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AIRBORNE MEASUREMENTS OF
MASS, MOMENTUM, AND ENERGY FLUXES
FOR THE BOARDMAN-ARM REGIONAL FLUX EXPERIMENT - 1991

PRELIMINARY DATA RELEASE

Timothy L. Crawford, Ronald J. Dobosy, Kevin R. Birdwell

ABSTRACT. During 2 - 19 June 1991 the Atmospheric Turbulence and
Diffusion Division of NOAA measured flux densities of mass, momentum,
and energy from an airplane in support of DOE’s Atmospheric Radiation
Measurement (ARM) program. Over 507 horizontal flux transects were
completed, along with 24 vertical atmospheric profiles, during the 93 flight
hours. Flux transects passed over both irrigated farmland and steppe. Of
these transects, 274 were flown at low level over a specified, instrumented
path, 75 were flown in an asterisk formation (various headings centered on
a flux tower), 42 were flown normal to the usual instrumented path, and
116 were flown to define vertical flux divergence. Fluxes were measured
both day and night in a wide range of weather conditions.

This report describes the variation in wind, radiation, and surface
temperature, along with exchange of mass (CO, , H,O , and Oy),
momentum, and energy as observed along the transects. Airborne
measurements are compared with those from flux towers in wheat, corn,
and steppe. In general, the measurements correspond well. The largest
difference occurs at the steppe tower, with stronger heat fluxes reported
by the tower. This discrepancy increases as heat flux increases. The cause
may be a significant vertical flux divergence or an inconsistant specification
of the mean state. '

-

1. INTRODUCTION

] In June 1991, a multi-laboratory group of atmospheric scientists, led by Battelle
Pacific Northwest Laboratory and including Argonne National Laboratory, Los Alamos
National Laboratory, EG&G, Inc., and the NOAA Atmospheric Turbulence and
Diffusion Division (ATDD), carried out a boundary-layer field experiment near
Boardman, Oregon as part of the Atmospheric Radiation Measurements Program
(ARM) for the U.S. Department of Energy (Doran et al, 1992). The overall objective
of the ARM research program is to facilitate improved treatment of radiation in global
circulation models (GCM) through better parameterizations of cloud processes and their



radiative effects. These effects include scatter, reflection, and transmission properties,
which will be extensively studied under the ARM program. Also directly controlling the
resultant effect of clouds on radiation in a GCM parameterization, are liquid water
content, droplet size distribution, cloud temperature, cloud shape, cloud amount, solar
zenith angle, and the like. These cloud characteristics are, in turn, strongly linked in
two-way interactions with boundary-layer exchanges of moisture, momentum, and
energy. On the scale of GCM grid cells, the earth’s surface tends to be strongly
heterogeneous. This experiment was designed to support ARM goals by addressing
proper characterization of air-surface exchange of mass, momentum, and energy over
large, heterogeneous regions of the earth’s surface as they affect cloud formation. This
boundary-layer connection to cloud formation will be strong for both synoptic-scale and
locally-produced clouds. '

Clouds produced by synoptic-scale processes depend on air-mass modification by
air-surface exchange over large regions. These clouds, in turn, alter the surface
exchange characteristics over wide areas by shading and precipitation. Techniques
extrapolating point flux measurements to area-wide exchange over heterogeneous
surfaces, under heterogeneous cloud cover, are vital to improvement of models for such .
clouds. So far, little is known relating synoptic-scale cloud characteristics to
heterogeneities in the underlying surface.

Locally produced clouds have been studied in greater detail (Stull, 1988). Such
clouds as cumulus may interact with the surface by receiving moisture and heat for
cloud formation and by initiating various kinds of feedback once the clouds exist.
Feedback can be positive or negative, and radiative, dynamic, and/or environmental in
origin. Radiative feedback is generally negative, occurring when low-altitude clouds
shade the surface over land. Resulting afternoon equilibrium cloud cover can vary from
10 to 90%, depending on initial atmospheric temperature and moisture profiles and the
history of surface heat and moisture exchange. Dynamic feedback, also negative, occurs
when thermals reach the level of free convection. Air from the thermals is then lofted
through the cloud and out of the mixed layer (ML), removing warm moist air from the
ML that could otherwise form new thermals and additional clouds. In contrast,
environmental feedbacks are positive. As free atmosphere (FA) clouds develop from
ML moisture, they also evaporate and moisten the FA environment, thus allowing easier
formation of new clouds and longer persistence of existing clouds. Also, ML-driven
clouds vent cooler ML air into the FA cloud layer. Subsidence around the developing
FA clouds brings warmer FA air into the entrainment layer. Both transfers weaken the
overlying inversion and increase the overall cloud cover.

Realistic modeling of these cloud processes requires proper parameterization of
atmospheric interactions with the earth’s surface. On the scale of a GCM grid volume,
this interaction is greatly complicated by surface heterogeneity of unknown effect on the
aggregate air-surface exchange of mass, momentum, and energy. The Boardman
experiment features measurements in an area divided into two distinct surface types.



Although each surface type is internally heterogeneous, the heterogeneities become
unimportant relative to the contrast between the two types. This experiment seeks to
develop a single statement describing the effect of a heterogeneous surface on the
exchange of mass, momentum, and energy by quantifying the influence of various
components of that surface. This goal can be addressed with particular clarity at the
experimental site. Future experiments at other sites containing more typical
heterogeneities may reveal similar spatial structures to those presented here, though
with a weaker signal engulfed in more noise. We expect the relatively clear spatial
structure in the Boardman data to guide interpretation of more typical heterogeneities
observed elsewhere.

Participating groups made a comprehensive set of measurements relevant to air-
surface exchange, including plant ecology and physiology, soil moisture and character,
wind speed and direction, air temperature and humidity, and air-surface exchange of
momentum, heat, moisture, CO,, and O;. Details are discussed by Doran et al. (1992).
The meteorological measurements were made from towers at several locations in
irrigated farmland and steppe, and from a low-flying airplane operated by ATDD.

This report describes the airplane measurements. Results from ATDD’s two flux
towers and other groups are not presented except for comparison with the airplane
measurements. Data interpretations presented in this report should not be taken as
final or all-conclusive. Use of the data is encouraged given appropriate
acknowledgement of ATDD’s involvement. Considering the massive quantity of data
collected (400 megabytes in "raw" compressed binary format), the complexity of the data
reduction process, and the number of sensors required, errors are anticipated. The
authors request notification of any errors that are encountered.

2.0 SITE DESCRIPTION

Fundamentally, the Boardman experiment seeks to determine the proper way to
extrapolate from individual point measurements within a large heterogeneous region, to
an estimate of the region’s bulk air-surface exchange. A site for the experiment was
sought, characterized by a small number of major surface types whose heat and
moisture fluxes differed markedly. Ideally, each surface would have a scale of about
10 km so that locally induced circulations or other significant modifications to the
boundary layer structure could be identified. Limiting the number of surface types
would reduce the number of overlapping internal boundary layers. A relatively flat site
was desired, to minimize topographic effects.

The selected site, near Boardman, Oregon, is dominated by two sharply
contrasting land surface types. These are native dry steppe and artificially irrigated
farmland, as shown in Figure 1. The terrain is flat to gently rolling with a slight slope
toward the Columbia River to the north. Some steeper gullies can be found along



stream beds in the western part of the experimental area. The Columbia River flows
west-southwest, forming the northern boundary of the study area. Prevailing winds are
from the west-southwest, following the river valley. Along the flight transect in

Figure 1, the irrigated farmland and steppe regions are separated by a straight, well-
defined, north-south boundaries. This farm-steppe-farm pattern introduces a
pronounced 10 km heterogeneity. A number of well-defined but relatively weak
heterogeneities of 1 km scale exist within the interior of the crop regions. The
boundary of primary interest is marked by Bombing Range Road on Figure 1.

