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ABSTRACT

Many interesting flow patterns were found in the Grand Canyon by a scanning Doppler lidar deployed to the
south rim during the 1990 Wintertime Visibility Study. Three are analyzed in this study: 1) flow reversal in the
canyon, where the flow in the canyon was in the opposite direction from the flow above the canyon rim; 2)
under strong, gusty flow from the southwest, the flow inside and above the canyon was from a similar direction
and coupled; and 3) under light large-scale ambient flow, the lidar found evidence of local, thermally forced
up- and down-canyon winds in the bottom of the canyon.

On the days with flow reversal in the canyon, the strongest in-canyon flow response was found for days with
northwesterly flow and a strong inversion at the canyon rim. The aerosol backscatter profiles were well mixed
within the canyon but poorly mixed across the rim because of the inversion. The gusty southwest flow days
showed strong evidence of vertical mixing across the rim both in the momentum and in the aerosol backscatter
profiles, as one would expect in turbulent flow. The days with light ambient flow showed poor vertical mixing
even inside the canyon, where the jet of down-canyon flow in the bottom of the canyon at night was often either
cleaner or dirtier than the air in the upper portions of the canyon. In a case study presented, the light ambient
flow regime ended with an intrusion of polluted, gusty, southwesterly flow. The polluted, high-backscatter air
took several hours to mix into the upper parts of the canyon. An example is also given of high-backscatter air
in the upper portions of the canyon being mixed rapidly down into a jet of cleaner air in the bottom of the
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canyon in just a few minutes.

1. Introduction

To visitors at Grand Canyon National Park (GCNP)
the most important altitude levels for visibility are at
and below the canyon rim. Here the visibility is most
affected by aerosol concentrations in the atmosphere
between the viewer’s vantage point on one side of the
canyon and the geological formations within and on the
other side of the canyon. One of the charms of these
spectacular vistas is that differences in the angle and
intensity of the sun’s lighting through the day cause the
appearance of these formations to change dramatically
in character and coloration, provided they are visible
and sufficiently illuminated. Atmospheric haze dullsthe
colors.

Haze-producing aerosols are often advected into the
canyon area from sources or source regions, sometimes
local and sometimes hundreds of kilometers distant.
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Thus, a key issue for within-canyon visibility is the
effectiveness of the vertical transport of haze pollutants
down into and within the canyon. And, because cleaner
air can aso be advected in from elsewhere, it is of
interest to determine how efficiently the canyon can be
cleaned out. To understand these vertical transports it
is critical to understand the relationship between the
flow structure within the canyon, which redistributes
aerosols there, and external parameters, such as the di-
rection and speed of the synoptic winds above the can-
yon rim and the static stability between the air in the
canyon and the air just above, including the presence
and strength of inversions or stable layers at or below
rim level.

In the present study we use measurements from the
1990 Wintertime Visibility Study (WVS) to investigate
1) the relationship between flow structure in the canyon
and external conditions and 2) mixing between the air
in the canyon and the air just above. The purpose of
the WVS and a description of the instrumentation de-
ployed for the WVS is described by Lindsey et al.
(1999). The primary instrument for the present study is
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the Doppler lidar, which was sited on the south rim of
the canyon at Navajo Point by the Environmental Tech-
nology Laboratory (ETL) of the National Oceanic and
Atmospheric Administration’s Environmental Research
Laboratories (NOAA/ERL). We use winds above the
rim top measured by the Doppler lidar and radiosonde.
The static stability was determined by radiosonde, teth-
ersonde, and pairings of surface mesonet stations on the
canyon rim with stations within the canyon. The struc-
ture of the flow and aerosol profiles inside the canyon
were probed using lidar-scan data. In this paper ‘‘the
rim,”” *‘rim top,” or “‘rim level” without further qual-
ification will refer to the south rim at the location of
the lidar at an elevation of 2285 m.

For the January—March 1990 study period, the Dopp-
ler lidar revealed many different flow structures in the
canyon, but three frequent patterns were noted.

1) Reversed flow: flow in the canyon was opposite to
the direction of the large-scale flow just above the
rim. This flow occurred most often under north-
westerly synoptic winds.

2) Coupled southwesterly flow: flow in the canyon was
in the same direction as the flow above and very
turbulent, generally occurring under southwesterly
synoptic flow.

3) Thermally forced aong-canyon flow: during the
light-wind period in early March 1990, local, ther-
mally forced, up- and down-canyon flows occurred.

In the following study we investigate the typical flow
structure and vertical mixing characteristics of each of
these flow patterns.

2. Background

The dependence of flow within a depression, valley,
or canyon on external parameters such as cross-valley
wind flow and stability has received some attention in
the literature. Scorer (1978) observed that alarge-scale
wind blowing transverse to a large valley or canyon
may produce a variety of responses in the valley, in-
cluding areverse-flow eddy that occupiesthe entire val-
ley. Tang (1976) found steady-state solutions to flow in
avalley for unstable daytime and stable nighttime con-
ditions with cross flow aloft. Both solutions produced
reverse-flow eddies in the valley, the daytime cell fa-
voring the upwind slope and the nighttime favoring the
downwind slope. Bell and Thompson (1980) related
flowsin thevalley to a Froude number using the external
flow speed and the static stability across the top of the
valley. Cunningham and Bedard (1993) performed lab-
oratory studies of the dissolution and removal of astable
layer in a valley by ambient flow aloft, including in-
teresting flow visualization of the stages they found. A
more recent area of active interest is urban street can-
yons, where the flows can flush or trap air pollutants.
A variety of circulations have been noted, depending
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on the external flow and the stability (Oke 1988; Rotach
1993a,b; Sini et a. 1996).

