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ABSTRACT

Surface energy budget measurements were made concurrently at five sites located on the valley floor, sidewalls
and ridgetop of Colorado’s 650-m deep Brush Creek Valley (39°32'N, 108°24'W) on the nearly clear day of
25 September 1984 using the Bowen ratio energy budget technique.

Daily average surface heat flux values for a natural sagebrush ecosystem on the floor of the semiarid valley
included an input of 109 W m ™2 net all-wave radiation and 15 W m 2 ground heat flux, and a loss of 48 W
m 2 Jatent heat flux and 76 W m ~? sensible heat flux. Significant differences in instantaneous, daily, and daytime
fluxes occurred from site to site as a function of slope aspect and inclination angles and surface properties,
including vegetation cover and soil moisture.

Strong contrasts in instantaneous latent and sensible heat fluxes occurred between the opposing northeast-
and southwest-facing sidewalls of the valley as solar insolation varied through the course of the day and as
shadows propagated across the valley. This differential heating and moistening of the air above the opposing

slopes produces cross valley circulations and the resulting moisture and heat transports observed by other

investigators.

The ridgetop site, with a nearly unobstructed view of the sky and the longest daytime period, received the
highest daily total of net radiation (12.12 MJ m~?) and lost the highest sensible heat flux total (8.49 MJ m2).
The dry southwest-facing slope produced a nearly equivalent daily total sensible heat flux, despite the later
sunrise and earlier sunset at this site, because of the dry soil, lack of vegetation, and intense afternoon radiation
on the sloping surface. One of the valley floor sites, located in a wheatgrass meadow, produced a daily total
latent heat flux (7.37 MJ m~2) over four times larger than the dry southwest-facing.sidewall. Mean daytime
Bowen ratios varied from 0.86 at the valley floor meadow site to 7.60 on the southwest-facing sidewall.

Daily total sensible heat fluxes in the valley were much larger than required to destroy typical nocturnal
temperature inversions, and the excess is available on clear fall days to grow deep convective boundary layers
over the region. Hodographs show clockwise turning of the winds above the northeast-facing sidewall during
the course of the day, counterclockwise turning on the southwest-facing sidewall, and clockwise turning on the
floor of the narrow valley as the cycle of down-slope, down-valley, up-slope and up-valley winds is executed.
The times of reversal of the slope and valley wind systems at the individual energy budget sites were closely
related to the time of sign reversal of sensible heat flux, within the time resolution of the sensible heat flux data.

1. Introduction

Few observations are available to show the range of
energy budget microclimates in an area of complicated,
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deeply dissected terrain (Miller 1981; Oke 1978). These
differences in microclimate, however, are of important
ecological significance, affecting the distribution of
plant and animal species and the timing of various
types of biological activity. Hydrological and meteo-
rological characteristics of the complex terrain area are
also expected to depend strongly on energy budget mi-
croclimates.

As part of the U.S. Department of Energy’s Atmo-
spheric Studies in Complex Terrain (ASCOT) pro-
gram, five surface energy budget stations were installed
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and operated in Colorado’s deep Brush Creek Valley
during September and October of 1984. The focus of
the Brush Creek Valley experiments was on the me-
teorological behavior of the valley, investigating the
evolving valley thermal structure and the structure of
the locally developed wind systems. This paper reports
on a subexperiment to investigate the surface energy
budget microclimates in the valley. Data from this
subexperiment were to be used as input to atmospheric
numerical models and to analyses of the mass, mo-
mentum and heat budgets of the nocturnal valley at-
mosphere. The five sites in the valley were chosen to
be representative of the major topographic surfaces in
the valley (valley floor, sidewalls and mesa top) so that
the data would be useful for these purposes.

The reader is referred to the accompanying paper
by Whiteman et al. (1989) for information on the
Brush Creek Valley, the locations of the measurement
stations, the vegetation cover at individual sites, and
other information on the experimental setup that are
not repeated here. This paper begins with a discussion
of the measurements and the equations used in pro-
cessing the surface energy budget data. This is followed
by a comparison of energy budget measurements made
at the Brush Creck energy budget stations on the nearly

clear day of 25 September. Finally, the observed wind

systems are discussed in terms of the local energy bal-
ance measurements.

2. Bowen ratio energy budget method

Surface energy budget measurements in the Brush
Creek Valley were made using the Bowen ratio energy
budget (BREB) technique. This technique had been
used in previous complex terrain experiments by other
investigators (Rott 1979; Halbsguth et al. 1984; Schad-
ler 1982) and had the advantage of requiring small
amounts of equipment and measurements. Commer-
cial electric power was unavailable in the Brush Creek
Valley and, because of access difficulties in the rugged
terrain, two of the five stations had to be transported
to their sites by helicopter. Small, battery-operated,
field-portable BREB stations had been recently devel-
oped by one of the authors (Fritschen). An accom-
panying paper by Fritschen and Simpson (1989) report
on the design and performance of the BREB stations
used in the Brush Creek experiments. These experi-
ments produced opportunities to compare the BREB
measurements with adjacent measurements at a valley
floor site made with the eddy correlation technique.
This comparison is reported in an accompanying article
by Doran et al. (1989) for a nighttime period when
measurements were coincident.

a. Convective fluxes

The energy balance of a homogeneous surface is
given by the following equation:

Q*+ Q6+ Q0+ Q:=0, (1)
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where Q* is the net all-wave radiation, Qg is the ground
heat flux, Qp is the surface sensible heat flux and Qy
is the surface latent heat flux. In this equation, all fluxes
toward the surface, whether from the ground or the
atmosphere, are defined to be positive.