The steppe had extremely low soil moisture at the time of the experiment.
Steppe grasses were either dormant or seeding, although shrubs were in an active
growth phase. The farmland (shaded in Figure 1) was irrigated by center-pivot systems
and contained hundreds of mostly-circular fields covering 75-90% of the total farm
acreage. There were four principal crops: alfalfa, corn, wheat, and potatoes. The area
between crop fields was primarily dirt roads, bare ground, and dry vegetation.

The farm area in Figure 1 covered by the indicated flight transect, is shown in
detail in Figure 2. This area is farmed by Eastern Oregon Farms, Inc. Circular crop
fields are 800 m in diameter. Note that crops of the same type are not necessarily
grouped in adjacent circles. The flight path shown in Figure 1 is the transect over
which the airplane collected 274 low-level flux runs. Figure 1 also shows ground-based
flux-tower locations which were on or near the indicated flight path. This flight path
was also used for 116 multi-altitude flux-divergence runs.

The overall contrast from irrigated farmland to steppe was expected to be clearly
observable. Detectability of the smaller variations between individual fields was also
expected. As a result, the experimental site should allow examination of the effects of
both dominating surface discontinuities and minor surface heterogeneities.

Long-term climatological data for the experimental site are given in Table 1.
The climate classification of the site is given as "BSk" or mid-latitude steppe (Trewartha,
1957). '

-~
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Table 1. Climate statistics for Boardman, OR (National Climatic Data Center, 1990);
Latitude 45°49 N, Longitude 119°49W, 119m AMSL.

I Description | JAI FE| MR' API MYI JNI JL| AGI SPI OCI NVl DC| AN
Abs Max Temp (°C) 23| 23| 31| 35| 41| 42 46| 46] 39| 32| 26| 22| 46
Mean Max Temp (°C) 4 8 14| 21 25| 28/ 33} 32| 26; 19 11 6] 19
Mean Min Temp (°C) | 2 4 9 12| 15| 14 9 5 1 -2 5
Abs Min Temp (°C) 33 -31] -12) -8] -3 3 3 3] -6} -10] -24] -34] -34
Days Temp GE 32°C 0 0 0 - - 6] 20 15 - 0 0 0 -
Days Temp LE 0°C 211 15 8 4 0 0 0 0 0 5] 11} 23] 86
Mean Dew Point (°C) 2 -1 2 2 3 4 6 7 5 4 2] 2 3
Mean Rel Hum (%) 771 711 65| 51| 40| 36/ 30| 35| 48 59| 76| 8} 56
Mean Precip (mm) 27 200 131 11} 12| 13 4 5 9] 16} 25| 27} 182
Mean Snowfall (mm) 1471 76 5 0 0 0 0 0 0 0] 38 71| 337
Days Precip > 2.5 mm 29; 23| 14] 12| 14} 14] 06] 07 14] 18] 23] 29| 20
Days Snow > 3.8 cm 13 A 0.7 0 0 0 0 0 0 0 0] 03] 06| 29
Days with Tstorms 0 0 0 0 2 1 0 3 0 0 0 0 6
Days Wind > 8.7 ms! 100 8 12 12 74 9 71 4] 8 8 12 4} 8
Days Wind >14.4 ms’! 05] 10f 15, 16/ 08 07| 0.1 0] 01} 05] 14 08} 08

3.0 MEASUREMENT SYSTEM DESCRIPTION

Thé airplane used in the 1991 Boardman experiment carried ATDD’s mobile flux
platform (MFP) and measured the mean and turbulent flux parameters listed in
Table 2. The MFP’s design makes it usefil as a high precision turbulent boundary layer
research tool. It is easily adaptable to other instrumentation. Additional flux
instrumentation for NO and CH, is under development. A NO, sensor became
available to the MFP in late-1992. Details about the MFP’s instrumentation and use at
the 1991 Boardman experiment are given in the sections that follow.

’



Table 2. Parameters Measured By the ATDD Mobile Flux Platform (MFP).

Mean Parameters I Turbulent Flux Parameters
Winds (U, V, W) Momentum
Position (X, Y, Z) Sensible Heat
Temperature, Dew Point Latent Heat
H,0, CO,, O, CO,
Radiation, Surface Temp. (O}

3.1 Airplane description

A variant of the Rutan "Long-EZ", a two passenger high-performance airplane,
was selected to carry the MFP (see Figure 3). Aerodynamic characteristics of the
Long-EZ are well suited for long-duration high-fidelity turbulent flux measurements.
The "pusher” configuration leaves the front of the airframe free of propeller-induced
disturbance, engine vibration, and exhaust. The small, light-weight, laminar-flow
airframe has an equivalent "flat plate" drag area of only 0.2 m?. The nose region thus
has minimal flow disturbance, and is ideal for measurement of winds, temperature, and
trace species using the unique turbulence probe developed at ATDD (Crawford and
Dobosy, 1992) The canard design has a low stall speed with no spin hazard. The plane
has superior pitch stability in turbulent condltlons These factors, combined with low
wing loading, allow safe, low-speed (50 ms™), and low-level (10 to 20m AGL)
turbulence measurements within the boundary layer, a difficult venture for instrumented
aircraft in the past.

Table 3 lists the Long-EZ aircraft’s specifications and performance
characteristics. Since the airplane has a transit speed of 90 ms™ and a range exceeding
3,300 km, experimental measurements anywhere in the world are possible. The airplane
is IFR- equipped (including weather radar), and has a ceiling exceeding 9 km AMSL.
The airframe is of fiber composite construction, conforming to the +9 to -6 G-load
requirements of the acrobatic class airframe. This fatigue-resistant and high-strength
characteristic provides safe operation even in high levels of thermal or mechanical
turbulence. To enhance flight safety, a ballistically-deployed parachute system, opening
in 1.4s, allows emergency recovery of the pilot, airplane, and instrumentation.



Figure 3. The Long-EZ airplane used to carry the airborne flux system.

Table 3. NOAA/Long-EZ/N3R Airplane Specifications.

Specifications Performance
Type Certificate Experimental Stalling Speed 27 ms™
Powerplant Lyc-0-320 160 HP Maximum Speed 93 ms™
Electrical 65 amp 12VDC Ceiling 9000 m
Empty Weight 430 kg (950 b) Range 3300 km
Gross Weight 725 kg (1,600 1b) Endurance 10 to 18 hr
Fuel Capacity 200 kg (435 1b) Fuel Use 8.2 to 19 kg-hr!
Wing Area 9.3 m? Flow Blockage 0.2 m?




3.2 Eddy correlation technique

Flux measurements for mass, momentum and energy were obtained using the
eddy correlation technique. This method is a direct measure of turbulent air-surface
exchange. On a fixed platform, such as a tower, the surface exchange of a species ¢ is

given by

Fo= TP = oW E - 5w 8 (1)

where ¢ is the mixing ratio of the species of interest, w is the vertical wind component,
and p is the total air density (the sum of the dry air and water vapor densities). The
overbars indicate an average of the quantity over a large enough time (or space) to
adequately sample all relevent scales. Primes denote a deviation from the averaged
values.

