocean
tides are produced primarily by the gravitational at-
traction of the moon, although the gravitational attrac-
tion of the sun produces an important secondary effect,
causing the strength and period of the tide to vary
somewhat. Because of unbalanced forces on the
earth’s surface, the fluid envelope is deepest directly
under the moon, where the gravitational attraction is
greatest, and on the opposite side of the earth, pro-
ducing in a single period of rotation two tides per day
at a given longitude. Because the ocean tides follow
the motion of the moon around the earth, they have a
lunar periodicity, and because the lunar period differs
from the 24-h solar period on which our time system
is based, the times of high tide vary from day to day.
The atmosphere, like the oceans, is free to move in
response to the gravitational attraction of the moon,
so that a similar lunar tide in the earth’s atmosphere
can also be expected. Such atmospheric gravitational
tides were predicted by Newton (1687) in his
Principia Mathematica, and he correctly surmised that
lunar tidal effects on the earth’s atmosphere would be
very small. Experimental confirmation of the exist-
ence of lunar gravitational tides was provided by
Chapman (1918) after an extensive effort, dealing
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with 64 years of hourly surface pressure data from
Greenwich, England. Lunar tidal amplitudes vary
strongly with latitude and are generally in the range
from 0.005 to 0.080 hPa (Haurwitz and Cowley 1970).

The semidiurnal surface pressure oscillations are
similar to the ocean tides in having two maxima and
two minima per day, but their periodicity is an exact
harmonic of the solar period, and at a given station
on the earth, the maxima and minima occur every day
at about the same local mean solar time. The pressure
perturbation pattern, having two waves around the
earth, follows the apparent motion of the sun from east
to west and so must have a solar rather than a lunar
or gravitational origin. The time of pressure maximum
represents the time when column mass is at a maxi-
mum, but unlike in the case of the lunar tide, this does
not occur at the time of the transit of the heavenly body
(in this case, the sun). Rather, the two daily maxima
occur about 2.3 h before solar noon and before solar
midnight.

Since the semidiurnal tides have a clearly solar,
rather than lunar or gravitational, origin, Laplace
(1825) hypothesized that they were produced by the
thermal effects of the sun. However, this immediately
raised the question of why the tidal response of the
earth’s atmosphere was predominantly semidiurnal
rather than diurnal, since the main solar thermal forc-
ing is diurnal. It was easy to understand how diurnal
circulations could be generated between the sunny and
shaded sides of the earth and how such circulations
would follow the apparent path of the sun. But why
would the semidiurnal signal be so strong relative to
the diurnal tidal signal? A possible answer to this para-
dox, suggested by Kelvin (1882) and investigated in
the early part of the century, was that a small semi-
diurnal signal could be amplified by resonance in the

-earth’s atmosphere. An especially interesting account

of the 70-year-long scientific pursuit of this flawed
hypothesis, which was ultimately proven to be incor-
rect, has been provided by Lindzen (1990).

A partial answer to the paradox came from two
papers published in the 1960s. A paper published by
Siebert (1961) showed that a semidiurnal thermal sig-
nal could be produced by the absorption of solar ra-
diation by water vapor in the earth’s atmosphere.
According to his calculations, this heating could ac-
count for approximately one-third of the semidiurnal
tidal amplitude. A later paper by Butler and Small
(1963) showed that most of the remaining two-thirds
of the observed semidiurnal amplitudes could be ex-
plained in a like manner by solar absorption by ozone
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in the upper stratosphere. A further answer to the para-
dox was provided by Lindzen (1967), who showed
that the diurnal signal aloft is unable to propagate ver-
tically downward to the surface at latitudes poleward
of 30°N and 30°S because the local pendulum day at
these latitudes is less than 24 h. Furthermore, verti-
cally propagating waves at latitudes equatorward of
30°N and 30°S are of short vertical wavelength and
are subject to destructive interference effects. Thus,
the relative sizes of the diurnal and semidiurnal sig-
nals in the troposphere are affected not only by the
production of a semidiurnal signal by ozone and wa-
ter vapor absorption but also by a wave propagation
process that produces weaker diurnal signals than
expected.

Because surface pressure is a measure of the weight
of the air column above a site, the westward travel-
ing surface pressure perturbations represent daily
changes of air mass redistribution in the atmosphere
of about 0.1% (1-hPa oscillations at a sea level pres-
sure of about 1000 hPa), and the redistribution is ac-
complished by wind systems that sweep across the
global atmosphere following the sun’s apparent move-
ment. The existence of the pressure gradients as-
sociated with the traveling semidiurnal pressure
perturbations at the surface and their extension upward
into the earth’s atmosphere imply that tidal wind os-
cillations will also occur. In fact, such winds are a
well-known and rather prominent feature of the
middle and upper atmosphere, especially in the iono-
sphere, where the semidiurnal winds produce strong
geomagnetic effects.