In the Grand Canyon, Stearns (1987) found evidence
of reversed flow in measurements from a surface station
in the canyon during periods when the above-canyon
winds had a significant cross-canyon component. Gay-
nor and Banta (1991) studied flow in the Grand Canyon
during the 1990 WVS on two days that appeared to
have cross-canyon flow, one of which had a strong in-
version near the rim top and the other of which had no
evidence of an inversion at that level.

a. Wintertime visibility study

The WVS was sponsored by the Salt River Project
of Phoenix, Arizona. It took place in the Grand Canyon
region of northern Arizona and southern Utah in 1990
to investigate possible effects that emissions from the
Navajo Generating Station (NGS) power plant might
have on visibility in the Grand Canyon (Chan and
Bhardwaja 1991; Lindsey et al. 1999; Whiteman et al.
1999b; Richards et al. 1991). The project included per-
fluorocarbon tracer releases from the NGS. During the
WVS the Doppler lidar was situated at the eastern end
of the south rim of the Grand Canyon at the Navajo
Point viewpoint, as shown in Fig. 1. Severa other in-
strument sites important to the study are also identified
in Fig. 1. A detailed description of the surface-instru-
mentation sites and meteorological characteristics of
each site during the WVS is given by Hauser et al.
(1991), and the effects of local topography at each site
on the diurnal wind patterns are described by Whiteman
et a. (1999a).

The local, thermally forced wind systems that form
in the Grand Canyon region of the western United States
on synoptically quiet days are complicated by the highly
complex nature of the topography, as demonstrated by
Whiteman et al. (1999a). Two effects are important to
this study. First, the topography in the Grand Canyon
dramatically drops to a shelf 1000—1500 m below the
high ground at the north and south rims, but then into
this relative **bottom” the Colorado River has cut a
sharp notch that is another 500-800 m deep. In this
study we shall refer to this lowest part of the canyon
as the Colorado River ““gorge.’”” The flow in this gorge
can be different from the flow higher in the canyon.

Second, as the Colorado River flows through the area
from Page, Arizona, north-northeast of the region de-
picted in Fig. 1, to the Grand Canyon north of Desert
View, it cuts through a plain that slopes downward from
the Kaibab Plateau toward the Page/Lake Powell area
to the northeast (NE). This sloping plain, referred to as
the Marble Platform, thus slopes downward to the NE,
the opposite direction to the slope of the Colorado River
gorge (Whiteman et al. 1999a; Lindsey et al. 1999),
since the river flows from NE to SW (southwest). A
downslope flow along the platform will thus appear to
be an upvalley flow with respect to the Colorado River
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Fic. 1. Map of Grand Canyon and vicinity. The Doppler lidar was situated at Navajo Point (N),
1 km west of Desert View (D). Contours are at 500-m intervals, from 900 to 2400 m MSL, and
terrain between 900 and 1900 m is shown as white. The dashed box represents the area plotted
in Fig. 10a, and the solid lines marked a and b show the locations of cross- and along-canyon
cross sections in Figs. 10b—c. The following other locations are shown: B, Buffalo Ranch; H, Hopi
Point; I, Indian Garden; M, Marble Canyon; P, Phantom Ranch; S, Cape Solitude; and W, Walhalla
Plateau.

flow direction. Because the slope flows dominate on the
platform at sites such as Buffalo Ranch, the diurnal
behavior of the flows is at apparent odds with the tra-
ditional thermally forced along-valley wind model, if
this region were considered to be the valley of the Co-
lorado River (Whiteman et al. 1999a,b).

b. ETL's Doppler lidar

ETL's pulsed Doppler lidar transmits a beam of co-
herent, eye-safe infrared (IR) (wavelength 10.59 um)
radiation into the atmosphere. The pulse is scattered by
aerosol particles, and a small amount of the energy is
returned (backscattered) to the lidar. The intensity and

frequency of this backscattered energy represents the
spatial distribution of aerosol particles and their speed
of movement along the lidar beam, respectively. Be-
cause the aerosol s detected by the lidar are small enough
to be excellent tracers of air motion, the Doppler shift
in the frequency of the returned IR signal can be used
to calculate the component of the wind along the lidar
beam, or radial wind velocity u,. Range gates for this
lidar are at 300-m intervals, and the velocity accuracy
is60 cm st (Post and Cupp 1990). Other characteristics
of the lidar during the WV'S are shown in Table 1.
ETL's Doppler lidar, described by Post and Cupp
(1990), has been used to provide wind and aerosol back-
scatter information to study awide variety of mesoscale
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TABLE 1. Characteristics of the Doppler lidar during the WVS.

Lidar specifications

Wavelength (um) 10.59
Maximum range (km) up to 30.00
Minimum range (km) 1.20
Range resolution (km) 0.30
Beam width (urad) [°] 90.00 [0.005]
Rms velocity accuracy (cm s1) 60.00
Pulse repetition frequency (Hz) 10.00
Pulses averaged 3.00
Effective pulse rate (Hz) 3.33
Standard scan rate (°s™?) 3.33
Angular resolution (°) 1.00

atmospheric flow systems. For example, wind and aero-
sol information from the lidar were used together to
study a prescribed forest fire (Banta et al. 1992) and the
transport of polluted air into and out of a tributary of
the Fraser River Valley by the diurnal wind systems
near Vancouver, British Columbia, Canada (Banta et al.
1997; McKendry et al. 1998). The lidar was also used
to study a number of other small mesoscale flows, in-
cluding complex-terrain flows (Post and Neff 1986; Neff
1990; Levinson and Banta 1995; Banta et al. 1995,
1996) and the sea breeze (Banta 1995).

Post (1978) and Banta et al. (1992) found that, for
typical size distributions of atmospheric aerosols, the
maximum contribution to backscatter from a CO, lidar
comes from particles of about 1 um radius. These par-
ticles are much larger than those that affect visible light
and restrict visibility. On many occasions we observed
reductions in visibility at the Grand Canyon before ob-
serving an increase in lidar backscatter, and conversely
we also observed improving visibility at times when
lidar aerosol backscatter remained high. Thisillustrates
that the relationship between lidar backscatter and vis-
ibility or transmissometer readings is a complicated
function of aerosol concentration, composition, sizedis-
tribution, and other characteristics, although they are
frequently correlated.