Using the flux-gradient approach, sensible and latent
heat fluxes can be written as

AT
QH=pCpKH(E+I‘) and (2)
ol b
Q= 7 KWAZ, (3)

where p is air density, ¢, is specific heat of air at constant
pressure, T is temperature, T is 0.0098° Cm ™!, z is
height, ¢ is 0.622, L, is latent heat of vaporization of
water, P is atmospheric pressure, Ky and Ky are the
eddy diffusivities for heat and water vapor, and e is
vapor pressure.

The ratio 8 of the sensible and latent heat fluxes,
termed the Bowen ratio, is then given by

ﬁ=_Q_1i=acpP AT + I'Az
QE GL,, Ae )

The value of the ratio of the eddy diffusivities « is
somewhat controversial, but is assumed here to be unity
in accordance with assumptions made by others using
the BREB method, and in the absence of definitive
evidence for an alternative value. This is equivalerit to
assuming that turbulence is equally effective in trans-
porting thermal energy and water vapor.

In the BREB method, net all-wave radiation and
ground heat flux are measured along with gradients of
air temperature and vapor pressure over a given height
interval. The convective fluxes are then calculated as

Or=-135(Q" +0) and  (5)
()

QOn = BQk.

In such calculations, one assumes that the sensible
and latent heat fluxes do not change over the height
of the gradient measurements and that the measure-
ments are averaged over an interval long enough to get
an adequate statistical sample but short enough that
the atmosphere is nearly steady state. A 30-min aver-
aging period was chosen to satisfy this latter require-
ment. The heights of the gradient measurements for
the Brush Creek stations are given in Table 1. These
heights were chosen based on the surface cover at the
individual sites. Further information on the experi-
mental sites is given in the accompanying article by
Whiteman et al. (1989).

Sites were chosen to minimize the effects on the sur-
face energy budget measurements of sharp upwind dis-
continuities in surface cover or topography. Uniformity
of the fetch, however, was difficult to evaluate in prac-
tice. Shallow benches were present below both sidewall
sites, although they produced no sharp changes in veg-

(4)
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TABLE 1. Instrument heights.
Instrument height (m)
Site Anemometer Psychrometer
PNL 2.48 1.17-2.17
RDG 2.48 0.79-1.76
E 2.37 0.60-1.77
w 2.18 1.27-2.27
WPL 2.48 0.51-1.57

etation or, apparently, moisture. The meadow site, on
the other hand, was significantly more moist than the
natural mountain shrub and desert sagebrush ecosys-
tems on the nearby sidewalls and was probably some-
what more moist than adjacent areas on the valley floor.
The effects of surface cover, topography, and moisture
discontinuities on the measurement of fluxes have not
been investigated in the present experiments, and this
is an important question that should receive additional
research in future studies.

b. Net radiation and ground heat flux

Determination of sensible and latent heat fluxes from
(5) and (6) requires knowledge of the Bowen ratio g,
obtained from measurement of vertical gradients of
temperature and vapor pressure using (4), and accurate
- measurement of net radiation and ground heat flux.

Net all-wave radiation measurements were made
with identical miniature net radiometers calibrated by
the manufacturer before the experiment. Measure-
ments made on horizontal radiometers at the two side-
wall sites were translated to the underlying sloping sur-
faces using the method described by Whiteman et al.
(1989). Values of all four surface energy budget com-
ponents at all sites (three horizontal sites and two si-
dewall sites) are reported per square meter of the un-
derlying surface.

Ground heat fluxes were measured perpendicular to
the local ground surface, so that measured soil heat
fluxes at the sidewalls sites are expected to be repre-
sentative of the ground heat flux per square meter of
sloping surface. Determination of the ground heat flux
at the surface (Qg) involves the measurement of the
soil heat flux at some depth ( Q) plus the calculation
of the change in energy storage in the layer of soil above
the heat flux transducer (Qs), such that

Q¢ = Or + Qs. (7)

Soil heat flux density was measured at all sites with
Micromet Instruments heat flow transducers at 0.1 m
depth. Since thermal conductivity of a transducer is
generally different from that of the soil, measured soil
heat fluxes Q’ were corrected to obtain actual soil heat
flux using the formula
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11925 (1-39)

d Ar )
Or = Q0F . (8
/ Ay
1 1.92d(1 )\T)