Internal gravity waves excited by the solar heating
in the upper stratosphere propagate upward and down-
ward through the earth’s atmosphere. The upward
propagation and increasing amplitude of these waves
with height results in the semidiurnal tidal wind os-
cillations in the mesosphere and lower thermosphere,
with amplitudes reaching 20 m s, that were identi-
fied by geophysicists in the 1950s (Greenhow and
Neufeld 1961). The gravity waves are damped as they
propagate downward into the troposphere. Thus, de-
spite the regularity of the pressure signal at the ground,
analyses of surface anemometer data have been
largely unsuccessful in identifying semidiurnal tidal
wind oscillations at the earth’s surface. This is thought
to be caused by the small magnitude of the tidally
produced surface pressure gradients relative to the
pressure gradients associated with traveling storms,
as well as by the effects of friction and flow obstacles
in the éarth’s boundary layer. In addition, diurnal cir-
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culations are present at most surface locations, and the
formal fitting of Fourier components to time-asym-
metric diurnal wind circulations produced by the
nonequal lengths of the day/night periods can produce
spurious higher frequency components that obscure
the true solar semidiurnal signal near the surface.
Thus, attempts to isolate the semidiurnal wind signal
(e.g., Haurwitz and Cowley 1969; Chapman 1951)
have not produced a tidal signal matching the theo-
retically predicted phases and amplitudes.

The first investigation of midlatitude tropospheric
semidiurnal tidal winds was conducted by Wallace
and Tadd (1974). Their clever investigation technique
used data from a period when rawinsondes were
launched four times per day, and they inferred semi-
diurnal tidal characteristics from differences in 6-h
rawinsonde wind observations by assuming that the
semidiurnal wind vector rotates in a roughly circular
pattern over the course of a day. Their investigation
provided important information on the semidiurnal
tidal wind system in the troposphere, although it suf-
fered from a rather short dataset, a lack of volume- or
time-averaged wind observations, decreasing accu-
racy of the wind observations with height, and the
impossibility of separating the semidiurnal oscilla-
tions from higher-frequency harmonics.

With the advent of continuously operating, verti-
cally pointing radar wind profilers, however, new
measurement tools have become available that can
continuously monitor winds above the surface layer
and through the depth of the troposphere. Data from
radar wind profilers, in contrast to rawinsondes, are
integrated over fixed atmospheric volumes and times,
have an acceptable range and accuracy for trop-
ospheric investigations, and have a much better
temporal resolution [wind data samples in the
National Oceanic and Atmospheric Administration’s
(NOAA’s) Wind Profiler Demonstration Network are
collected at 6-min intervals], allowing the separation
of semidiurnal and higher frequency signals. Further,
the availability of 915-, 404-, and 50-MHz radars al-
lows one to investigate wind systems over different
vertical ranges and resolutions, and the quantity and
spatial coverage of such data are rapidly increasing.

The first investigation of solar semidiurnal tides
using radar profilers was apparently made by Will-
iams et al. (1992) for the east—west component of the
semidiurnal wind at Christmas Island, a site near the
equator. The north—south component was not re-
ported, as it becomes small to the point of vanishing
as the equator is approached. In this investigation, four
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years of 50-MHz radar profiler data were used to de-
tect east—west tidal amplitudes of about 0.2 m s™
through the depth of the troposphere.

Our recent analyses of 404- and 915-MHz radar
wind profiler data at midlatitude sites in the United
States (Whiteman and Bian 1994, 1995) have identi-
fied coherent semidiurnal wind oscillations that are a
significant feature of the tropospheric wind climatology
above the frictional boundary layer. Our interpretation
that these wind oscillations are semidiurnal atmo-
spheric tides is based on the correspondence between
their observed characteristics and the characteristics
of semidiurnal tides predicted by dynamic models of
the earth’s atmosphere. In the following sections, we
will use a simple dynamical model to illustrate pre-
dicted tidal characteristics and will then summarize
the radar wind profiler data analyses.

3.A simple dynamic model of
semidiurnal solar tides

The general global characteristics of tidal pressure
and wind oscillations can be illustrated with a simple
atmospheric dynamical model, which can be driven
by observations of the semidiurnal surface pressure
" perturbation.

The general global characteristics of the semi-
diurnal tidal surface pressure perturbation are pro-
vided by Haurwitz’s (1956) smoothed mathematical
fit to semidiurnal surface pressure perturbations ob-
tained from a harmonic analysis of data from 296 glo-
bal barometric stations:

p = p,cos’ psin[2(t' + A)+17,] hPa, (1)

where p is 1.16 hPa, ¢ is latitude, ¢" is UTC reckoned
in angle at the rate of 360° per mean solar day from
lower transit (i.e., midnight), A is east longitude, and
7, 1s 158°. The global pressure perturbation field from
this formula at 0000 UTC is plotted in Fig. 1. The
maximum amplitudes of the semidiurnal pressure
oscillation occur at the equator, with two complete
pressure waves surrounding the earth. The waves
move from east to west following the apparent path
of the sun, with pressure maxima occurring at 7 = ¢’
+ A=(90° — 17,)/2 or 0944 and 2144 local mean solar
time (LMST) at all longitudes.