During the WVS, we used azimuth and elevation
scans [plan-position indicator (PPI) and range-height
indicator (RHI) scans in radar terms, respectively] to
investigate the atmosphere above the canyon rim. With-
in and just below the rim, where we wanted fine reso-
lution, we also performed stepped horizontal or vertical
scans to obtain datain three-dimensional (3D) volumes.
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Latitude

-111.85
Longitude

-112.08 -111.96 -111.73

FiG. 2. Map showing the azimuth range of the two-stepped azimuth,
vertical-slice scans, and the stepped-elevation (HR) scan sequence
described in Table 1. The X indicates the cross-canyon vertical-slice
sequence (VRXS), and Y the along-canyon sequence (VRGC).
Dashed lines show the limits of the azimuth scansfor HR. Also shown
are the locations of the lidar and Phantom Ranch (PTN). Terrain
contours are at 250-m increments, and terrain less than 1250 m MSL
is shown as white.

These volume scans were analyzed using software de-
veloped for Doppler radar data, by first transforming
the data from spherical coordinates into Cartesian co-
ordinates (Mohr et al. 1986).

We employed a variety of scanning strategies during
the WVS, depending on flow conditions, but in this
paper we focus on three types as listed in Table 2: ver-
tical slices across the canyon to the northwest (X in Fig.
2), vertical slices along the canyon to the north toward
Marble Canyon (Y in Fig. 2), and 3D volume scans.
We analyzed data from four such volume scans. All

TABLE 2. Scans analyzed for this paper. Designations X and Y are illustrated in Fig. 2. The 6 is the azimuth angle from north, and ¢, the
elevation angle from horizontal. The A9 and A¢ refer either to the step increment or to the scanning rate (when preceded by “@").

Name Type Ormin Ormex A6 Brin Brnex A¢ Designation
VRXS Stepped RHI 327.7°  336.7° 1.0° -14.3° 30.0° @1.67°s* Cross-canyon vertica slice, X
VRGC Stepped RHI 8.0° 12.5° 0.5° -12.0° 30.0° @1.67° st Along-canyon vertical slice, Y
HR Stepped PPl 336.0° 28.0° @133 st -12.0° 2.0° 0.5° Along-canyon volume scan: Full
HRMED Stepped PPl 350.0° 15.0° @1.67° st -12.0° 0.0° 0.5° " Medium resolution
HRHI2 Stepped PPl 2.0° 15.0° @1.00° st —-125° -0.5° 0.25° " High resolution
HRHIHI Stepped PPl 8.0° 12.6° @1.00° st -9.0° -3.0° 0.25° " High resolution, small volume
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volume scans were performed at a slower scanning rate
than the standard rate listed in Table 1 to achieve finer
transverse spatial resolution. One volume scan (HR)
consisted of 29 nearly horizontal sector scans (i.e., az-
imuth scans) taken from 336° to 28° in azimuth and
every 0.5° in elevation from 12° below the canyon rim
to 2° above the rim. This scan covered the opening of
the canyon to the north, from the eastern sidewall to
the Walhalla Plateau on the west (between the dashed
lines on Fig. 2), but it took 20 min to complete. The
other scanstook lesstime. HRMED used aslightly faster
scanning rate and relaxed the resolution over a smaller
volume. The other two scans (HRHI2 and HRHIHI)
were at finer transverse resol ution, but over amuch more
focused volume. Three-dimensional volumes consisting
of stepped vertical scans were also taken during the
WVS, but the volume covered was offset from the area
of interest here, so they were not used in this study.

When the lidar scanned to the north, the measured u,
closely matched the along-canyon flow in the Grand
Canyon. For reference, 0.5° dataintervals provided res-
olutions of <90 m at 10-km range, and a 1.67° s*
scanning rate gave data at 0.5° intervals in the sweep
direction, at that distance and at the 3% Hz effective
beam repetition frequency employed.

Other important scans were full 360° azimuth scans
at various elevation angles. We analyzed these scans
using the velocity-azimuth display technique (Browning
and Wexler 1968) to obtain profiles of the horizontal
wind. Profiles from scans at 15° elevation were used to
determine the **ambient winds’ referred to in the text,
using the lowest few range gates, which were at a height
of 300—400 m above the level of the lidar.

¢. Measurements of stability

An important quantity in interpreting the relationship
between the flow inside and outside of the canyon is
the stability or temperature difference between the at-
mosphere within and just above the canyon. Sutherland
(1991) found that during the WVS, days with higher
stabilities (aT/9z > 5 C km~1) had better visibility than
lower stability days (which predominantly occurred un-
der southwesterly flow).

We determined the stability in two ways. First, we
used the temperature-sounding data from the airsonde,
the type of radiosonde used in this study, launched from
Phantom Ranch [750 m above mean sea level (MSL)],
for levelswithin and above the rim of the canyon. Figure
3d shows the distribution of stabilities determined in
this manner for the entire six weeks of the WV S. Sec-
ond, we used two surface stations, either Desert View
or Hopi Point, which were perched on the south rim of
the canyon (2283 m and 2152 m MSL, respectively),
paired with Indian Garden, which is located in the can-
yon (1146 m MSL; see Fig. 1). The stability was cal-
culated by dividing the measured temperaturedifference
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between stations by their elevation difference. This ap-
proach is similar to that employed by Sutherland (1991).

Such stability determinations were made for all avail-
able hours of the WV'S for the Hopi Point—Indian Gar-
den and Desert View—Indian Garden surface-station
pairings (Figs. 3ab). The distributions are similar in
that a large percentage of the values was near neutral
(i.e., rather unstable), in agreement with the findings of
Whiteman et al. (1999b). Figure 3c shows only those
surface-station-pair values that occurred at times when
airsonde data were also available. This histogram in-
dicates a bias toward more stable values in this smaller
sample (Fig. 3c) than in the **all-hours” distribution
(Fig. 3a). Thisbiasis most likely related to the fact that
intensive-measurement periods (with more frequent
soundings) were called when conditions favored trans-
port from NGSto GCNP, which would tend to be periods
of greater stability than normal. The stability distribu-
tion directly from the soundings (Fig. 3d) also shows a
greater frequency of stable conditions than the all-hours
distributions.