The eddy correlation technique takes a sample from the mass, momentum, and
energy patterns of a flow and determines the average flux as a covariance. The
averaging time or space must be large enough to sample the largest turbulent features
adequately, but small enough that the large-scale patterns do not change significantly.
Since daytime thermal plumes are to be treated as turbulence, averages over a distance
of about 10 km are required for airborne measurements. This distance is not practical
for the land-use scales at Boardman. Instead, shorter spatial averages and multiple
passes were made to achieve the necessary sample sizes. The required sample size was
also reduced due to the low flight altitudes. Since thermals are less organized close to
the ground, the thermal turbulence has smaller sacle.

In order to compare airplane measured fluxes to those at the surface, one must
consider flux divergence below the airplane. For measurement of air-surface exchange,
the farther a flux-measuring device is from the surface, the more important is flux
divergence. Thus, the effect of flux divergence on the airplane measurements (at 12 to
30m) is greater than that on the tower measurements (at 4m above ground). Relevent
features for a quantity whose flux is being measured include atmospheric storage,
determined by local time tendency, and mean transport, both horizontal and vertical.
The importance of these factors is enhanced by surface heterogeneities that produce
organized flows and gradients of temperature, trace gasses, and the like. These factors
are discussed in connection with the comparison between airplane and tower heat fluxes
(See Section 6.5).

On a moving platform such as an airplane, covariance flux measurements must be
corrected for variation in transit speed (Crawford ez al., 1993). This factor is a result of
the correlation between airplane speed and local vertical velocity. When an airplane
enters an updraft, the autopilot (or pilot) maintains constant altitude by decreasing
attack angle. As the airplane pitches over, it accelerates. The result is a faster transit
through up-drafts than down-drafts, biasing the simple time covariances. Theoretically

10



correct distance-based covariance fluxes, based on the transformation dx = S dt (where
S = airplane speed), are determined as follows:

F = W_E'—_“—’-S__E (2)
S S ?

The authors are not aware of the application of this correction technique in other
similar aircraft measurements. The correction is more important for small airplanes
(having small inertia) and when thermal turbulence becomes more organized (low wind,
mid-boundary-layer altitudes, and high thermal turbulence conditions). Although a
sizable portion of the 1991 Boardman data were taken in high wind conditions (which
reduce wS and ¢S correlations), the importance of the correction was first noted during
this experiment. The significance of the correlation was particularly apparent between
farmland and steppe transects during light wind conditions. Over the steppe, large
thermals frequently caused speeds to vary by £15%. All fluxes reported here were
computed using Equation (2).

3.3 Velocity and temperature measurements

Three-dimensional wind component and temperature measurements were
obtained with a sensitive fast-response turbulence probe (Crawford and Dobosy, 1992).
The velocity vector at the probe is obtained by adding the velocity V, of the air relative
to the probe to the velocity V, of the probe. This gives the velocity V relative to earth:

V=V, +V, 3)

The algorithm used to determine the probe velocity vector (V ) uses input from
accelerometers to obtain high frequency contributions (Crawford et al. 1990). Input
from a Global Positioning System (GPS, Dobosy and Crawford, 1992) was used to
obtain low frequency contributions (LORAN was used during infrequent periods when
GPS was not available). The velocity vector relative to the probe (V,) is computed from
pressure differences observed on the probe. The probe is unique in that it co-locates
the sensors (acceleration, pressure and temperature) needed for accurate high frequency
measurements of wind and temperature. The probe is mounted axi-symmetrically on
the airplane. Sensors used in the algorithm for air motion computation are summarized
in Table 4.

11



Table 4. NOAA/Long-EZ/N3R Turbulence, Wind, and Position Instrumentation
Specifications.

Variable

Location

Range

Resolution

Sensor

X P? & CG* .0005g SenSym-SXL02G
Y P& CG +1g 0005g SenSym-SXL02G
Z P & CG .001g SenSym-SXL02G

Dynamic P 0-24 mb 005 mb MS3-160PCD1D37
Yaw P + 12 mb 005 mb MS-160PC01D36
Pitch P + 12 mb 005 mb MS-160PC01D36
Static P 700-100 mb 04 mb Setra System

Delta Static P + 12 mb 005 mb MS-160PC01D36

Pitch

CG

.15 deg

* 83 deg Homneywell
Roll CcG * 175 deg .15 deg JGT044A-35
Yaw Rate CG * 6 deg-s! 05 deg-s! Honeywell-GG13A

LatLng CG Limited + 100 m LORAN
Lat/Lng CG Global £25m Global Pos Sys
Altitude CG Global +25m Global Pos Sys
| Altitude CG Global 5% Radar
Heading P 0-360 - 0.1° KVH IND/MC201
‘, Notes
1. ATDD designed and fabricated support circuitry for these transducers.
f 2. Probe
3. Micro Switch, a Honeywell Division
| 4, ATDD R&D is developing a more accurate non-gyro approach.
5. Center of gravity
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3.4 Chemical species measurement

Table 5 provides specific information on the MFP chemical sensors. The fast
response H,0/CO, sensor is a 20 cm open-path infrared analyzer described by Auble
and Meyers (1992) Noise levels for H,O and CO, concentrations are less than 10 mg-
m and 300 pg-m™ RMS, respectively (for frequencies between 0.005 and 10 Hz). The
fast O, sensor design follows that of Ray ez al. (1986). The detection principle is ozone
chemiluminescence with eosin Y dye dissolved in a fluid carrier. The sensitivity was
enhanced by use of a 50% ethylene glycol, 40% ethanol, and 10% water carrier.
Additional slow-response sensors include: net and short wave radiation; dew point and
surface infrared temperature, H,0/CO, (LI-COR, Inc) and O; (DASIBI 300AH) gas
analyzers.

Table 5. NOAA/Long-EZ/N3R Chemical-Radiation-Temperature Specifications.

Variable Use Range Resolution Sensor

"H,0 | Mean | ACDewpoim |  <1%  |LI-COR LI-6262
H,0 Flux 3 to 20 gm/m’3 4 mg-m ATDD Design
CO, Mean 0 to 3000 PPM =1 PPM LI-COR LI-6262
CO, Flux 200-500 PPM +0.1 PPM | ATDD Design

O, Mean 0 - 500 PPB +03 PPB | DASIBI 1003AH

O, Flux 0 - 200 PPB +.05 PPB | ATDD Design

Rad.Ene.Bal.Sys Q*6
LI-COR LI-200s

Short Wave

T Mean -7/+65°C +0.02°C Hy-Cal BA-507-B

T Flux +15°C +0.005°C Thermistor
H,0 Mean <40 to +60°C +025°C EG&G chilled mirror
SfcIRT Mean -30 to +100°C. +0.1°C Everest Mod 4000
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3.5 Data processing

Fast response analog signal data were first conditioned with 10 Hz low-pass
anti-aliasing four-pole Butterworth filters before being converted to 90 Hz digital
signals. The 90 Hz digital signal was passed through a three-pomt Hanning filter,
subsampled at 30Hz, and written to disk for post processing. Slow response analog
signal data were also digitized at 90 Hz but instead were passed through a two stage
digital filter before being subsampled at 1 Hz for recording. The first stage was a three-
point centered average, subsampled at 30 Hz. The second stage was a 60 point triangle
filter rejecting frequencies above 1 Hz.

Heat, momentum, water vapor, CO,, and O; fluxes were computed during post
processing using (2) and having the means (but not trends) removed. The large trends
observed indicate the need to explore various trend removal methods in future analyses.
Path average fluxes were derived from either 40 or 90 s data segments. The 50 ms’
sampling speed of the airplane allows variability up to a 4.5 km scale to contribute to
the covariance. Larger-scale variability should be unimportant at such a low flight
altitude. As outlined by Webb ez al. (1980), necessary data corrections for pressure,
temperature, and water vapor fluctuations were eliminated by converting sensor outputs
to mixing ratios (i.e. the species mass density divided by the mass of dry air).