The characteristics of the tidal wind oscillations
produced by the semidiurnal pressure oscillations can
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be determined from the equations of motion by fol-
lowing a method developed by Chapman and Lindzen
(1970), which treats the semidiurnal pressure wave as
a small perturbation on an undisturbed background
state. The perturbation equations for atmospheric
motion above the frictional boundary layer on a ro-
tating spherical earth can then be written as

du . 1 ap
2 2Qvsing=-—vo—22
dt vsing PR cos¢ dA
(2)
av . 1 odp
&+ 2Qusing=-——22
> +2Qusin ¢ R, 90

where u and v denote, respectively, the eastward and
northward semidiurnal wind components, € is the
angular velocity of the earth, p is air density, R, is the
earth’s radius, and p is the semidiurnal tidal pressure
perturbation. In this equation, the nonlinear advection
terms are neglected because they are quite small
(Haurwitz 1962). Equation (1) provides a simple ana-
lytical function for the semidiurnal perturbation of sur-
face pressure as a function of latitude and longitude,
which can be used to determine the pressure gradi-
ents on the rhs of (2). The resulting solution should
be indicative of winds in the free atmosphere at the
top of the frictional boundary layer. Differentiating (1)
with respect to latitude and longitude, substituting into
(2), and expressing the time derivative in terms of its
longitudinal equivalent, d/dt = 2Q(d/dA), we obtain
Chapman and Lindzen’s (1970) solutions for the semi-
diurnal wind components:

u=C,(1+15sin* §)sin(2¢ + 1, +180°),

€)
v =-2.5C, sin¢sin(2t + 1, +90°),

where C = p /pR,Q=0.2m s and 7is LMST.

The u and v components are, respectively, 180° and
90° out of phase with the pressure oscillation (Fig.
2). The two wind components are in quadrature and
are of approximately equal amplitude poleward of
20°N in both hemispheres, so that the wind vector V
= ui + vj should rotate clockwise on a near-circular
path twice per day. From (1), the pressure perturba-
tion decreases with latitude, but because the merid-
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Fig. 1. Equinoctial semidiurnal tidal pressure and wind perturbation patterns on the earth’s surface at 0000 UTC. Pressure
perturbations are shown in hPa. The scale at the top of the figure represents the local mean solar times corresponding to the longitudes
on the bottom scale at 0000 UTC. Because the pressure and wind patterns follow the sun’s apparent movement, the patterns travel
from east to west and appear at all longitudes at the time indicated on the upper scale.

ians converge toward the poles and decrease the ac-
tual distance between the wave crests, the pressure
gradient remains sufficient to produce tidal winds. Be-
cause (1) and (3) are simple functions of latitude and
longitude (or, equivalently, time), the wind patterns
that accompany the pressure perturbations can be
plotted on a map of the earth at a given time. This is
done in Fig. 1 for 0000 UTC. A low and high pres-
sure perturbation on the dark side of the earth are
opposite the centers of low and high pressure pertur-
bation on the sunny side of the earth. Westerly wind
perturbations occur over the low pressure areas in
both hemispheres, and easterly winds occur over the
high pressure areas. At the equator, the winds have
no v component. The east wind component maxima
are attained at 0344 and 1544 LMST in both hemi-
spheres. The north wind component maxima are at-
tained at 0044 and 1244 LMST in the Northern
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Hemisphere but at 0644 and 1844 in the Southern
Hemisphere. The winds converge along a given me-
ridian about 44 min after sunrise and sunset and di-

-
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FiG. 2. Phase relationships between pressure and the # and v

wind components, using Haurwitz’s (1956) equation for the

global semidiurnal surface pressure and Chapman and Lindzen’s
(1970) solution to the momentum equations.
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verge over the same meridian 44 min after mid-
day and midnight. These divergences (maximum
~6x 107 s7!) are generally small, relative to typical
midlatitude synoptic-scale divergences, but are
thought by some investigators to be responsible for
the semidiurnal precipitation maxima that have been
observed in the Tropics and subtropics (Wallace
1975; Brier and Simpson 1969). Lindzen (1978) and
Hamilton (1981, 1983) have provided an interesting
alternative interpretation of the relationship between
semidiurnal precipitation maxima and solar tides.
They have suggested that the precipitation maxima
are not produced by the tidal pressure and/or wind
perturbations, but instead, that the latent heat release
associated with the precipitation maxima provides a
semidiurnal source of tropospheric heating that will
affect the phase of the tidal wind oscillations. This
interpretation, however, leaves an important question
unanswered. What physical effect is responsible for
the semidiurnal precipitation signal?