The advantage of using rawinsonde information is
that inversion strengths and heights can be accurately
determined; however, the sample sizeisrelatively small.
The advantage of using surface stationsis amuch larger
sample size and a better chance of getting data at the
time when other (e.g., lidar) data are available. Draw-
backs are that each station is susceptible to local and
other surface effects, which are a function of ambient
stability and wind direction, and this method does not
show when an inversion occurs above the rim, as oc-
casionally happens (Whiteman et al. 1999b). Because
of the desirability of using the more frequent station-
pair estimates, we directly compared the stability de-
termined in thisway with the airsonde stability estimates
for the same layer, using the station-pair values at the
nearest hour. The results show general agreement wheth-
er Indian Garden is paired with Hopi Point or Desert
View (Fig. 4). Thus, in spite of the difficulties men-
tioned, the differences between stability measured by
airsonde and by station pairs, as indicated by Fig. 4 and
the distributions in Figs. 3c,d, are relatively small. This
agrees with Sutherland’s (1991) findings based on morn-
ing (—0800 MST) soundings with data from the Hopi
Point—Indian Garden site pairings.

3. Results

The three patterns of flow in the Grand Canyon iden-
tified in section 1 are illustrated in Fig. 5. The flow
reversal at the canyon rim is evident in Fig. 5a, as is
the turbulent structure of the southwesterly flow in Fig.
5b. The cross-canyon cross section in Fig. 5¢ showsthe
jet of northerly down-canyon flow in the bottom of the
canyon at arange of 9.9 km from the lidar site at Navajo
Point. Such vertical cross sections are available every
300 m from the minimum range of the lidar to the far-
thest range the lidar can see.
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Fic. 3. Histograms of the frequency of occurrence of temperature gradients. Upper panels:
gradient for al hours from 10 January to 19 March 1990: (a) between Indian Garden and Hopi
Point; (b) between Indian Garden and Desert View. Lower panels: () mean temperature gradient
between Indian Garden and Hopi Point at only those hours with sounding data available; (d) mean
gradient between the 400- and 1400-m sounding levels, corresponding to the heights above Phan-

tom Ranch of Indian Garden (1146 m) and Hopi Point (2152 m).

a. Reversed flow

From the vantage point of the lidar on the south rim
and the orientation of the cross-canyon scans (indicated
by X on Fig. 2), the best wind directions for studying
cross-canyon flow would be northwesterly (NW) or
southeasterly (SE). Several cases of NW flow occurred
while the lidar was operating during the WV'S, but no
cases of extended SE winds occurred. The few cases of
easterly flow occurred mostly with light winds at the
canyon rim. Gaynor and Banta (1991) studied the flow
on two NW ambient-wind days, one with a strong in-
version just below the level of the south rim, and one
with much weaker stability across the canyon rim, but
with indications of a weak inversion above the level of
the north rim (~1700 m above Phantom Ranch, or 2450
m MSL). They found reversed flow in the canyon in
both cases, using lidar cross sections on 23 January
(inversion present) and the UHF wind profiler at Phan-

tom Ranch on 24 January (inversion absent). Because
of the distance from Phantom Ranch to the lidar and
the potential for ground-clutter contamination in the
profiler winds below the rim (see Whiteman et al.
1999b), we analyzed canyon cross-sectional scans on
24 January to see whether the lidar also detected the
flow reversal from its location.

1) IN-CANYON FLOW

An extended period of NW ambient flow of ~5 m
st on 20-21 February produced a strong reversal of
flow in the canyon. Velocity profiles taken in the middle
of the canyon show that this reversed flow reached near-
ly 4 ms-* (Fig. 6). The strong inversion in the potential -
temperature 6 sounding at about the level of the south
rim and the reversal of flow in the canyon bear a strong
resemblance to Gaynor and Banta's 23 January case.
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Fic. 4. Scatter diagrams of temperature gradients calculated from
surface stations (x axis) and from soundings at the corresponding
heights (y axis). Top panel: gradients between heights of Indian Gar-
den and Hopi Point (correlation coefficient r = 0.78). Bottom panel:
gradients between heights of Indian Garden and Desert View (r =
0.78).

The 6 profiles from both study periods were included
in Whiteman et al.’s (1999b) sample of Phantom Ranch
soundings showing 6 jumps at near-rim elevations (see
their Fig. 11).

For contrast, profiles for 24 January, the day without
a strong stable layer at the rim, are shown in Fig. 7.
The u, profile shows a sharp reduction of flow in the
canyon, but the flow was in the same direction as the
ambient flow aloft, that is, no reversal. This profile was
taken near midday (1800 UTC is 1100 MST) on 24
January.

A time plot of hourly values of the station-pair sta-
bility estimates for the two days of NW flow (23-24
January) is given in Fig. 8. It shows strong stability, as
noted by Gaynor and Banta (1991), on 23 January, when
lidar data indicated strong flow reversal in the canyon
very similar to that in Figs. 5a and 6. The stability
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steadily weakened until, for several hours around mid-
day on 24 January, it was nearly neutral. The symbols
indicate that the airsonde stabilities agreed closely with
the trend in the station-pair stabilities for this period.
Between 0800 and 1700 UTC on 24 January, the sta-
bility was intermediate between the strong stability on
the day before and weak stability later on 24 January.
During this period lidar u, cross sections indicated a
weak and disorganized flow reversal in the canyon of
less than 2 m st (not shown). Thus, using lidar data
from Navajo Point, we found weak reversal early in the
day and no reversal at midday on 24 January (Fig. 7).
We did not find clear evidence of the reversal of flow
in the canyon that Gaynor and Banta (1991) found at
Phantom Ranch using profiler data.