- In covariance computations, lag or phase errors between the w’ time series and
that of any species of interest must be removed. Use of fast sensors and identical low-
pass filters mitigates these problems. Still, phase differences are created by imperfect
sensors and spatial separation. The distance from the probe to any other sensor will
introduce a phase lag proportional to that distance divided by the air speed. The
H,0/CO, sensor 1s about 1 m behind the probe while the O, sensor is back about 3 m.
Thus, at a 50 ms™ flight speed, the expected lag is 1/50 and 3/50 s respectively.
Experimentally, lags are precisely determined from the cross-correlation, or cross-
correlogram of the two time series. Only the O; signal required a time lag adjustment.

4.0 EXPERIMENT DESIGN

During the planning of the experiment, several hypotheses, addressing various
aspects of the fundamental question, were posed for testing by airplane measurements.
These are listed in the Operations Plan reproduced below. Anticipating difficulty in
measuring fluxes at night, for reasons of flight safety and low mean flux values, we
planned the majority of observations for daytime (0900 to 1500 PDT), with a few hours
of transition measurements added to test our ability to measure time variations.

14



4.1 Listing of the Operations Plan

ATMOSPHERIC RADIATION MEASUREMENTS
AIRPLANE OPERATIONS IN OREGON

1 - 22 June 1991
GENERAL

A. All airplane measurements use UTC (PDT + 7 hr). Standard procedure for
all ATDD Mobile Flux Platform operations to minimize errors in data
recording.

B. Schedule 100 hr to be partitioned
1. Day (16 Z to 22 Z, 09 to 15 PDT) 55 hr
2. Night (06 Z to 12 Z, 23 to 05 PDT) 28 hr
3. Transition (Morning and Evening) 17 hr

C. Scientific objectives of two types

1. How to infer area-wide surface energy balance in the presence of a
sharp discontinuity in surface characteristics, including, but not
limited to:
a. Influence of internal boundary layer structure
b. Validity of present parameterizations for Global Circulation

Models

2. How to account for the sources of variance to allow meaningful

interpretation of the data.

D. Airplane’s role is in observing spatial variability in fluxes and controling
parameters. Flights will be carefully coordinated with towers, whlch will
observe the temporal changes.

-

HYPOTHESES

A. Fluxes and associated parameters over irrigated farmland and steppe
individually have homogeneous statlstlcal structure in the absence of
clouds.

B. Inference of the area-wide surface energy balance over an heterogeneous
surface is signifantly improved by using a limited set of higher-order
spatial statistics (Which ones to be determined by data analysis and model
results).
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C. Variability due to cloud shadows on partly-cloudy days has an important and
accountable influence on the area-wide surface energy balance.

D. Fluxes at flight-level are horizontally homogeneous under overcast sky, in
strong winds, and at night. In particular spatial transition between
irrigated farmland and steppe becomes insignificant.

E. Secondary circulations between irrigated farmland and steppe account for
significant transport of heat and moisture under low-wind conditions and
must be included in any energy-balance parameterization.

F. Current parameterizations in GCM’s are inadequate for unresolved surface
heterogeneities.

EXPERIMENT PROCEDURES AND SCHEDULE

A. ASK: Pair of asterisks (Straight paths, 6-8 different headings evenly spaced
through 360°, centered on a tower)
1. One over desert; one over crops
2. Flown during sunny day (Cloud cover less than broken)
3. Flight time 5 hr
4. Repeat at night and on windy afternoon to test hypothesis D.

B. FLX: Multiple transects along same path, same altitude, crossing between
irrigated farmland and steppe and passing within 400 m of at least two
towers measuring three-dimensional eddy correlations.

C. FDV: Transects over the same ground path, but at several altitudes, arranged
to cancel temporal trends at each altitude. Goal is to account for vertical
flux divergence.

D. CML: Vertical sinusoidal pattern across inversion base, found by sodar, to
observe mean profiles through top of convective mixed layer.

E. PRO: All flight patterns include a spiral profile at start, at end, and at least
every 3 hr.

16



FLIGHT TIME ALLOCATION
DOE ARM, 1 - 22 June 1991, Boardman, Oregon

Pattern Day Night Dawn Remarks
Dusk
Asterisks (ASK) 10 hr 10 hr O hr Preferrably cloudless, this
pattern only.
Single path (FLX) 27 hr 15 hr 12 hr Basic production runs. One
8-hr daytime flight if safe.
Single ground path, 12 hr 3hr Shr Night success uncertain

multiple altitudes (FDV)

Convective mixed layer 6 hr 0 hr O hr

(CML)

Vertical profiles (PRO) - - - Spiralform vertical flux
profiles; frequency depends
on circumstances

Total 55 hr 28 hr 17 hr Total 100 hr

4.2 Comments on flight patterns

The airplane operations plan above lists five basic flight patterns: Asterisk
(ASK), long-transect flux runs (FLX), flux divergence (FDV), convective mixed layer
(CML), and profiles (PRO). Time limitations, very deep convection, and poorly defined
mixed layer boundaries forced the elimination of the planned CML flights. A "flux
normal" (FLN) pattern was added to supplement ASK information. General
descriptions of implemented flight patterns are given in the paragraphs that follow.
Sections 5 and 6 describe the actual operations and results of these patterns.

Asterisk patterns (ASK), named for their general shape, were designed to
provide assessment of the importance of spatial heterogeneity over irrigated farmland
and steppe, along with anisotropy with respect to the wind, sun, efc. Ideally, the asterisk
patterns should have straight paths about 10 km long (200 s + 60 s), oriented at 30° to
60° intervals around the compass. Some adjustments were required for asterisks over
the farmland due to space limitations. A measurement tower was to be positioned in
the center of the pattern.

Low-level flux runs (FLX) were to be flown at 10 m to 20 m AGL along a single
transect, half over irrigated farmland, half over steppe, anchored to instrumented towers
in both regimes. Typical path length was 24 km, with some longer. FLX runs were
planned to allow superposition of multiple runs, increasing sample sizes for better
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determination of the spatial structure of air surface exchange over this sharply
heterogeneous region.

Flux divergence runs (FDV) were designed to examine the vertical variation of
fluxes over the instrumented transect. Flights were to be flown in pairs, in opposite
directions at each of three altitudes from 12 m to about 300 m AGL. Time trend
effects could be removed by the "stair step" ascending and descending sampling pattern
(which usually would have about ten passes per divergence series).

Profiles (PRO) were designed to obtain measurements of vertical flux behavior
from the surface to various heights, depending on clouds, air space restrictions, fuel, and
time constraints. The flights were to be flown in spirals, climbing then descending to
sample the vertical variation of mean scalar quantities (temperature, moisture, and trace
gas concentrations). A profile was planned for the beginning and end of each flight
(approximately every 3 hr). Supplemented by Tethersondes, these profiles could be
used to sample atmospheric stability, mixed layer heights and moist layers.

Flux normal patterns (FLN), having the same general objective as asterisks, were
conceived during the field operations themselves. They sacrifice variety in path
orientation to gain frequent replication. Like asterisks, flux normal runs suffer from
space limitations over the farmland. As their name implies, flux normal patterns are
perpendicular to the instrumented transect line and the prevailing wind direction
(WSW).

5. FLIGHT OPERATIONS: 2-20 JUNE, 1991

The 1991 Boardman experiment was implemented from 2-20 June, 1991. The
distribution of flight times included more transition hours than planned because mid-day
was favored for military use of the bombing range. Basic characteristics of actual flight
operations are presented in Table 6.