This correction (Fritschen and Gay 1979) is based
on the theory developed by Philip (1961) in which the
ratio of the heat flow through the transducer to the
heat flow through the soil is related to the transducer
thermal conductivity A7, soil thermal conductivity Ag,
and the thermal conductivity of the calibration medium
A, where [ and d are the thickness and diameter of
the cylindrical transducer. The thermal conductivity
of the transducer and calibration medium were deter-
mined in the laboratory before the field experiment
and the thermal conductivity of the soil was determined
from a formula for silt loam soils determined by
MclInnes (1981), as presented by Campbell (1985):

A = A+ BXw — (4 — D) exp[—(Cxw)*], (9)

where Xy is the volume fraction of water in the soil
and the coefficients are a function of soil bulk density
pp and soil clay fraction X.:

A =0.65—0.78p5 + 0.60p%

B =1.06pp

C=1+26x

D =0.03+0.1p%. (10)

Bulk soil densities and soil clay, mineral and organic
fractions were estimated (Table 2) using a Soil Con-
servation Service soils map of the Brush Creek Valley
and published laboratory analyses of soil samples taken
from the adjacent Clear Creek Valley (Moore et al.
1981). Soil samples were collected at each of the mea-
surement sites during the course of the experiments to
allow the post-experiment laboratory determination of
soil moisture by standard gravimetric procedures
(ASTM-D2216-80).

Change in heat storage in the soil above the heat
flux plate was determined using the formula

ATy

Qs=—C—At—AZs, (11)

where C is the volumetric soil heat capacity, T is the

TABLE 2. Soil coeflicients.

PB X Xo Xum Xw

(10° kg m™3) — — — —
PNL 1.2 0.07 0.04 0.46 0.075
RDG 1.3 0.13 0.05 0.45 0.110
E 14 0.07 0.02 0.48 0.050
w 1.3 0.09 0.07 043 0.185
WPL 1.2 0.08 0.10 0.40 0.175
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mean soil temperature in the layer from 0 to 0.1 m
and AZsis 0.1 m. Mean soil temperature was measured
with four equally spaced silicon diodes wired in parallel
and potted in epoxy in the form of a 0.1 m long rod.

Data collection system resolution of the measured
mean soil temperatures was 0.14°C. This was, unfor-
tunately, too coarse, and produced steps in the soil
temperature curves rather than the desired smooth
curves. A five-point running mean was consequently
applied to the mean soil temperature data to reduce
the problem.

Soil samples were used to estimate the volume frac-
tions of soil constituents to calculate the soil heat ca-
pacity using the formula

C= CMXM + ’CoXo + Cwa“" CAXA, (12)

where subscripts on volumetric heat capacity C and
volume fraction X refer to minerals, organic matter,
water and air, respectively, and

XA=1_XM_X0—Xw. (13)

Volumetric heat capacities of Cy = 4.2, Cy = 2.5
and C, = 0.001 MJ m 3 K ! were obtained from pub-
lished tables (e.g., Campbell 1985). The volumetric
heat capacity of the mineral fraction of the Brush Creek
soils, Cpr = 1.3 MI m 3 K™!, was derived from labo-
‘ratory specific heat measurements of oven-dried soil
samples, obtained after grinding.

3. Processing of data
a. Bowen ratio data

Psychrometric data at the Bowen ratio stations were
obtained at two levels using identical shiclded fan-as-
pirated updraft psychrometers (see Table 1 for heights).
The resolution of the temperature and wet bulb tem-
perature sensors was nominally 0.006°C. To reduce
experimental error in the measured temperature and
humidity gradients, the psychrometers were inter-
changed with a belt-driven Automatic Exchange
Mechanism (AEM) every 6 min. Further details on

" the equipment and its performance are provided by
Fritschen and Simpson (1989).

All basic radiation and surface energy budget data
were sampled at 30-s intervals for the last 4 out of
every 6 min. At the conclusion of each 6-min sampling
period the AEM was activated, and sampling of all
data was stopped for a 2-min period while the psy-
chrometers equilibrated at their new levels. The basic
data set thus consists of 4-min average data at 6-min
intervals corresponding to the time periods during
which the psychrometers maintained their positions.
A moving 12-min average was applied to the resulting
dataset to account for the psychrometer interchanges,
and 30-min average surface energy budget quantities
were, in turn, obtained from five overlapping 12-min
averaged data points. The ending time (LST) was as-
signed to each 30-min averaged value.
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b. Alternate method of calculating fluxes

The data processing objective was to use the BREB
data to the maximum extent. The BREB method of
calculating convective fluxes fails, however, when the
Bowen ratio approaches —1 [see Eq. (5)]. This typically
occurs twice per day during a brief transition period
in the morning and afternoon. Further, during night-
time or in other low flux situations when inaccuracies
in measurements of net radiation and ground heat flux
are comparable to the convective fluxes, erroneous re-
sults may be obtained. This is apparent in the data
when the calculated fluxes are inconsistent with the
sign of the measured gradients. We used Ohmura’s
(1982) objective method to reject erroneous BREB
data, but modified his method slightly to reject all cal-
culated fluxes for which the Bowen ratio was between
—0.75 and —1.25.