While the patterns and relationships between pres-
sure and wind are as shown in Figs. 1 and 2, it should
be emphasized that Haurwitz’s equation, on which the
pressure and wind patterns are based, was determined
as a smoothed fit to semidiurnal pressure data at a
number of surface stations over the globe, as inter-
polated to a 10°-15° latitude—longitude grid. The fit
of (1), while adequately representing the pressure pat-
tern over much of the globe, is inaccurate in the vi-
cinity of major mountain barriers and loses accuracy
as the poles are approached. Haurwitz (1956) re-
marked on this and even presented an expanded equa-
tion providing a better fit in the polar regions, where,
as previous investigators discovered, a standing pres-
sure wave occurs. Spar (1952) used pressure data
from 100 U.S. weather stations (U.S. Weather Bureau
1943) to provide a more detailed representation of
pressure perturbation patterns over the conterminous
United States, where anomalous amplitude and phase
isoline patterns were apparent over and west of the
Rocky Mountains and Appalachians. Similar looking
tidal oscillations had been produced by Kertz’s (1951)
model of the effect of a hypothetical north—south ridge
on the propagation of semidiurnal tides, and Wallace
and Hartranft (1969) found similar topographic
anomalies when investigating diurnal tides. More re-
cently, Davies and Phillips (1985) found asymmetries
in the diurnal and semidiurnal pressure fields in a
north—south cross section across the Alps, and Frei
(1994) and Frei and Davies (1993) have developed
hypotheses regarding the origin of this moun-

534

tain-bound pressure anomaly and its influence on
mountain drag and momentum transport. Thus, moun-
tain-modified tides that are not shown explicitly in the
smoothed representation in Fig. 1 may have impor-
tant effects on mountain drag, momentum transport,
tidal convergence fields, and perhaps even on precipi-
tation fields.

While surface pressure observations have been avail-
able for many years, only in recent years have long-term
data from remote sensing systems been available to
search directly for the semidiurnal tropospheric tidal
winds having the characteristics predicted above. The
radars that can be used to observe semidiurnal tidal winds
in the lower troposphere are discussed below.

4.Radar wind profilers

Pulsed Doppler clear-air radar wind profilers are
now in widespread use in the United States, having
been developed for meteorological applications by
NOAAs Environmental Technology Laboratory (then,
the Wave Propagation Laboratory) in the 1980s. Ra-
dar profilers in the United States presently operate on
three frequencies: 915, 404, and 50 MHz. These wind
profilers and their operating characteristics have been
described by Doviak and Zrnic (1993) and Neff
(1990). Radar profiler data processing procedures
have been described by Strauch et al. (1984). These
radar profilers detect signals backscattered from tur-
bulence-induced refractive index variations with a
scale of half the radar wavelength. As the refractive
index irregularities drift with the mean wind, their
translational velocity provides a direct measure of the
mean wind vector. The lower-frequency profilers probe
deeper into the atmosphere and overcome the verti-
cal range limitations of the higher-frequency profilers,
although they provide a somewhat poorer range reso-
lution. The 404-MHz profilers have a maximum range
of 16 km, while the 50-MHz profilers, under ideal-
ized conditions, can attain a range of 20 km (Doviak
and Zrnic 1993). In our experience, however, the typi-
cal range is closer to half of these idealized values.

5.Analysis of radar wind profiler data
To illustrate the use of radar profiler data for ob-
serving tropospheric tides, we use hourly wind pro-

files at the four U.S. stations shown in Fig. 3 and
described in Table 1. The sites were chosen to illus-

Vol. 77, No. 3, March 1996



trate tidal characteristics in
midlatitudes over a broad range

TasLE 1. Site locations and periods of record.

of longitude. The data used

in this paper are 1-h-average Site

Latitude
°N)

Period
of record

Elevation
{(m MSL)

Longitude

1D W)

vertical profiles of horizontal
winds from continuously oper-

NOAA Wind Profiler Demonstration Network (404 MHz)

ating, unattended, three-beam  Hudson, MA HUD 4241 71.48 93  JFD 91 and JFD 92
915- and 404-MHz radar wind

profilers operated in the low  Haviland, KS HAV 37.65 99.09 648 JFD 91 and JFD 92
vertical resolution mode. The Platteville, CO PLT 40.18 104.72 1524 JFD 91 and JFD 92
915-MHz data come from a por-

table radar profiler operated by = Project MOHAVE (915 MHz)

NOAA at Temple Bar, Arizona, Temple Bar, AZ TBR 36.02 114.33 460 3 Jan—19 Apr 1992

during the MOHAVE experi-

ment. The 404-MHz data come

from NOAA’s Wind Profiler

Demonstration Network, an operational network of
radar profilers located primarily in the central United
States. Data from the 915-MHz profiler are hourly av-
erages over 103-m-deep altitude intervals beginning
with the layer centered at 177 m above ground level
(AGL); data from the 404-MHz profilers are hourly
averages over 250-m altitude intervals beginning with
the layer centered at 500 m AGL. Because radar beam
scattering from migrating birds is known to contami-
nate radar profiler wind data (Wilczak et al. 1995),
we have focused our analyses entirely on the winter
season when migrations are at a minimum.