Thus, rim-top stability seemed to be a strong control
on the degree of flow reversal in the canyon, for suf-
ficiently strong ambient cross-canyon flow. Cases with
cross-canyon ambient flow =5 m s=* and a strong in-
version at the rim generated a distinct flow reversal in
the canyon, but the flow reversal was not produced when
the rim-top stability was near neutral. Intermediate sta-
bilities produced an intermediate flow condition, name-
ly, a weak, disorganized reversal of flow.

2) VERTICAL MIXING

Aerosol backscatter profiles on 20-21 February in-
dicated a sharp difference across the rim-top inversion,
but a relatively well-mixed profile within the canyon
below the inversion (Fig. 6). The profile on the day with
lower stability at the rim top (Fig. 7) shows a weaker
gradient over agreater depth at the rim, indicating stron-
ger mixing across thislevel than in the strong-inversion
case, in agreement with the conclusions based on the 0
profiles.

b. Coupled southwesterly flow

Days with warm SW flow, typically =10 m s, oc-
curred several times during the WV S. On occasion the
flow was widespread and persistent enough that pol-
lution and haze from the southern California urban ba-
sins could be tracked across southern California, south-
ern Nevada, northern Arizona, and into the Grand Can-
yon area. Flow regimes from a southerly direction, in-
cluding this SW one, are responsible for summertime
haze in the Grand Canyon but are less common during
the cold season. Nevertheless, Lindsey et al. (1999)
show that most periods of significant visibility reduction
in GCNP during the WV'S occurred under these con-
ditions.

1) IN-CANYON FLOW

Vertical-slice scans taken along the canyon to the
north (indicated by Y in Fig. 2) show that on days with
SW ambient winds the flow in the canyon was in the
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same direction as the winds above. The strong vari-
ability and turbulent structure of the winds indicate ed-
dies extending across the level of the canyon rim (Fig.
5b). The eddies had a horizontal scale of 3-5 km, tend-
ing to increase somewhat in time. The u, profile for 7-8
February 1990, a typical day with SW flow, indicates
aprofile increasing with height from inside to above the
canyon (Fig. 9) and exhibiting turbulent variability. This
is consistent with the absence of an inversion in the 6
profile near rim level.

2) VERTICAL MIXING

The aerosol backscatter profile for 7-8 February (Fig.
9) is nearly constant with height from the bottom of the
canyon to ~700 m above the south rim. This is aso
consistent with the highly turbulent environment and
absence of stable layers. The nearly constant profile is
maintained in spite of a clean, low-backscatter layer
above 1 km above lidar level (ALL), which had prob-
ably advected into the area from elsewhere.

c. Thermally forced along-canyon flow

During most of the WV'S the winds were relatively
strong (>5 m s1), and light-wind periods were mostly
short and transitional. However, an extended period of
weak synoptic flow began at the end of February and
extended into the first days of March.

Whiteman et al. (1999b) showed that, under stronger
large-scale flow and pressure gradients, the windsin the
upper portions of the canyon at Phantom Ranch were
produced by channeling of the flow aloft or channeling
induced by the horizontal, along-canyon pressure dif-
ference. An important remaining question is, what hap-
pens to the winds in the canyon when the large-scale
forcing is weak? Such periods often produce thermally
forced along-valley flowsin mountain valleys and might
be expected to generate diurnal flows along the canyon
axis. These flows would be down canyon at night and
up canyon during the day, where down canyon would
generally be from a northerly or easterly direction (i.e.,
the same direction as the flow of the Colorado River),
and up canyon would be the opposite, as described in
section 2a. Whiteman et al. (1999b), however, conclud-
ed from tethersonde wind data at Phantom Ranch that
such diurnal flows do not occur there, and, in fact, sur-
face-station data show that the flow, though weak, tends
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to be up canyon at night and down canyon during the
day there, contrary to expectations (Whiteman et al.
1999a). In the following section we use 3D volume
scans during the light-wind period from 28 February to
2 March to investigate whether diurnal flows occurred
in the north—south region of the Grand Canyon to the
north of Desert View.

We address this question here, but also include data
for 3-5 March, the three days following the light-wind
period. On 3 March snow fell at GCNP, and at night on
3 March into the morning of 4 March the ambient winds
again became light. On the afternoon of 4 March atran-
sition to strong southwesterly synoptic winds began.
The SW flow increased in speed until just before a sec-
ond snowfall commenced starting at ~1500 UTC on 5
March.

1) IN-CANYON FLOW

Under light ambient-wind conditions, the flow in the
canyon was best revealed by along-canyon volume
scans as indicated in Table 2. Analyses of the full vol-
ume scan for 0900 UTC (0200 MST) on 28 February
are shown in Figs. 10-11. The major organized feature
was ajet of northerly wind near the bottom of the canyon
flowing down from Marble Canyon toward thelidar site.
Figure 10 shows three orthogonal slicesthrough thisjet.
The core of down-valley flow isrepresented by the dash-
contoured, 3-4 m s~* channel (shaded), embedded in a
region of lighter wind speeds of generally less than 2
m s~*. The horizontal slice (Fig. 10a) shows the con-
tinuity of the jet as it flowed southward along the Co-
lorado River gorge at a depth of 1.2 km below the level
of thelidar (i.e., at z= —1.2km). Thejet, flowing from
north to south, bent to the west as it flowed southward
past y = 7 km and was channeled by the curving terrain
of the lower canyon. Figure 10b is an along-canyon
vertical slice showing the vertical structure of the down-
canyon jet and the flow reversal ~700 m below the rim.
The cross-canyon slice (Fig. 10c) shows the same per-
spective as Fig. 5¢, which was from a different day (2
March), but also at night (1256 UTC, or 0556 MST).
Both show similar features of the flow, including the
down-canyon jet.