Asterisk (ASK) patterns over the stéppe were flown primarily on 4 June in late
morning (0900 to 1300 PDT), with winds veering from northwest to northeast.
Farmland ASK’s were flown on 2 and 8 June. The first set of farmland ASK’s was full
of difficulties, being one of the initial operations of the experiment. As a result, only
one farmland ASK was usable. A steppe ASK was flown on 10 June, which provided
additional support for the results of 4 June. Typical patterns of farmland and steppe
asterisk flights are given in Figures 4 and 5. The somewhat deformed pattern of the
farm ASK was imposed by space limitations. Of the total number of flux runs, 75 (or
15%) were asterisk formations.

The 274 single-path (FLX) patterns flown account for the majority (54%) of the
experiment’s flights. The instrumented transect over which these flights were made is
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illustrated in Figure 1. Anchoring 3-D flux towers along the transect are also identified
in the figure. Some FLX runs extended beyond the normal 24 km length to lengths up
to 41 km. Lists of FLX transects can be found in Appendix A. Appendix B is a set of
graphs showing FLX results.

Flux divergence (FDV) patterns constituted 116 flights in the experiment (23% of
total flights). Flux divergence was flown on 9 June and most dates after 11 June. Lists
of FDV transects can be found in Appendix A. Vertical profiles of flux divergence
results are in Appendix C.

Due to various restrictions, profiles (PRO) were not flown as frequently as
planned. At least two PRO flights were flown during most days of the experiment. A
few were flown in a different pattern from that described in Section 4. Appendix D
graphs the results of most of the 24 PRO flights.

FLN runs were flown primarily on 12 June, a day when the temperature sensor
was not functioning properly because of cold temperatures. For this reason and a
number of others, the 42 FLN measurements are of secondary importance in this report.

Calibration maneuvres, ALT, PCL, UPD, YAW, PCA, ROL, and WC, shown in
Table 6, allowed for the adjustment of coefficients and correction factors, primarily in
wind calculations (Bogel and Baumann, 1991). The vertical velocity component,
fundamental to flux calculations, was of particular interest.
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Figure 4. Path of 4 June 1991 steppe  Figure 5. Path of 8 June 1991 irrigated
asterisk. farmland asterisk.

6. DATA ANALYSIS
6.1 Asterisk (ASK) and Flux Normal (FLN) Flight Patterns

6.1.1 Analysis procedure

The primary quantities examined in the ASK and FLN analyses were mean winds
and surface heat budget terms. The nul hypothesis states that the statistics of these
quantities are independent of path direction and are horizontally homogeneous within a
land surface type (irrigated farmland or steppe). In this preliminary data report,
analysis was confined to visual examination of the data. The primary goal was the
identification of evident spatial patterns that might prove to be statistically significant in
an appropriately defined test.

Dependence on path direction was investigated in the path-average values of the
examined quantities from individual legs of the ASKs and from FLN runs.
Heterogeneities were investigated in fluxes computed over two integration lengths:

4.5 km (90 s) and 1 km (20 s). Computed fluxes are reported every 20 s (1 km),
anchored to the temporal midpoint of each path. The airplane directly measured
sensible and latent heat fluxes and net radiation. Soil heat flux, unmeasurable from the
airplane, was estimated as a residual. Because winds are less readily related to the
immediate surface, mean winds were analyzed only for the dependence on path
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direction. Other techniques will be used to identify secondary circulations and other
heterogeneous flow patterns in future analyses.

Examination of momentum fluxes revealed so much scatter that little could be
concluded. Alternate analysis techniques are under development that may facilitate
better data interpretation. On average, the ASK measurements exhibited the required
downward momentum flux. However, average flux proved much smaller than individual
measurements and not significantly different from zero.

6.1.2 Dependence on path direction
Flights were made in pairs in

approximately opposite directions. Passes
differed by 180° for FLN and 150° for

ASK. For reasons yet unclear, an 04 Jome 199§'19£Er%m0n' Oragon
oscillatory pattern appears in the data, 0.2 350 -

such that flights in one direction have 0.15 oo C2ma/m2/s
preferrentially lower flux values than 0.1 = g 03 pO/mZ/s
those in the opposite direction. A 0.05 A / 1230 2 W20 0.19/m2/s
particularly obvious example is displayed I o Ul 200 E RWdDrn

in Figure 6. Note, however, that the flux . AW 5

of O; is unaffected by path direction. o <\ 1% £

We routinely obtain fluxes as an average ors [ W 100

of two consecutive passes, in opposite on ‘./ _ 'V R

directions, thereby mitigating the effect of e

this direction dependence. Since the O;

fluxes corresponded to the authors’

normal experience with O; fluxes, the

discussion that follows focuses on the Figure 6. Particularly obvious case of
remaining flux variables. interpath fluctuation in CO, and H,O. Note

. A that O, is unaffected.

The magnitudes of interpath
fluctuations were estimated by isolating them with a high-pass [-0.25, 0.5, -0.25] filter
over the sequence of path-average fluxes from each ASK pattern. This was done
without regard to the variation in time interval between adjacent paths. The amplitudes
of the fluctuations were then estimated as half the average absolute difference between
adjacent high-passed values. A similar technique was applied to usable FLN’s. Results
are presented in Table 7.

Sensible heat flux, being relatively easy to measure, undergoes minimal variation
with reversal of path direction. Some orientations did have stronger fluctuations than
others, though not according to any readily discernable pattern. The routine procedure
of averaging two consecutive passes, as previously mentioned, eliminated these
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fluctuations. Attempts to isolate bias in the derived fluxes as a function of path
direction have not yielded clear patterns.

Table 7. Amplitude of interpath fluctuations.

IRRIGATED FARMLAND STEPPE
(ASK 8 June, FLN 12-13 June) (ASK 4 June, FLN 12-14 June)
Mean * Fluctuation Mean = Fluctuation
Flux Measurement
ASK FLN ASK FLN
. .. ! 1
1
Sensible Heat (Wm'?) 75+5 - 233 + 16 -
Latent Heat (Wm'?) 150 = 18 191 = 25 110 + 36 22 = 26
Net Radiation (Wm'?%) 320 = 10 - 464 £ 5 -
Soil Heat (residuum; Wm’z) 105 £ 26 - 120 + 43 -
CO, (mg-m%s1) -0.59 = 0.071 -0.99 + 0.26 -0.36 £ 0.21 -0.37 = 0.06

Latent heat and CO, flux were measured using similar instruments and
principles. Over irrigated farmland, ASK values from 8 June, especially for CO,, have
less fluctuation than FLN values from 12 and 13 June. The majority of FLN values
came from 12 June, when the temperature sensor was inoperative. This gives greater
credibility to the ASK pattern results measured over the farmland. Over the steppe
FLN values fluctuated less than ASK, especially for CO,. Although many more flight
-paths are included in the ASK results, a number ‘of them have abnormal diagnostic
statistics (variance, skewness, and kurtosis of measured raw data) that have not been
fully investigated. Thus, FLN values measured over steppe command greater confidence
than ASK.

Net Radiation is accurately measured in both regions.

The soil heat flux, estimated as the residual was about 50 wm'? larger than the
magnitude of soil heat flux measured at towers over the irrigated farmland. Strong
fluctuation from path to path was noted. In part, this result occurs because fluctuations
in latent heat and net radiation tend to re-enforce one another. The cause of this re-
enforcement effect is unknown.