The basic wind dataset at each site is composed of
the time series of hourly wind vectors at each altitude
segment or “range gate” for the entire period of record.
For each site, a mean climatological wind day was de-
termined as illustrated for Temple Bar in Fig. 4, where
each of the vectors (i.e., for each range gate and hour
of the day) was determined by vector averaging all
available winds for that hour and range gate for the
entire period of record. The semidiurnal wind oscil-

Fic. 3. Radar profiler locations.

Bulletin of the American Meteorological Society

lation was then isolated by performing harmonic
analyses (Stull 1988) on the eastward directed (1) and
northward directed (v) components of the 24 vector
winds in the mean climatological wind day at each
range gate. Because signal-to-noise ratios decrease

3300
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Fic. 4. Mean daily time-height cross section of horizontal
vector winds at Temple Bar, Arizona. Times are in local standard
time. Vectors pointing to the right are blowing from the west,
vectors pointing up are blowing from the south, etc. The dashed
line indicates surface elevation.
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with radar range and a “consensus” algorithm requires
consistent multiple wind determinations on each
beam before a valid hourly wind can be reported,
the number of reported hourly winds going into the
vector average decreases with height, as shown in
Fig. 5, reducing the statistical significance of data
from the upper altitudes. Radar range can also vary
with the time of day and atmospheric conditions,
although this variation was small for the wintertime
data used (Fig. 6).

In harmonic analysis, the discrete data points in a
time series are fit by a series of sine and cosine terms
to determine the amplitudes and phases of the har-
monic terms. In the case of a discrete time series with
a finite number of points, only a finite number of sine
and cosine terms are required to fit the points exactly.
For a total of N data points in a period 7, the highest
frequency waves that can be resolved by discrete Fou-
rier transforms are N/2 waves. In our analyses, T is
24 h, and the number of points N is 24, so that 12 (i.e.,
N/2) harmonic components with frequencies between
1 and 12 waves per day can fit the 24-h points exactly,
such that

NI2
u(t”)=uy+ Y (a,cosnt” + b, sinnt”)
n=1
NI2
=uy+ 3 A,,sin(nt” +1,,),

n=1

N/2
v(t")=vy + Y (c, cosnt” +d, sinnt”)

n=1

4)

N/2

=V, + ZAW, sin(nt” +1,,,),

n=1

where ¢” is LST, u, and v, are the daily mean wind
components, A and A are the amplitudes, and 1,
and 7, are the initial phases of the nth harmonic terms
fora and v.

The harmonic terms have their maxima at times¢”
=(90° - n _)nand t” =(90° —n )/n and at inter-
vals 360°/n thereafter throughout the day. For com-
parison of times between sites and with theoretical
calculations, it is useful to convert the local standard
times in which the data are recorded into LMST us-
ing the formulaz =t” + (A, — A)/15, where A is the
standard meridian for the time zone. Given the phases
of the u and v components, the direction of rotation
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FiG. 5. Percentage of valid wind measurements as a function
of height. The number of possible hourly wind profiles is 2451
at HAV, 2798 at HUD, and 2486 at PLT, and 1783 at TBR.

of the wind vector is counterclockwise if sin (1, — 7, )
is positive and clockwise if sin (17, — 7, ) is negative
(Haurwitz 1962).

In time series analyses we frequently wish to de-
termine how much of the variance of a time series is
associated with a particular harmonic term, without
regard to the precise phase of the wave. A measure
of the variance of the hourly wind vectors V. can be
expressed by considering the variances of the com-
ponents u, and v, which are given by

1 N
N;(H —uo)
N (5)
o’ =1—1]‘Z(Vj—vo)2-

~
il

Alternatively, the variances can be calculated from the
coefficients of the Fourier series, such that
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The sum of the variances of the # and v components
is an estimate of the variance of the vector wind field
and is given by

- 3[4 +(a.)] 7

n=1

Thus, we can interpret P, = [(4,)* + (A4, )*)/(c? + 0?)
as the portion of the variance of the vector wind field
explained by the nth harmonic.