An alternate method of calculating convective fluxes
was developed for periods when the objective criteria
required rejection of the BREB fluxes or when the va-
por gradient data were incomplete or untrustworthy
(e.g., frozen or dry wicks). In these cases, a combined
energy budget-aerodynamic method suggested by
Tanner (1967) was used to fill in the missing data pe-
riods. This method uses the bulk aerodynamic method
to determine an exchange coefficient

C, = €Qy/c, PulT, (14)

where u is the wind speed. Following Deardorff (1968),
we assumed that C, at each site is solely a function of
the bulk Richardson number, ‘
g A8 (z,\?

RB T AZ ( u ) ’ ( 15)
where g is gravitational acceleration, 4 is potential tem-
perature, and z, is the height at which wind speed u is
measured.

The procedure is to use all nonrejected Bowen ratio
data to develop a relationship between C, and R using
(14) and (15). Then, for periods when Bowen ratio
data are rejected, Rp is calculated from the wind and
temperature profile data using (15), and C, is deter-
mined from the relationship between Rz and C,. The
value of C, is then entered into (14) to calculate a 6-
min average Qy. The C,-Rj relationships were de-
veloped for each station (Table 3) using data collected
during a 16-day period. Figure 1 illustrates the C,—Rp
relationship for the PNL station. Fritschen and Simp-
son (1989) presented a similar relationship for wheat
stubble in Kansas.

For 30-min periods when some 6-min average
Bowen ratio data were rejected, the aerodynamic
method was used to substitute for the rejected 6-min
Bowen ratio sensible heat flux data; the 30-min average
latent heat flux was then calculated as an energy balance
residual so that an energy balance is always maintained.

For periods when data were missing, 30-min net ra-
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TABLE 3. Exchange coefficient-bulk Richardson
number relationships.

Site Relationship Condition
PNL Cy = —13.300R;p + 0.436, Ry < 0.020
Cy = —0.389Rp + 0.178, Rz = 0.020

RDG Cy = —15.679Rp + 0.402, Rp < 0.011
Cy = 0.000Rz + 0.230, Ry = 0.011

. E Cy = —10.000R; + 0.250, Rp < 0.000
Cy = 0.000R; + 0.250, Rz = 0.000

w Cy = —18.209R; + 0.772, Ry < 0.027
Cy = —0.867Rz + 0.303, Ry = 0.027

WPL Cy = —7.480Rp + 0.350, Ry < 0.027
Cy = 0.000R; + 0.150, Ry = 0.027

diation, ground heat flux and sensible heat flux data
were interpolated, with latent heat flux calculated as a
residual. We found that it was occasionally necessary
to subjectively edit 6-min data when there was a sig-
nificant mismatch between BREB data and inserted
aerodynamic values. '

4. Surface energy balance

Data will be presented for 25 September 1984-—a
nearly clear day, although a few cirrus clouds were
present in the early morning hours, and a layer of cir-
rostratus made several advances into the valley from
the south in the mid- to late afternoon. The first freezing
temperatures of the field study, and presumably the
season, in the Brush Creek Valley occurred on this
morning at all sites.

Figure 2 shows the diurnal variation of net radiation,
ground heat flux, latent heat flux, and sensible heat
flux at the five sites obtained with the methods de-
scribed above. Table 4 presents the daily and daytime
(local sunrise to local sunset, i.e., LSR-LSS) surface
energy budget component totals obtained by integra-
tion of the curves in Fig. 2. Also included in Table 4

1.5 T T
1.0 g
0.5 + ]
Cv —
' 0 PN ot ]
..0_5 1 L a4 It 1
-0.10 -0.05 0 0.05 0.10 0.15 0.20
Rg

FI1G. 1. Exchange coefficient versus Richardson number for the
PNL valley floor site, using 30-min averaged data from the period
16 September through | October 1984.
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FIG. 2. Net all-wave radiation flux (Q*), soil heat flux (Q¢), latent

heat flux (Qz) and sensible heat flux (Qy) for five sites in the Brush
Creek Valley, 25 September 1984.

20 24

are several diagnostic ratios of the various energy
budget totals. The difference (not shown ) between the
daily and daytime totals would represent the nighttime
(LSS-LSR ) totals. Plots of daily and daytime heat flux
totals for all sites are presented in Fig. 3a and b, re-
spectively.

At the lower valley floor (PNL), ridgetop (RDG),
and upper valley floor or meadow (WPL ) sites, located
on level ground, net radiation (Fig. 2) was symmetric
about solar noon, with the highest 30-min average net
radiative gain at the ridgetop site (634 W m~2 at 1230
LST). Strong asymmetries occurred at the east (E) and
west (W) sidewall sites because the slope and aspect
angles of the sidewalls strongly affect the timing and
magnitude of the radiation income. The largest 30-
min average net radiative gain of all the sites (695 W
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TABLE 4. Surface energy balance totals (MJ m™2) for 25 September 1984 calculated from 30-min averages, and ratios of the various totals.