The measured mean winds were averaged by component over each path length.
These averages were plotted against time and fit with low-order polynomials, which
were then subtracted to remove any time trends. A cubic polynomial was used for the
steppe ASK’s of 4 June: a quadratic polynomial was used for the irrigated farmland
ASK: and a simple removal of the mean was performed on the steppe ASK of 10 June.
Plotted against mean airplane heading, the u-component (positive from west) revealed a
significant dependence, as evident in Figure 7. The fit of the sine curve explains 42% of
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the variance and has an amplitude of 1.3 ms}, maximum for a mean airplane heading of
162°. The sine wave fit to the v-component explains only 10% of the variance and is
not considered significant.

Nodes of the sine wave describing
the bias in the u-component correspond
approximately to the directions of the
primary flux transect. Several compass Wind Co_mPonen’rs by Heading
and airspeed correction parameters were Cubic Time Trend Removed

3
adjusted to minimize interpath variance 2] o o
for the primary flux runs. Therefore, itis 5 ,| . =’ 5 FalRaR N
not surprising to find near zero bias along £ | z A AL NS
these directions. More detailed compass SN~ T - ol
calibrations are planned to minimize E—z-' - M ¥ .
these biases. For this set of data, a 33 -
correction to the u-component could be - -
determined from the sine curve of -5 -

Figure 7. We chose not to do this for the 30 e Aiotone testing taey Ty 0 490

present report.

o

6.1.3 Homogeneity tests Figure 7. Dependence of measured wind
components on mean airplane heading. Data

The search for spatial patterns from all ASK runs appear, both irrigated

used the ASK flights because of the farmland and steppe. Sine waves were fit by

limited number of FLN runs unaffected least squares.

by sensor troubles. Variability over the

experimental region can be separated into two categories: atmospheric and surface.
Since all ASK patterns were flown during periods of daytime heating, the measured
atmospheric variations have spatial scales of about 1 km and temporal scales of around
100 s. They include thermal updrafts and downdrafts, moisture plumes, clouds, ezc.
Surface variations over the steppe have scales of multiple kilometers (including
vegetation communities, terrain slopes, etc.). Over the irrigated farmland, surface
variations have scales of 800 m, although several adjacent fields may be planted in
similar crops. This was particularly true of alfalfa. Occasionally the flight path passed
over an active irrigator, with its associated moisture plume and high surface moisture.

Fluxes computed over 4.5 km were a more representative sample of atmospheric
variations, but were unable to distinguish small-scale surface variation over the irrigated
farmland. The shorter fluxes, on the other hand, inadequately sampled atmospheric
fluctuations, causing considerable scatter. In flux runs along the long transect (FLXs),
the sample size for shorter integration lengths is increased by averaging over several
passes at the same point. Such is impractical for the ASK patterns, especially over the
irrigated farmland, where the surface may change significantly from one field to

27



another. One means of treating this problem is to record, along with the 1 Hz position
information, the nature of the underlying surface. This procedure has not yet been
applied to the data, but existing information makes it possible.

Patterns of sensible and latent heat flux over the steppe from 20 s covariances
are displayed in Figures 8a and 8b. The sensible heat flux increased with time in these
forenoon measurements and is presented here with its mean time trend removed. The
division into quartiles provides a pattern robust to outliers, common with such short
averages. No pattern is visually evident. Each location in the figures has
representatives of all four quartiles nearby. A similar result was obtained with 90 s
covariances. Since no pattern is visually evident, the nul hypothesis cannot be rejected.
Consequently, the steppe should be treated as being homogeneous for purposes of these
measurements.

In contrast, fluxes over the irrigated farmland show evidence of spatial patterns.
Sensible heat flux over the farm tends to have high values southeast from the center of
the ASK and low values toward the northwest, as shown in Figure 9a. A higher sensible
heat flux is consistent with drying alfalfa; the lower fluxes are expected over the mixed
crops, many of which had fully closed canopies. The same conclusion may be drawn
from either 20-s or 90-s covariances.

The latent heat flux pattern had an axis of minima (first quartile) and an axis of
maxima (third and fourth quartiles), as indicated in Figure 9b. The minima correspond
to a line of alfalfa fields, recently mowed and relatively dry. The maxima pass over a
mixture of potatoes, wheat, corn and other crops. The frequent appearence of third-
quartile fluxes to the southeast of the ASK’s center is puzzling. This area is primarily
alfalfa, and the same general patterns are evident in both 20 s and 90 s covariances.

Spatial patterns from the ASK flights evident over the irrigated farmland cannot
be studied in great detail until each measurement is paired with its associated surface
type. Such is beyond the scope of this report; however, further evidence of spatial
heterogeneity over irrigated farmland appears in the analysis of the long transects (FLX,
see Section 6.2).

6.2 Long-Transect Flux (FLX) Runs

FLX flights make up the major potion of the data set. They were flown as
closely as feasible to the surface along the instrumented transect in Figure 1.
Covariances and mean quantities were identifiable by location along this transect,
permitting superposition. Two averaging distances, 4.5 km (90 s) and 1 km (20 s), were
used in the computations; these are discussed separately below. A set of these averages
and covariances was centered at each 0.5 km along the transect, with BRR chosen as
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the zero point. Positions are positive over the Eastern Oregon Farming Co., and
negative over the steppe.
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od-----
. =]
Lo
’g R :t.....‘:.i*...
& : = o=y
£ 4o I:jg@
2 : + :
§ —5"4[3—_'_4. .
2 L * :
..D"_ S *tb :
—40----- ~ ..... S ~+ ...............

Latent Heat Flux
4 June 1991, 20 s, Steppe

0 -8 -6 -4 -2 0
Distance East (km)
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6.2.1 Path average results

The 4.5 km covariances and mean quantities were themselves averaged in three
blocks along individual flux passes. The first block covered the entire flight path (-10 to
+10 km with respect to BRR). The other two covered the irrigated farmland and
steppe portions, from +1 to +10 km for the irrigated farmland, and from -10 to -1 km
for the irrigated farmland, excluding the segment within 1 km of BRR. The average
over the whole transect contains thirty 4.5 km covariance computations. Irrigated
farmland and steppe averages contain about eight computations each. The length over
which these covariances were computed was nine times the interval over which they are
reported. Such overlap introduces a strong bias toward conditions at the center of their
respective regions, a desirable feature considering the limited extent of these regions.
Note that maximum weighting in the whole-transect average extends 8 km to either side
of BRR. Also, this procedure eliminates any contribution from scales greater than
4.5 km.

Appendix A presents the complete set of 4.5 km covariances for the FLX and
FDV transects. The first line of each three-line group gives the date and time (UTC) at
the start of each transect. Blank cells indicate lost records from missing
instrumentation, instrument failure, and/or other conditions rendering data missing or
unacceptable. In addition to Appendix A, Table 6 lists some. general operational and
instrumentation problems. Since data editing has been limited, the data should be
carefully checked before drawing firm conclusions. Some instruments have specific
operational characteristics. For example, the radar altimeter (Ral) was designed for a
minimum altitude of 12 m. Flight below this altitude was frequent and confused the
device. The "H,O Dew" columns were derived from the LICORE and EG&G chilled
mirror sensors. In general, these sensors should agree. The wind data columns "WS
WD U." are derived from multiple sensors. However, position information from the
navigation receivers (GPS and LORAN) has a strong influence on the wind sensors.
Small, hard to detect errors from these receivers may have caused large wind errors. In
general, data robustness can be increased by averaging several transects together.
Errors in temperature (T SfcT) and radiation (Py Net) data are unlikely to be
significant. Flux values, however, should be used carefully.