Table 2 provides an example of harmonic analysis
results for Platteville, Colorado. In this table and in the
figures that follow, data are listed and plotted only to
altitudes where data recovery remained above 75%.
This level was 6898 m MSL at HAV, 6343 m at HUD,
8274 m at PLT, and 4088 m at TBR. Table 2 provides
information for each of the range gates on the daily
mean vector wind components (u, and v,), the diurnal
and semidiurnal harmonics (amplitudes and phases for
each component), and the normalized power density of
the diurnal and semidiurnal harmonics.
Several conclusions can be drawn from
the table. First, the normalized diurnal
and semidiurnal power densities add
up to 90% or more through much of
the sounding depth, with the excep-
tion of the first four range gates,
where friction effects are important,
and at the upper levels of the sound-
ing, where the data become noisier.
This shows that the daily course of the
winds at various altitudes can be rea-
sonably well approximated by the

Height (m MSL)

variance of the winds. Second, the power density of
the semidiurnal harmonic increases with height, be-
coming more important than the diurnal component
above about 4500 m MSL. This height is somewhat
above the mean crest height of the Rocky Mountains
to the west of Platteville. Third, except near the sur-
face where the diurnal winds are strong, the diurnal
and semidiurnal harmonics have generally compa-
rable amplitudes. Fourth, in contrast to the behavior
of the diurnal components, the phase of the semidi-
urnal harmonic components, shown here as the times
of the wind maxima, varies only weakly with height
above the first four range gates. In rough agreement
with theory, which calls for the v-component maxi-
mum to occur at 0044 or (.74 h LMST, the v-compo-
nent maximum occurs between 0.3 and 1.2 h LMST.
Finally, the v component for the semidiurnal harmonic
leads the u component by about 3 h (i.e., 90°), as pre-
dicted by theory. Computations of sin (1, — 7, ) show
that the semidiurnal harmonic wind turns clockwise
with time at each range gate, with the exception of the
lowest two range gates and the highest range gate.
Data for each of the four stations, from tables simi-
lar to Table 2, are plotted in composite figures to il-
lustrate the key features of the semidiurnal harmonic.
Figure 7 shows that the semidiurnal - and v-compo-
nent amplitudes are quite weak near the ground at all
four sites but increase with height at HUD, PLT, and
TBR to attain about 0.7 m s~! at altitudes between
5000 and 7000 m MSL. This increase in semidiurnal
amplitudes with height in the troposphere agrees with
Wallace and Tadd’s (1974) rawinsonde analyses. At
HAV, however, the amplitudes appear to be rather

Data
8| Recovery
(%)
40
: 50
o 60
& 70
80
90
100

sum of the mean daily wind and the 0

first two harmonics and that the
terdiurnal (n = 3) and higher-fre-
quency harmonics (n = 4-12) play
only a small role in explaining the
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12 16 20
Time (UTC)

FiG. 6. Diurnal variations in the height of coverage of the 404-MHz profiler at
Platteville, Colorado.
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TaBLE 2. Daily mean « and v wind components, amplitudes of the u and v wind components, times of the « and v wind component
maxima, and normalized power densities for the diurnal and semidiurnal harmonics at PLT.

Height u, v, A, t A, t, A, t A, t,

@mMSL) (msY) (ms’) (msh) (LMST) (ms?) (LMST) (ms’) (LMST) (ms') (LMST) P P

1 2

2024 1.14 -0.80 0.53 326 034 15.90 0.15 8.93 0.29 2.18

; 274 164 158 050 351

2524 240 -2.07 0.33 3.63 11.66 047 0.17

g

3024 390 -3.26 0.26

| 374 451 389 049

3524 4.98 —4.37 0.62 1536 0.74 20.66 0.57 3.66 0.46 0.38 0.59 0.34

774 535 4m

4024 5.70 -5.09 0.72 1555 0.52 20.95 0.66 3.74 0.39

4274 041

4524 6.27 -5.68 0.65 15.03 0.25 23.07 0.50 4.21 0.47 0.87 0.45 0.44

4774 661 -384 063 019 059

5024 6.97 -5.92 0.73 14.97 0.23 0.51 0.64 4.35 0.65 0.75 0.39 0.56

5274 735 ~592 ‘0:5‘?;7: 1493 025 085 061 43

5524 7.72 -5.92 0.54 14.66  0.21 0.74 0.60 4.68 0.58 0.66 0.30 0.62

5774 810 591 048 1433 024 064 055 444 064 083

6024 8.50 -5.80 0.44 13.44 028 0.66 0.50 4.55 0.68 0.86

6274 886 570 045 1256 037 27 059 42 01 130

6524 9.22 -5.58 0.49 1229 040 23.06 0.66 3.99 0.72 1.17

6774 941 -528 043 1192 031 048 073

7024 9.92 -5.12 0.49 11.48 0.26 270 0.77 3.81

7274 1038 485 t).f,fs,_[ 1167 051 412 082 3986 0

7524 10.87 —4.69 0.53 11.23 0.68 4.99 0.68 4.01

7774 1084 457 053 1074 050 629 025 590 065

8024 11.09 424 0.72 9.95 0.81 7.95 0.35 4.67 0.88 0.37 0.39 0.30

8274 1126 -393 044 886 112 861 029 629 077 I 3 oo
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constant with height, as predicted 9000

by Forbes’s (1982) dynamic tidal model, 80004

¢ TBR
m HAV
e HUD

A PLT

...................