Site Times Q* O On Oc QulO* Qq/O* OulQk O:/(Q* + Qo)
Daily totals
PNL 0000-2400 9.45 1.32 -6.60 —4.17 -0.70 0.14 1.58 -0.39
RDG 0000-2400 12.12 0.75 —8.49 —4.38 -0.70 0.06 1.94 —0.34
E 0000-2400 9.74 0.47 —8.43 -1.77 -0.87 0.05 4.76 -0.17
w 0000-2400 8.52 1.40 -7.43 —2.49 —0.87 0.16 2.98 —0.25
WPL 0000-2400 10.45 0.94 —4.04 -7.37 -0.39 0.09 0.55 -0.65
LSR-LSS* totals
PNL 0730-1630 12.14 -1.29 -7.21 —3.65 -0.59 —0.11 1.98 . -0.34
RDG 0630-1800 14.76 -1.20 —9.44 —4.11 —0.64 —0.08 2.30 —-0.30
E 0830-1700 12.67 —1.15 —10.18 -—1.34 —0.80 -0.09 7.60 —0.12
w 0700-1500 11.14 —0.68 —8.60 —1.86 -0.77 —0.06 4.62 —0.18
WPL 0800-1630 12.71 ~1.88 -5.00 —5.84 —0.39 —0.15 0.86 -0.54

* LSR-LSS = local sunrise to local sunset.

m 2 at 1400 LST) was experienced at the east sidewall
site. Nighttime net radiative losses at the five sites, ex-
cept for a cloudy period after midnight, were typically

20
(a) . Q* E QH
1 QG z QE T

Energy Total (MJ m—2)

2Tl

Energy Totals (MJ m-2)

RDG E w WPL

Site

PNL

FiG. 3. (a) Daily and (b) daytime (i.e., local sunrise time to local
sunset time) heat flux totals at the five Brush Creek Valley sites, 25
September 1984.

50-65 W m 2. As an example of the differences be-
tween sites, at 0500 LST net radiative losses were 67,
76, 62, 49, and 50 W m 2 at the PNL, ridgetop, east
sidewall, west sidewall and meadow sites, respectively.
The highest losses occur at the ridgetop site where the
sky view factor (sky fraction of the upper hemisphere)
was large (0.92). Other factors at individual sites that
appear to affect nighttime radiative fluxes were the sur-
face cover (e.g., grasses at the WPL site become radia-
tively cold during nighttime) and the existence of a
nighttime temperature inversion in the valley, which
increases the atmospheric radiation received at the
slope sites relative to the other sites. Unusual dips in
the nighttime net radiation curves (Fig. 2) for the east
sidewall site near sunrise and for the west sidewall site
near sunset are artifacts of the method used to translate
horizontal net radiation measurements at these two
sites to the underlying sloping surfaces.

Net radiation totals at all sites except for the ridgetop
site are significantly affected by the delayed sunrise and
early sunset caused by topographic shading from the
surrounding ridgetops. This effect is quite pronounced
at the west sidewall site, where local sunset occurs in
early afternoon. Daytime totals of net all-wave radia-
tion were highest at the ridgetop site (14.76 MJ m2),
which had the longest period of direct sunlight (11.5
h), and lowest at the west sidewall site (11.14 MJ m~2),
which had the shortest period of direct sunlight (8 h).
The east sidewall site had an intermediate value of net
all-wave radiation (12.67 MJ m~2), despite its short
daytime period (8.5 h), on account of the high net
radiation values received during early to midafternoon
when the southwest-facing slope faces the sun directly.
This effect of the slope’s orientation would have been
greater still, had it not been for midafternoon cirrostra-
tus clouds.

Heat flux into the ground (Fig. 2) typically began
an hour or more after local sunrise at all sites and ended
before local sunset. The largest daytime ground heat
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flux (—139 W m ~2) occurred at the moist meadow site
while the smallest (—53 W m ~2) occurred at the west
sidewall site. Nighttime ground heat fluxes at the five
sites were directed toward the surface at rates of up to
50-60 W m™2. These ground heat fluxes effectively
balanced much of the nighttime net radiative energy
loss from the surfaces, with the result that little available
energy (Q* + Q) was left for sensible and latent heat
fluxes. The amplitude of the ground heat flux curves
was highest at the meadow and ridgetop sites. The dry
east sidewall site had the lowest nighttime ground heat
flux and one of the lowest daytime fluxes. During day-
time, heat flux into the ground at the west sidewall site
was low despite the relatively moist soils that supported
the growth of a dense cover of bushes on this sidewall.
At this sidewall the highest net radiative fluxes occurred
in the morning hours and the energy was initially used
to evaporate water and heat the air. The bushes shaded
the ground effectively when shadows were long in the
morning, and the cover of organic debris reduced
ground heat fluxes. The daytime ground heat flux curve
was thus strongly damped while the nighttime curve
appeared to differ little from the other sites. Thus, over
the course of this fall day the daily soil energy loss was
highest on the west sidewall.