Overall, path averages in Appendix A clearly show the difference between
irrigated farmland and steppe. Fluxes at night are very small, although one should
recall the 100 m flight altitude, required for safety. Farm-steppe contrasts dissappear at
night. It is intended that Appendix A’s use include the characterizing of time variation
of overall fluxes and mean quantities over irrigated farmland, steppe, and the region in
general. Appendix A also provides an efficient way to screen individual flux passes for
bad data.
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6.2.2 Variations along the transect

Covariances of 1 km (20 s) length were used to examine the spatial structure of
air/surface exchange along the instrumented transect. Since the short average length is
comparable to the size of an individual farm field, data are affected by secondary
surface heterogeneities. Superposition of multiple passes, about 10 minutes apart was
required because the dominant turbulence scale in the convective mixed layer is also
1 km. Each average is derived from approximately seven passes over a 1 hr period.
Hours having fewer than four transects to average were rejected. Figure 10 shows a
typical average of seven superimposed transects. These transects are individually
displayed in Figures 11a through 11g.

Immediately apparent from Figure 10 is the sharp change at BRR for nearly all
parameters, and the high correlation of various parameters with location. At BRR, the
magnitudes of sensible (H) and latent (LE) heat fluxes interchange. Over the steppe,
LE is small and steady. Crossing BRR, LE increases by a factor of five with an increase
in variance as well. Many features recur from hour to hour at the same position, such
as an LE increase near the wheat tower (Z1) at 9.0 km and a decrease over alfalfa fields
at about 8.0 km. This feature is also apparent from a review of Figures 11. The shape
of H is nearly a mirror image of LE about BRR. The panel of wind variables in
Appendix A illustrates the difficulty of generating robust 20 s wind averages. Winds
over the irrigated farmland tended to be lower with greater direction variance. Shear
stress has large variance but decreases over the farm. Appendix A’s third panel,
showing CO, and O, fluxes, reveals that both variables are near zero over steppe but
increase dramatically over irrigated farmland. Strong fluxes over wheat at 9 km and
weak fluxes over alfalfa at 8 km also occur as indicated. The second to last panel in
Appendix A displays temperature. The large (20°C) difference between surface
temperatures over irrigated farmland and steppe is typical. Air temperature gradient is
also important and frequently observed. As previously indicated, this type of situation
causes horizontal energy transport. The altitude trace in the last panel of Appendix A
shows the flight altitude and terrain.
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Figure 10 Sample transect average for several ARM variables

Boardman, Oregon June 18,1991 7 Transects Centered at: 1934 GMT(0234 PDT)
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Figure 11a. 1st of 7 transects used for Figure 10composite
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Figure 11b. 2nd of 7 transects used for Figure 10 composite
Boardman, Oregon Transect File: :\rco\06181915.sc2
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Figurellc. 3rd of 7 transects used for Figure1l0 composite

Boardman, Oregon Transect File: \rco\06181924.sc2
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Figure 11d. 4th of 7 transects used for Figure 10 composite
Boardman, Oregon Transect File: :\rco\06181934.sc2

Energy (W/m2)

Altitude {m)

—
o

w
o

Wwind Direction (de

Alr Temperature (C

~
)
[+]
°
=
5
]
5
[

(=9
E
(>}
[
-]
Q
L]
8
=3
=
0w

W (m/s)

Distance from Bombing Range Road (km)

36



Figure 11le. 5th of 7 transects used for Figure 10 composite
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Figure11f 6th of 7 transects used for Figure 10 composite
Boardman, Oregon Transect File: \rco\061 819583.sc2
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Figurellg. 7th of 7 transects used for Figure 10 composite
Boardman, Oregon Transect File: I:\rco\06182002.sc2
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6.3 Flux divergence (FDV)

Ten FDV runs were flown from June 9-17, 1991 to assess the flux divergence in
the vertical. Of these, seven were during the day, one in the evening, and two at night.
Appendix C displays the plotted results. Measured flux variables include sensible and
latent heat, carbon dioxide, and ozone. In general, FDV flights followed a stair-step
pattern. A pair of passes was flown at one altitude in opposite directions along the
main transect line, then the airplane moved to a higher level and repeated the pattern.
From the highest level (300 to 500 m above ground), the stair-step pattern was usually
retraced downward to the original flight altitude to counteract time trends. Each FDV
pass encompassed both irrigated farmland and steppe, so that FDV profiles could be
extracted for each landcover type.

As a result of the limited number of passes, FDV data contain a great deal of
data noise. Daytime measurements for latent heat, carbon dioxide, and sensible heat
over the steppe seem to have the highest noise levels. Noise levels for sensible heat
over the irrigated farmland proved to be somewhat lower. The most precise flux
divergence profiles were obtained for ozone. Flux profiles of the sort reported here
were also flown over Kansas in the International Satellite Land-Surface Climatology
Program’s (ISLSCP) First Field Experiment (FIFE). These had much less scatter than
the present patterns. It is likely that the horizontal heterogeneities, secondary
circulations, and other complexities, for which the Boardman site was chosen have
contributed to the scatter. Analysis of currently available data should allow a more
detailed examination of this problem.

6.3.1 Sensible heat fluxes

Daytime sensible heat flux measurements indicated increasing atmospheric heat
content in the layer sampled. Not suprisingly, flux runs measured later in the day
usually showed larger heat flux divergence than morning profiles, particularly over
irrigated farmland. The pair of daytime flux runs on June 15, 1991 is interesting.
Although separated by only 2.5 hr (measured at 0909-1017 PDT and 1114-1321 PDT),
the measurements show a significant slope change from negative to vertical. Weather
charts for June 15, 1991 indicate that a cold front may have passed between these two
flux runs. However, it is not certain whether the change in the flux trend can be
attributed to synopic or local effects since flux runs over the steppe for the same time
periods have more scattered results. Most of these steppe fluxes show at least slight
warming, but regression slopes vary widely.

The nighttime sensible heat flux run plotted in Appendix C has nearly vertical
regression and near zero data values.
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6.3.2 Latent heat fluxes

Most of the daytime latent heat fluxes over irrigated farmland have negatively
sloped regression lines implying a moisture buildup in the measured layer. The daytime
pair of measurements on 15 June, previously discussed is even more dramatic for latent
than for sensible heat. The flux line slope changes from decidedly negative to positive.
Unfortunately, corresponding latent heat measurements over steppe do not show a
similar change in flux slope. Daytime latent heat fluxes over the steppe were generally
positive and had weakly positive regression line slopes. Given the character of the
steppe, the weak upward moisture flux and net drying of the air seem plausible.

Nighttime latent heat flux measurements over both irrigated farmland and steppe
suggest stable conditons. The resulting regressions exhibit nearly vertical lines and little
departure from zero flux values.

6.3.3 Carbon dioxide fluxes

The majority of daytime CO, flux runs over irrigated farmland exhibit the
expected downward flux. Slopes vary widely and show no apparent correlation to
weather patterns.

Over the steppe, the daytime CO, flux measurements have widely varying
regression slopes. However, as would be anticipated, there are no steep negative flux
gradients. The air layer was generally losing CO,, though to a lesser degree than over
the farmland.

Nighttime CO, fluxes over irrigated farmland are slightly noisier than other night
fluxes. Also, the data appear to have a discernable negative slope (implying slight CO,
increase in the sampled layer). Over the steppe, night CO, fluxes appear to be more
nearly zero with a near-vertical slope.

6.3.4 Ozone flixes

The daytime ozone fluxes, except for 13 June over farmland, tend to indicate
slight downward movement and a slight slope, having either sign. No obvious
correlation of the ozone fluxes with other factors is apparent. However, the relative
precision of the ozone flux divergence values suggests that they are accurately measured.

Both of the night ozone FDV runs over irrigated farmland have slight positive
slopes. However, those measured over the desert have positive and negative slopes with
fluxes close to zero.