although the amplitudes, especially for ]
the v component, are somewhat stronger 7000+
than the predictions of 0.1-0.2 m s™. —~ 6000
Figure 8 shows the phase of the semi- 7 ]
diurnal oscillations represented in terms E 5000+
of the LMST of the u and v wind com- = 4000 ]
ponent maxima. Above the shallow win- .2 ]
tertime boundary layers (i.e., the first T 3000
few range gates), the times of the indi- 2000-
vidual component maxima are quite 1
consistent between sites—the u-com- 1000f

ponent maxima occurs at about 0400 0

(and 1600), and the v-component max-
ima occurs at about 0100 (and 1300)
LMST. The semidiurnal wind turns
clockwise with time, and because the
two semidiurnal components are 90° out
of phase and of approximately equal amplitude,
hodographs (Fig. 9) of the semidiurnal components
are approximately circular. The amplitudes and
phases of the semidiurnal wind components are simi-
lar at all four sites, despite the different locations
of the stations and despite significant differences in
the mean winds, a feature that is emphasized by the
choice of coordinates in Fig. 9. When the phases are
considered in terms of UTC rather than LMST, the
semidiurnal wave is seen to be a traveling wave,
which progresses around the earth following the sun’s
apparent motion.

9000

2 0 2 4 6 8 10

2 0 2 4 6 8 10
Time of u, Max (LMST) Time of v, Max (LMST)

FiG. 7. Semidiurnal wind component amplitudes as a function of height.

5.Implicit filtering and error estimation

The vector averaging that is used to preprocess the
radar profiler data provides an effective filter that al-
lows the harmonic components (i.e., components of
frequency 24/n hours, n =1, 2, ..., 12) to pass but
filters all other oscillations, including synoptic wind
oscillations. The longer the period of record, the more
effective the filter. While there is a general agreement
among the amplitudes and phases of the semidiurnal
oscillations at the four stations, a key concern is the
accuracy of their determination given the rather short
period of record. If the accuracy is poor,
then one cannot have confidence that the

8000+

differences in tidal wind characteristics

7000—_

6000

50004

4000

Height (m MSL)

3000

between stations such as those seen in
Figs. 7 and 8, which might be produced,
for example, by localized terrain—tidal
interactions, are significant.

Statistical methods for determining
error bars for harmonic amplitudes and
phases were developed by Bartels
(1932). His method has been summa-

2000

rized by Chapman and Lindzen (1970)

and Craig (1965), among others, and re-
quires that a long wind record be broken

1000

o3 S S—

. into smaller subrecords that are consid-

4> @ B

0 0.5 0””05”'

u, Amplitude (m/s)

Fic. 8. Semidiurnal wind component phases as a function of height. Times

are local mean solar time.
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v, Amplitude (m/s)

ered to be independent samples of the
population. A measure of the deviation
in amplitudes and phases associated with
the independent samples, as plotted on
a harmonic dial, defines the confidence

1 1.5
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Fig. 9. Hodograms of the sum of the mean daily and mean
hourly semidiurnal wind components at the four sites. Twenty-
four hourly points make up the elliptical wind figures for each
range gate. Each of the hourly points can be thought of as
defining the tip of a wind vector drawn from the coordinate
origin, indicated for each site by a plus sign. This vector rotates
clockwise twice per day around each of the hodograms. For use,
the u- and v-component scales must be shifted to the origin for
each of the sites. The first range gates are at 2024, 593, 637, and
1148 m MSL for HAV, HUD, PLT, and TBR, respectively.
Additional plotted range gates are at 500-m intervals for HAV,
HUD, and PLT and at 406-m intervals for TBR, so that the
highest plotted range gates are at 8024, 6093, 3885, and 6648
m MSL, respectively.