February 28 was interesting because it was identified
by Lindsey et al. (1999) as a day when NGS emissions
appeared at GCNP. Unlike nearly all the other such days,
however, it did not have persistent synoptic north-north-

—

Fic. 5. Doppler lidar radial velocity measurements. Green and blue represent flow toward the lidar, whereas yellow and red represent flow
away. Tick marks are at 2-km (horizontal) and 1-km (vertical) increments. The lidar was located at (0, 0); thus z = 0 represents the height
of the south rim. () A cross-canyon scan (azimuth = 331.8°) taken on 21 February 1990, demonstrating a flow reversal at rim height (the
flow above the rim had a northwesterly component and the flow below the rim had a southeasterly component). (b) An along-canyon scan
(azimuth = 10°) taken on 7 February 1990, showing strong, gusty winds above and in the canyon. The missing data areas between the red
and pink regions are due to weak backscatter returns, i.e, relatively cleaner air. (c) A vertical slice of a volume scan looking north, taken
from range gates a constant distance of 9.9 km from the lidar. The blue and green regions represent northerly along-canyon flow, and the

warmer colors represent southerly flow.
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FiG. 6. Vertica profiles from near the canyon bottom to above the
south rim showing the radial velocity (u,, m s*) and backscatter
intensity (B, in dB), from a Doppler lidar scan on 21 February 1990
at 0215 UTC. Also shown are potential temperature profiles (6 in K),
from the Phantom Ranch airsonde at 2000 UTC on 20 February (solid
line) and from the Phantom Ranch tethersonde at 0200 UTC on 21
February 1990 (dashed line).

easterly flow resulting from a traveling cyclone system.
Lindsey et al. identified this as a period when emissions
arrived at GCNP by ** possible transport through Marble
Canyon.” Banta and Olivier (1991) found that the
down-canyon (northerly) flow in the canyon to the north
had speeds of ~3 m st and concluded that this was
sufficient to produce transport of 110 km over a 10-h
period, if the down-valley flow was continuous in space
between the NGS and GCNR, and if it persisted in time
over the 10-12-h nighttime period. Thus, they con-
cluded, “‘in-canyon transport could have carried the
emittants from the NGS to the Grand Canyon.” This
issue is unresolved, because instrumentation was not
sited in the Colorado River gorge to see whether the
down-canyon flow was continuous from near the NGS
to the Grand Canyon and whether NGS emissions ac-
tually made it into the gorge. Because of accessibility
and expense considerations, the Doppler lidar provided
the only data in the gorge south of Le€'s Ferry (near
Page) except for Phantom Ranch.

Along with the contour plots, we also used the 3D
volume data to produce vertical profiles of u,, which
correspond to mean up- and down-canyon wind speeds

24 January 1990
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FiG. 7. Vertical profiles of the radial velocity (u,, m s~*) and back-
scatter intensity (B, in dB), asin Fig. 6, except from a Doppler lidar
scan on 24 January 1990 at 1759 UTC. Also shown are potential
temperature profiles (6 in K), from the Phantom Ranch airsonde at
2000 UTC (dashed line) and at 2300 UTC (solid line).
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FiG. 8. Hourly values of the stability as measured by surface-station
temperature data for 23-25 January 1990 UTC. Also plotted are val-
ues from airsonde measurements (A and 4 ). Temperature gradients:
gDS-IN calculated between Desert View and Indian Garden surface
stations, gHO-IN between Hopi Point and Indian Garden, g15-4 be-
tween the 1500 m and 400 m AGL sounding levels, and g14-4 be-
tween 1400 m and 400 m AGL sounding levels.

through the jet (Fig. 11). The maximum magnitude of
northerly flow (negative values) on this profile was 3.1
ms*tat z= —1.3 km. Winds decreased with height to
zero at —0.6 km and became southerly (positive values)
above in the upper portions of the canyon.

To investigate the time-dependent behavior of the jet,
we extracted values of u, at two levels from wind pro-
files (as in Fig. 11) through the jet. One level, at z =
—1.2 km, sampled the jet flow in the lower part of the
canyon, and the other, at z = —0.2 km, sampled the
flow in the upper part. These values were obtained for
each of the four different types of aong-canyon volume
scan during this study period. [Bantaand Olivier (1991)
previously performed a similar analysis using only the
full (HR) volume scans.] The time plot of these values
(Fig. 12) shows that the flow inthejet at z= —1.2 km
(solid curve) had a distinctive diurnal variation during
thefirst three days of the period (28 February—2 March),

7-8 February 1990
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FiG. 9. Vertical profiles of the radial velocity (u,, m s~*) and back-
scatter intensity (B, in dB), asin Fig. 6, except from a Doppler lidar
scan on 7 February 1990 at 2139 UTC. Also shown are potential
temperature profiles (6 in K), from the Phantom Ranch airsonde at
2000 UTC (solid line) on 7 February, and at 0700 UTC (dashed line)
on 8 February.
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the velocities becoming increasingly negative through
the nighttime hours (shaded).

The flow at sunrise (about 1400 UTC) on these three
days was at its peak negative value, indicating strongest
down-canyon flow at that time. By around sunset (0000
UTC) on each day the down-canyon flow was at its
weakest, having changed sign on one of the days to up-
canyon flow. Thus, on these days with very light am-
bient flow, this analysis shows evidence for thermally
forced up-valley/down-valley flow in the bottom of the
Grand Canyon.

Also interesting is the response of the flow in the
upper half of the canyon. The dashed curve in Fig. 12
shows that the flow at z= —0.2 km also varied diurnally
during the first three days, but the variation tended to
be opposite to the flow in the jet. Banta and Olivier
(1991) concluded that the flow in the upper part of the
canyon represents a compensating current for the ther-
mally forced flow at the bottom of the canyon, pointing
out that thisis an example of the behavior one expects
from an antivalley/antimountain breeze.

The diurnal rhythm of, and opposite phase relation-
ship between, the flow in the lower and upper portions
of the canyon are characteristic of thermally forced up-
canyon and down-canyon flows and their compensating

BANTA ET AL.