Daytime ground heat flux totals at the five sites were
in the range from —0.68 to —1.88 MJ m 2, but a long
nighttime period of modest energy loss at the rate of
40 or 50 W m 2 produced a net loss of energy from
the soil on this clear fall day, thereby producing sea-
sonal cooling of the ground as winter approached.
Daytime ground heat flux totals were 0.06-0.15 of the
daytime net all-wave radiation totals, but nighttime
ground heat fluxes constituted over 0.50 of the night-
time net radiation totals at all sites. The near-equiva-
lence of nighttime ground heat flux and net all-wave
radiative loss made the measurement of sensible and
latent heat fluxes by the BREB method difficult at night
and increased uncertainty in the nighttime results.

Evaporation continued day and night at all sites.
Latent heat flux magnitudes, however, were relatively
small compared to observations in wetter climates (e.g.,
Oke 1978). The western wheatgrass meadow at the
meadow site produced the highest instantaneous latent
heat flux (—232 W m™2), while latent heat flux at the
dry east sidewall site attained only —79 W m 2. Latent
heat flux at the ridgetop site was nearly symmetric
about solar noon, but the PNL and meadow sites ex-
hibited somewhat higher fluxes in the afternoon. Latent
heat fluxes were high on the west sidewall in the morn-
ing and on the east sidewall in the afternoon, in keeping
with the asymmetric course of net radiation at the two
sites. .

Daily latent heat flux totals differed at the five sites,
depending on vegetation and soil moisture. The east
sidewall site was on a barren slope containing little
vegetation and very dry soil (Table 2). Daily total latent
heat flux at this site was —1.77 MJ m ~2, equivalent to
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the evaporation of 0.7 mm of water. The meadow site,
although not irrigated, was in a moist valley floor set-
ting. Evapotranspiration at this site produced a daily
total latent heat flux of —7.37 MJ m 2, equivalent to
the loss of 3.0 mm of water. These levels of latent heat
flux represent 0.17-0.65 of the daily available energy
at the two sites.

Sensible heat fluxes differed significantly from site
to site, with especially pronounced differences between
the east and west sidewalls. Fluxes were a maximum
on the west sidewall in the morning (—477 W m 2 at
1000 LST) and on the east sidewall in the afternoon
(—565 W m~2 at 1400 LST). Daytime fluxes over the
sidewalls heated the near-surface layer of air creating
buoyancy forces that drove upslope winds. These flows
will be discussed in a later section of this paper. Only
at 1130 LST were daytime sensible heat fluxes equiv-
alent over the two sidewalls. Before 1130 sensible heat
fluxes were larger over the west sidewall and after 1130
they were higher over the east sidewall. Differential
atmospheric heating rates above the opposing sidewalls
drive a cross-valley flow toward the more strongly
heated sidewall. The effect of the morning cross-valley
flow on the dispersion of an elevated tracer plume in
the Brush Creek Valley has been studied previously by
Whiteman (1989) and, with a two-dimensional nu-
merical model, by Bader and Whiteman (1989). On
the valley floor sensible heat flux was higher in the
morning than in the afternoon. This seems to have
been caused by two factors. Since the ground heat flux
wave lags the net radiation, the morning input of net
radiation is channeled into the two convective fluxes,
with little energy lost to the ground. This tends to in-
crease the convective fluxes in the morning relative to
the afternoon. Also, there seems to be a relatively larger
flow of this available energy into sensible heat flux than
into latent heat flux in the morning. Partitioning of
much of the available energy into latent heat flux at
the meadow site reduced the sensible heat flux there.
At the ridgetop site, the sensible heat flux curve was
symmetrical about solar noon. The maximum value
(—385 W m ~2) was less than that at the dry east sidewall
site, where sensible heat flux attained —565 W m ™2 in
the afternoon when the sun was shining directly on the
inclined surface and there was little transpiration from
the sparse vegetation and thermal diffusivity of the dry
soil was low. The topmost soil layer became strongly
heated; measurements of upward longwave radiation
from the site showed effective radiating temperatures
(e assumed equal to 1) as high as 30.5°C, nearly 9°C
higher than the WPL and ridgetop sites.

Nighttime values of sensible heat flux were generally
in the range from 5 to 40 W m™2, except for a 3-h
period of higher fluxes (nearly 70 W m 2) in the early
evening. Confidence in the nighttime convective fluxes
is relatively low. Some nighttime Bowen ratio calcu-
lations were rejected using the Ohmura (1982) test,
and additional difficulties were experienced with some

\
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of the automatic exchange mechanisms and with frozen
psychrometers.