in the determination of the true mean of the popula-
tion. In the present work, however, it proves infeasible
to use Bartels’s technique because about 30-45 days
of data are required to obtain a realistic single deter-
mination of the amplitude and phase of the semidiur-
nal signal, and the number of such samples is severely
limited by the total period of record (see Table 1).
An estimate of radar profiler tidal amplitude mea-
surement errors can be obtained by assuming that
tidal phase does not vary with height, that the time
of the east (north) component maximum is 0344
(0044) LMST, and that the rotation of the semidiur-
nal wind vector is roughly circular. The first assump-
tion, that tidal phase does not vary with height in the
troposphere, is supported by both observational
(Wallace and Tadd 1974) and modeling studies
(Forbes 1982). The second assumption, regarding
phases, is generally valid, although Spar (1952) has
shown that tidal phases vary near seacoasts and, es-
pecially, to the west of major north—south mountain
barriers. The third assumption is supported by Fig. 9.
With these assumptions, the tidal amplitude error 6A
is related to measured phase deviations 67 by the
equation A = A sin 67. We apply this equation to
estimate general radar profiler amplitude errors for
about three months of hourly data by considering the
two sites HAV and PLT, which are not located near
coastlines or on the western side of major mountain
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barriers. At HAV, the mean amplitude error for the
altitude range 2148-5898 m MSL is 0.04 m s™* for the
u component and 0.12 m s™! for the v component.
Larger errors occur near the ground (0.09 m s™' for
the # component and 0.27 for v for the altitude range
1148-1898 m MSL) and at the top of the sounding
(0.33 m s™' for the u component and 0.15 m s™! for v
for the altitude range 6148-6898 m MSL). At PLT,
the mean amplitude error (3024-8024 m MSL) is
0.12 m s for the u component and 0.09 m s™' for the
v component, with larger errors occurring near the
ground. These calculations suggest that, except for
those range gates near the ground and at higher alti-
tudes where data are missing, the radar profiler am-
plitude errors are generally between 0.1 and0.2 ms™.
If this rough error assessment proves accurate, radar
profilers will be able to provide important informa-
tion on the spatial variability of the atmospheric tides
using a few years of records rather than decades.

6.Conclusions

The study of semidiurnal tides provides an interest-
ing insight into the way in which the Earth’s atmosphere
responds to an extraterrestrial influence—namely, the
input of solar energy and the local heating of the at-
mosphere by absorption in regions with strongly ab-
sorbing atmospheric constituents.

The most apparent effect of the semidiurnal tide at
the earth’s surface is a regular semidiurnal signal in
surface pressures observed over the whole globe, but
with strongest amplitude at the equator. A simple two-
dimensional dynamical model of the atmosphere can
predict the basic characteristics of the semidiurnal
tidal wind system that must accompany these pressure
perturbations. The key characteristics include the
twice-daily cycle of tidal winds, their clockwise ro-
tation with time, their distribution and propagation
around the globe following the traveling pressure per-
turbation, their phase relationship with the semidiur-
nal pressure patterns, and their amplitude.

Pulsed Doppler radar wind profilers provide con-
tinuous records of wind profiles in the troposphere,
averaged over hourly intervals and over fixed atmo-
spheric volumes. Absolute accuracies of radar profiler
wind speeds, for example, for 915-MHz profilers,
have been reported to be about 1 m s (Furger et al.
1995), and it is a surprising result that radar profilers
can be used to observe the climatological signature of
the small tropospheric tidal wind perturbation. This

Vol. 77, No. 3, March 1996



is, no doubt, due to the strong filtering effects intro-
duced by the compositing of radar profiler data into a
climatological mean day before the harmonic analy-
sis is done. This compositing provides an implicit
bandpass filter, which passes the diurnal signal and
its harmonics while filtering out longer and shorter
period signals whose phases change from day to day.
Thus, for example, traveling synoptic-scale distur-
bances are effectively filtered if the period of record
is long enough to ensure that many such traveling dis-
turbances transit past the profiler at varying times of
day. The data from 915-, 404-, and 50-MHz profilers
are suitable for the analysis of semidiurnal tidal wind
systems in the troposphere, and when 30-45 days of
wind data are available, a harmonic analysis of vec-
tor-averaged wind fields can detect the midlatitude
semidiurnal tidal signal. The characteristics of the tidal
wind system are quite distinctive in climatological
analyses of such records. Our analyses of data from
four locations covering a wide longitude zone in the
United States show that the observed wind character-
istics generally agree with predictions of the simple
two-dimensional dynamical model described above.

Further information on tidal characteristics in the
troposphere will come from longer-term records of
wind profiles from UHF and VHF profilers distrib-
uted widely over the Earth’s surface. The vertical
structure of these tides in the troposphere is, at this
time, not well known, and further data should provide
important new knowledge on this characteristic of the
tides. As the global spatial variations of tidal charac-
teristics become better known and appropriate error
bars can be attached to the amplitudes and phases, the
effects of tidal-mountain interactions will become
clearer, and it may also become possible to determine
the relative roles of various atmospheric absorbers in
producing the tides. Further research is necessary to
determine the influence of the tidal wind oscillations
on precipitation, cloudiness, and fogs.
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