1079

0.0[ T T
(b} —

-0.5= 1
AN
j\/_ﬂo\/\/\o'

=2 r e e . ; )
N -1.0— < 2 A P L R
L -2 .... ..'.fé.-

F . . -}? g

[ 2. . . A
45l R g
1'5, x=1.6 km i

. . . |
6 7 8 9 10 " 12
Y (km)

Fic. 10. Three orthogonal cross sections from lidar volume scans
through the down-canyon jet on 28 February 1990 at 0900 UTC
(0200 MST). Thelidar islocated at (O, O, 0) km in the cross sections.
Shading indicates down-canyon speeds of >3 m s~* (magnitude).
(a) Horizontal x—y (east—north) plot of lidar radial wind component.
At 1.2 km below the south rim site of the lidar, the down-canyon
flow is channeled by the terrain. Northerly, or down-canyon, flow
is represented by dashed lines; southerly flow by solid lines. (b)
Vertical dlice of lidar radial wind speeds taken at x = 1.6 km,
depicting the vertical and along-canyon structure of the jet of north-
erly flow (dashed lines). (c) Vertical slice taken 9 km north of the
lidar and extending from one canyon wall to the other, showing the
jet of down-canyon flow as concentric contours between x = 0 and
2 km.

return currents. Because of the extreme complexity of
the topography in this region, however, other effects
could contribute to the cycles of flow in the canyon,
especially in the upper region. For example, flows from
or into side (tributary) canyons draw air from or spill
into the Grand Canyon. Farther north at Marble Canyon
the along-canyon component of the diurnal cycle of lo-
cal up-canyon and down-canyon flows near the surface
is opposite to the expected direction, as described in
section 2a. These flows are dominated in this area by
larger-scale anabatic (upslope) and katabatic (down-
slope) winds on the Kaibab Plateau and the Marble Plat-
form (Whiteman et al. 1999a,b). Effects such as these
probably act or interact with the thermally forced along-
canyon flow and return-flow systems farther south in
the area of the present study, and thus may be contrib-
uting to the behavior shown in Fig. 12.

On 3 March few scans were available because of the
snowfall. The winds in the lower canyon on 4 March
exhibited the diurnal pattern of increasingly negative
wind velocities during the night and more up-canyon
(positive) flow the next day.

Later on 4 March and into 5 March, the synoptic flow
increased from a southwesterly direction, and this flow
was channeled by the canyon. The flow was strong and
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Fic. 11. Vertical profile of mean u, showing peak speeds of 3.1 m
st in the jet of down-canyon flow at z = —1.3 km, i.e., below the
south rim. The wind gradually decreased in speed with height and
switched to southerly flow above —0.6 km. The profile, centered at
x = 1.0 km and y = 8.6 km, was from the volume shown in Fig.
10.

turbulent enough to scour the preexisting cooler, cleaner
air out of the canyon. As a result, during the last 1%
days of the period, flow in both the upper and lower
parts of the canyon was coupled and varied in asimilar
sense instead of opposite as before. This period was
thus representative of the gusty SW flow conditionswith
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strong vertical turbulent mixing, as described in section
3b. Typical of SW flow days, the ambient winds mixed
down into the canyon in strongly turbulent flow, and
the polluted air, being advected into the region, also
mixed down into the canyon. Lindsey et al. (1999) and
Richards et al. (1991) identified 5 March as one of the
three worst visibility days of the WV'S and concluded
that pollutants were transported into the region from the
urban sources in southern California and Nevada.

2) VERTICAL MIXING

Phantom Ranch 6 profiles showed near-neutral sta-
bility in the canyon during the day and weak stability
(2-3 K km~?) at night (one nighttime profile, 2 March
at 0600 UTC, showed a stability asstrong as5 K km~1),
during this period. Stabilities above the canyon were
near neutral. The gradient between 6 in the canyon and
that just above also tended to be near neutral, although
the sunrise profiles on some days showed a weak (~1
K) stable jump at the rim.

Time plots of aerosol backscatter at several vertical
levels inside and outside the canyon were obtained by
Banta and Olivier (1991) from profiles using a proce-
dure similar to that used for u, in Fig. 12. They noted
periods when polluted air was advected into the Grand
Canyon region above the rim, for example, 2 and 4
March, and periods when the air was cleaner, for ex-
ample, 3 March, when it snowed. They found that it
took several hoursto half aday for air, clean or polluted,
to mix downward into the canyon from above the rim,
as indicated by changes in the aerosol backscatter.

In contrast to this aerosol-concentration change re-
sulting from canyon airmass replacement, which oc-
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Fic. 12. Radia velocity vs time (UTC) in the lower (solid, *) and upper (dotted, ¢) parts of
the canyon. The points were taken from profiles similar to that shown in Fig. 11, and represent
horizontal averages between x = 1.0 and 1.7 km and y = 8.0 and 9.2 km, smoothed in the vertical
over 100 m. Shaded areas represent night (local time).
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curred over many hours, a change in the lower part of
the canyon on 4 March was observed to occur quickly.
Because the lidar measured both backscatter and radial-
wind data simultaneously, both fields could be analyzed
for the same scan sequence. Figures 13-14 show this
case, where the joint analysis reveals a case of sudden
mixing in the canyon. Figure 13a is a vertical cross
section of u, along the main axis of the canyon, showing
that a down-canyon jet persisted in the bottom of the
canyon until 1913 UTC (1213 MST) on thisday. Figure
13c shows that the jet consisted of relatively low-aero-
sol-backscatter (‘‘clean’) air, compared with the air in
the upper half of the canyon. This indicates a different
source for the air in the jet from that for the air just
above it. The clean air in the bottom of the canyon may
represent the remains of the cooler air mass, which had
been in the Grand Canyon region for the previous sev-
eral days, that the more polluted air was replacing. The
difference of 6 dB indicates a difference in backscatter
cross section of a factor of 4, which can mean a factor
of 4 difference in aerosol concentration, as discussed in
section 2b.