Daytime totals of sensible heat flux varied from
—5.00 MJ m 2 at the meadow site, where much of the
available energy was used to support evapotranspira-
tion, to —10.18 MJ m 2 at the east sidewall site. The
daytime sensible heat flux total at-the ridgetop site
(—9.44 MJ m?) rivaled the total at the east sidewall
site. This was primarily due to the increased length of
the daytime period at the ridgetop site, even though
30-min average fluxes never rose above —385 W m ™2
in magnitude. Nighttime sensible heat fluxes were also
largest in magnitude at the ridgetop site. These obser-
vations lend support to the concept of the valley ridge-

" tops being elevated sources of warm air during the day
and cold air during the night, supporting the devel-
opment of along-slope and mountain~plain wind cir-
culations.

The distribution of available energy between the two
convective fluxes is a key climatological characteristic
of a given site. This distribution has traditionally been
specified by the Bowen ratio, the ratio of sensible to
latent heat flux. Bowen ratios (Table 4) range from
0.86 at the meadow site to 7.60 at the east sidewall
site. Alternative measures of this distribution are the
ratios of latent heat flux and sensible heat flux to avail-
able energy. These ratios are fractions whose absolute
values sum to one. From Table 4 we sge that 0.12 of
the available energy is converted to latent heat at the
east sidewall site during daytime and 0.54 is converted
to latent heat at the meadow site.

It is interesting to compare the daytime sensible heat
flux totals to the energy required to destroy nocturnal
valley temperature inversions. This energy requirement
can be calculated from near-sunrise valley temperature
sounding data using the first law of thermodynamics.
For a vertical cross section of the valley at a location
where the valley is 4.3 km wide (ridgetop to ridgetop),
the energy requirement per meter in the along-valley
direction, using typical sunrise temperature soundings,
is about 5000 MJ m~!. This is equivalent to a mean
flux of 1.2 MJ m 2 out the area at the top of the valley
cross section. When this number is compared to the
daytime total sensible heat flux at a typical location,
say the PNL site at 7.21 MJ m 2, it is clear that sensible
heat fluxes on representative clear days in the fall are
more than sufficient to destroy the nocturnal temper-
ature inversions. The excess energy is available to de-
velop deep convective boundary layers (CBLs) above
the western slope of the Colorado Rocky Mountains
(Laulainen et al. 1981). The effect of CBLs on valley
ecosystems is significant. The large excess of energy is
responsible for regular diurnal changes in valley ther-
mal stratification. Convective boundary layer growth
mixes pollutants and moisture trapped in the valley
circulations at night through a deep layer of the at-
mosphere during the day and couples the valley wind
systems to the flows above the valley.
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5. Valley wind structure evolution and its relationship
to the energy balance

Figure 4 provides a schematic diagram of the diurnal
course of the wind systems on the opposite sidewalls
of an idealized, arbitrarily oriented, valley. On the riv-
er’s right bank (i.e., the left sidewall of the valley in
Fig. 4), the winds turn in a clockwise direction, while
on the river’s left bank the winds turn counterclockwise
with time. Sequenced in time, sidewall winds turn from
down-valley, to upslope, to up-valley, to downslope,
although in actual situations it is often difficult to find
pure along-slope or along-valley winds, as these winds
systems interact closely (Hennemuth and Schmidt
1985).

Hodographs of one-hour mean vector winds ob-
served by anemometers at the five BREB sites (see Ta-
ble 1 for anemometer heights) are presented in Fig. 5.
Hodographs at the ridgetop site show no looping in-
dicative of slope-valley wind interactions, but are in-
dicative of the above-valley winds prevailing at ridgetop
level. These were from the northeast in the first half of
the day, shifting nearly 180 degrees to southwest be-
tween 1000 and 1200 LST.

Winds turn clockwise at the west sidewall site (i.e.,
Brush Creek’s right bank ) and counterclockwise at the
east sidewall site, as expected. Perhaps the most inter-
esting features of the hodographs are the times of
windshifts and their relationship to the local times of
sunrise and sunset and the change of sign of sensible
heat flux on the individual slopes. For example, at the
west sidewall site, early morning winds are initially
down-slope and down-valley. Winds shift to upslope
around 0700 LST as the slope is illuminated by the
sun and sensible heat flux becomes positive. Winds
maintain their upslope component but shift to up-val-
ley about an hour later. Local sunset occurs at 1430
LST at the west sidewall site. At this time the local

FIG. 4. Turning of the winds with time on the opposite sidewalls
of an idealized valley (after Hawkes 1947).
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energy balance at the slope reverses, and downward
sensible heat flux begins to cool a layer of air just above
the slope. The upslope wind quickly reverses to down-
slope, but the up-valley wind, responding to the energy
budget of the valley as a whole rather than to the local
energy budget over the slope, continues to blow for
many hours. In fact, one sees that the down-valley flow
is not well-marked at the altitudes of either of the slope
sites on this evening, although well-marked on the val-
ley floor. One feature of the meteorology of the Brush
Creek Valley is the ready drainage of cold air from the
valley at night in a shallow layer just above the valley
floor (Whiteman and Barr 1986; Post and Neff 1986).
On the evening of 25 September and morning of 26
September, winds above this shallow layer actually blew
up-valley in apparent response to an up-valley com-
ponent of synoptic winds above the valley (Gudiksen
and Shearer 1989).