Figures 13b,d show conditions 8 min later: both the
winds and the aerosol contents were well mixed. This
suggests that aweak stable layer had been present during
the morning hours, preventing the low-backscatter,
down-canyon jet from mixing out, but that the inversion
broke because of turbulence-induced mixing at about
the time of Figs. 13a,c. After that time, the higher-back-
scatter air with the southerly momentum component
mixed downward rapidly, as the turbulence, produced
by surface heating and the gusty SW flow in and above
the canyon, coupled the upper and lower parts of the
canyon. This mixing and coupling is also illustrated by
the midcanyon profiles in Fig. 14. The crossover from
negative to positive values of u, in the lower canyon (z
= —1.2 km) is evident in Fig. 12.

Figures 13-14 show that the lower canyon can be
convectively coupled with the upper canyon under con-
ditions of strong turbulence and surface heating. At
these times the timescale for exchange of air between
the two regions within the canyon can be very short—
amatter of afew minutes—in contrast to the mechanism
of canyon airmass replacement, where such exchange
could take a half-day or more.

4. Conclusions

Of the many interesting flow regimes in the Grand
Canyon revealed by ETL's Doppler lidar, we have fo-
cused on three in this study: 1) where the flow in the
canyon was in the opposite direction from the cross-
canyon flow aloft; 2) where the ambient flow and the
flow in the canyon were both southwesterly, generally
strong, and turbulent; and 3) where the synoptic flow
was weak, and thermally forced up- and down-canyon
winds appeared in the canyon. We used the 6 and the
lidar aerosol-backscatter profile data to infer the effec-
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Fic. 13. Upper panels: Along-canyon contours of lidar u, (m s71)
at (a) 1913 UTC (1213 MST) and (b) 1921 UTC (1221 MST) on 4
March. The lidar was located at (0, 0). Northerly radial velocities >2
m st are shaded; the bold zero line separates the northerly flow at
the bottom of the canyon from the southerly flow in the upper canyon
in (a). Lower panels: contours of aerosol backscatter cross section
(dB), at (c) 1913 UTC and (d) 1921 UTC. Intensities >136 dB are
shaded, indicating the air with highest backscatter. The highest in-
tensities in the 1913 UTC cross section coincided with southerly
winds.

tiveness of vertical mixing in the canyon for each re-
gime. The reversed-flow regime generally occurred with
astrong temperatureinversion at rimlevel, and therefore
mixing between the air in the canyon and the air just
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above was strongly suppressed, although within the can-
yon the aerosol was well mixed. In the turbulent SW
regime, mixing was very efficient both in the canyon
and between the canyon and the air above.

In the weak synoptic forcing regime, local, thermally
forced flows dominated and vertical exchange within
and outside of the canyon was inefficient. The light
ambient flow period in this study ended with atransition
to polluted, high-aerosol, SW flow, providing an op-
portunity to assess vertical mixing processes in greater
detail. After the high-backscatter air appeared above the
canyon, the replacement of the cleaner air in the upper
portions of the canyon took several hours to a half-day.
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This process brought high-aerosol air into the upper
canyon, but it did not immediately mix down into the
lower canyon. When the two levels finally did mix, it
was accomplished by a much faster mixing process
within the canyon. Strong turbulent mixing, produced
by surface heating and by coupling with the gusty SW
winds above, overwhelmed a northerly jet of low-aero-
sol-backscatter air in the lower canyon in a matter of
minutes. Thus, two different vertical mixing processes,
one that took many hours and another that took but a
few minutes, were observed. It is important, however,
to keep these mixing timescales in perspective. These
processes were observed when a strong-wind regime
eroded the stability in the canyon. In the absence of
such a turbulent wind regime, an inversion at the rim
top can isolate the canyon from the flow above for sev-
eral days. Whiteman et al. (1999b) found that strong
inversions at the rim are produced by larger-scale warm
advection above the canyon. The results of the present
study show that if the warm advection is accompanied
by strong winds, the inversion may not last very long.
The relationship between the effects of wind speed and
direction, turbulence, and stability at the rim on the
efficiency of vertical mixing into the Grand Canyon is
an area that would benefit from further research.

Whiteman et al. (1999b) found no evidence for di-
urnal flows in tethersonde soundings taken from the
Colorado River bank at Phantom Ranch, and Whiteman
et al. (1999a) also found that the diurnal along-canyon
wind component at certain other locations did not agree
with expectation for a thermally forced along-valley
wind system. The Doppler lidar, on the other hand,
found a distinct diurnal signature to the flow in the
Colorado River gorge, a region not sampled by some
of the sites such as Buffalo Ranch. The presence of these
flows to the north of Desert View and absence at Phan-
tom Ranch indicates that down-valley (and presumably
up-valley) flows in a long and serpentine gorge, such
as that of the Colorado River, may be discontinuous,
with individual segments of the flow being driven by
local gradients of the terrain amplification factor (Stein-
acker 1984; McKee and O'Neal 1989; see Whiteman
1990). If this picture is accurate, then convergence and
divergence at the ends of the flow segments would con-
tribute to vertical exchange or transport in the valley
(or canyon).

Whiteman et al. (1999b) also showed that cooling
and heating in the Grand Canyon tends to occur more
uniformly with height than in smaller valleys studied in
Colorado, where these processes, especially the cooling,
are concentrated at the valley bottom and sidewalls. In
this study we also found the aerosol backscatter to be
rather uniformly distributed with height, especially in
the reversed-flow and SW regimes. These regimes are
characterized by eddies or circulations in the canyon
that are externally imposed and similar in scale to the
dimensions (width or depth) of the canyon. It is likely
that these eddies or circulations are responsible for the
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vertical transport that produces the uniform profiles of
aerosol distribution in the canyon. This implies that
these flow structures may also have a key role in dis-
tributing daytime heating and nocturnal cooling in the
vertical.
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