Winds on the east sidewall also follow the pattern
of sensible heat flux influence discussed above for the
west sidewall. Winds before 0400 LST are anomalous,
presumably caused by an episode of high clouds (see
Fig. 2) that reduced downward sensible heat flux over
the entire valley. After 0400 LST, the nighttime down-
valley and downslope flow persisted until upslope flow
was initiated between 0800 and 0900 LST. Persistent
up-valley winds began on this slope only between 1000
and 1100 LST. Downslope flow began near sunset (af-
ter 1700 LST).

The valley floor stations show a clear signature of
the slope-valley wind interactions, although up- and
down-valley winds are predominant at these sites.
Winds at the valley floor sites turn clockwise in re-
sponse to the change with time of the fluxes of sensible
heat over the adjacent sidewalls. The strong illumi-
nation of the dry, east sidewall in the afternoon pro-
duces large sensible heat fluxes that drive marked cross-
valley winds at the valley floor sites.

6. Summary and conclusions

The Bowen ratio energy budget technique has been
used to measure components of the surface energy
budget at five sites in Colorado’s semiarid Brush Creek
Valley on the nearly clear day of 25 September 1984,
Individual short- and long-wave components of the ra-
diation balance were described in the accompanying
paper by Whiteman et al. (1989).

A natural sagebrush ecosystem on the valley floor
(PNL site) may be used to illustrate typical surface
energy budget components in the semiarid Brush Creek
Valley for clear days near the time of the autumnal
equinox. The radiation balance of the surface is char-
acterized by an excess of shortwave radiation gain rel-
ative to the 24-h longwave loss, in the amount of 109
W m™~2. The surface receives a 24-h average net heat
flux from the soil in the amount of 15 W m ™2, This
net available energy at the surface (109 + 15 = 124 W
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m %) is used to evaporate water (48 W m™2) and to
heat the air above the surface (76 W m™2).

This study focuses on the differences in valley energy
budget components measured concurrently at multiple
sites in an area of complex deep valley topography.
The study shows that significant differences between
sites occur in all components of the energy budget. Net
all-wave radiation differs significantly in timing and in
magnitude on the opposing sidewalls as a function of
slope aspect and inclination angles. Daytime and
nighttime net radiation totals were highest on the
ridgetop plateau, supporting the concept of the elevated
plateaus being elevated sources of heat in daytime and
cooling during nighttime.

Ground heat fluxes varied from site to site depending
mostly on soil moisture and vegetation cover. Ground
heat flux totals during daytime were typically 0.06-
0.15 of the net radiation flux totals. During nighttime,
however, the upward flux of heat from the soil balanced
much of the net all-wave radiative loss.

Observations in the valley showed that evaporation
continued day and night. Daytime latent heat flux totals
at the five sites varied over a factor of 4.4. Largest day-
time evaporation occurred at a meadow site on the
valley floor, where latent heat fluxes utilized 0.54 of
the available energy. The natural ecosystems in the
valley (including a nearly barren sidewall, a sagebrush
ecosystem, and a mountain shrub ecosystem ) showed
much lower evaporation; during daytime, latent heat
fluxes from these ecosystems used 0.12 to 0.34 of the
available energy.

Sensible heat flux totals differed by as much as a
factor of two at the five sites. The high levels of sensible
heat flux during daytime are easily sufficient to destroy
typical nighttime temperature inversions. The excess
energy, once the inversions are destroyed, can provide
the energy necessary to grow the deep convective
boundary layers observed by other investigators over
the western Colorado region.

Observations show that latent and sensible heat
fluxes differ strongly on the opposite sidewalls of the
valley as a function of time of day. The consequence
is to create different rates of heating and moistening
of the atmosphere over the two slopes and should have
the effect of creating horizontal temperature and hu-
midity gradients. This would lead to cross valley cir-
culations which blow towards the more strongly heated
slope and act to distribute heat and moisture through
the valley cross section.

Locally developed wind systems were strongly forced
by the time-varying sensible heat flux field in the valley.
Solar shading from the surrounding ridges played an
important role in the energy balances at the individual
sites in this deep valley, and strongly affected the daily
surface energy balance totals.

Work is currently under way to use a digital topo-
graphic model and the Brush Creek Valley surface en-
ergy budget measurements to estimate components of
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the radiation and surface energy budgets over the entire
watershed. Work is also continuing to evaluate the
components of the surface energy balance on other
experimental days. This information will be used to
investigate the energy budget of the valley atmosphere
during nighttime, following an initial approach out-
lined by Horst et al. (1987). The sensible heat flux
calculations will also be used to support atmospheric
modeling of the local circulations that develop in the
valley.
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