The daytime flux run over irrigated farmland for June 13, 1991 strongly
resembles the ozone night flux runs over irrigated farmland. June 13, 1991 was mostly
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cloudy with intermittent light rain. However, the June 13 flux run should be interpreted
with caution since it contains no flux measurements above 80 m.

6.4 Mean quantity profiles

Twenty atmospheric profiles were obtained to describe the vertical structure of
temperature, pressure and several trace gases. Appendix D displays plots of each
profile for potential temperature, specific humidity, saturation mixing ratio, ozone
concentration, and carbon dioxide concentration.

During the collection of profile data, a number of differing technical factors were
incorporated into various profiles. Method of aircraft flight, landscape surface
overflown, and depth of profile measurement are the primary factors. Such methods of
data collection allow investigation into how these factors affect measured meteorological
variables and gas concentrations.

In most cases, profiles were measured as the airplane ascended and/or descended
in a spiral, although an ascending straight line flight path was sometimes used. Each
profile is the result of either one or two passes. Two-pass profiles generally include one
ascending and one descending pass. Single-pass profiles primarily use ascending passes.
Major types of landscape overflown include steppe, irrigated farmland, and airport
areas. The maximum measurement depth for each profile varied from 500 to 2900 m.
For all profiles, the average vertical distance between observations is approximately
25 m.

Profiles were collected on June 2-8, 10, 12-15, & 17, 1991. Table 8 describes
sensors and methods used to derive each plotted variable from the raw profile data.
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Table 8. Plotted profile quantities displayed in Appendix D.

Item Sensors Used Sensor Character Remarks
== == e
Potential Temperature (°C) Hy-Cal BA-507-B Slow (mean temp.)
Setra System Slow (mean pres.)
Specific Humidity (g-kg™) Hy-Cal BA-507-B Slow (mean temp.)
EG & G Chilled Slow (mean dew pt.)
Mirror Slow (mean pres.)
Setra System
Saturation Mixing Ratio (g-kg™!) | Hy-Cal BA-507-B Slow (mean temp.)
Setra System Slow (mean pres.)
Ozone Concentration (ppb) ATDD O, Sensor Fast (O, flutuations) | Measurements were derived using two Oy
DASIBI 1003AH Slow (mean O,) sensors. Values from both O, sensors
Hy-Cal BA-507-B Slow (mean temp.) were corrected for temperature and
Setra System Slow (mean pres.) pressure. Corrected data from the fast
(ATDD) sensor were further adjusted by
subtracting out the mean and time trend
of that sensor. Finally, the slow (DASIBI)
sensor’s mean and time trend were added
to the fast (ATDD) sensor values (produc-
ing more stable and responsive data over
time) to obtain O, concentrations.
Carbon Dioxide Concentration | LI-COR Li-6262 Slow (mean CO;) CO, measurements pressure-adjusted to
(ppm) Setra System Slow (mean pres.) obtain mean CO, concentrations.
6.5 Airplane-Tower flux comparisons
6.5.1 Concepts

The quality of the airplane data was assessed by comparison with tower data. In
general, agreement between the two measurement systems is good, especially
considering the complexity of the site and the many differences between the temporal
averages at the towers and the linear averages from the airplane. Fluxes and scalars at
the towers were computed as half-hour averages and covariances, equally weighted.
Towers, like the airplane, had full three-dimensional flux measurement systems. Data

from the wheat (Tower Al,

for this comparison.

Figure 2), corn (Tower D) and steppe towers were available

Fluxes were computed from the airborne data as equally-weighted covariances
over 4.5-km segments centered on the tower (90 s at 50 ms™). Scalar variables were
averaged over the same effective interval, but with a triangular weight distribution, also
centered on the tower. During each half-hour averaging period, the airplane made four
passes over the tower. Fluxes and mean values from the resulting four segments were
averaged to obtain the final values for comparison with the tower. Averages having
fewer than four transects, flight altitudes greater than 40 m, and periods for which there
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were no tower data were rejected. A few wind averages were rejected due to
positioning errors (a result of poor satellite geometry or signal strength). The resulting
data set contained approximately 21 data point pairs for each tower. The typical
minimum flight altitude was 10 m, while the average altitude was 12 m over wheat, 20 m
over corn, and 25 m over steppe. Power lines near the corn and steppe towers
accounted for the higher altitudes. At the wheat and corn flux towers, energy balance
closure (H+LE+Rn-G) was not significantly different from zero at a 5% confidence
level. At the time of the comparison, only heat flux and mean wind measurements were
available from the steppe tower. Steppe flux tower instrumentation did not allow
assessment of energy balance closure.

Since ATDD’s corn tower ("D" in Figure 2) was 2.5 km north of the
instrumented flight path, Corn Field 21 (Figure 2) was chosen to anchor the airplane
flux measurements. This was justified since most corn fields were at the same immature
stage of development. A significant amount of bare soil was exposed in these fields.
Typical corn leaf area indices were about 1.7. Neighboring fields east and west of
Field 21, along the instrumented flight path, contained potatoes. Potato fields had a
closed canopy with no bare soil visible from the air. The ATDD wheat tower (Z1) was
bordered by a cut alfalfa field to the west and a wheat field to the east. Typical wheat
leaf area indices were 2.8. Since the wheat field contained mature plants, there was
large contrast between the cut alfalfa and wheat. The steppe tower was located 6.5 km
west of BRR, with a large fetch of steppe in all directions.

The airplane-tower flux comparison ignores flux divergence and inconsistencies
between the airplane and tower footprints (a footprint is the land surface area affecting
the airplane or tower measurements). Ignoring these factors degrades the comparison
and adds variance. However, flux divergence at 20 m altitude should be small (only 10
to 20 Wm for sensible heat flux), and the footprints of airplane and tower would be
difficult to match. For the fluxes as computed here, the 4 m towers had a small upwind
footprint while the airplane had a 4.5-km linear footprint. Each tower was carefully
sited to have good up-wind fetch. However, the airplane’s footprint includes a number
of developing boundary layers. Thus, the towers sample equilibrium boundary layer
fluxes, away from the transition zones that are included in the airplane’s fluxes.
Furthermore, the airplane’s 4.5 km footprint also includes fields adjacent to that being
sampled by the tower.

Table 9 illustrates sensitivity to the airplane’s footprint length. The mean
instrument difference (airplane minus tower) and its standard deviation are presented,
by eddy-covariance integration distance, for the three towers. In general, the distance
over which the covariance was computed, from 0.5 km to 4.5 km, influences the results.
Over large distances (i.e. 4.5 km), more data are integrated into the covariance (or
scalar average), improving the statistical robustness. However, the larger distance
incorporates more spatial variability and therefore becomes less representative of a
tower measurement. At short distances (i.e. 500 m) the airborne data are more
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representative of a tower measurement (the irrigation circles are 800 m across). But
with such short averages, the natural turbulent variability and the poor representation of
large scale spatial features degrades both the mean quantity and its variance. Generally,
Table 9 supports this description; however, several exceptions are discussed in following

pages.

Table 9. Airplane-tower flux data comparison summary: mean flux difference (airplane
minus tower) statistics. Mean and standard deviation were calculated using covariance
integration distance.

DIST U u* AIRT Sfe. T Py NET H LE F,
@) | @ | @) | 9 | O [ @Y | @wm?) | Wed) [ Wo?) | memih
ATDD'S WHEAT TOWER (Z1)

PNL'’S Steppe TOWER
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6.5.2 Comparisons by quantity

The wind speed comparison

12
presented in Figure 12 shows that the 114  TOWERS
airplane-observed 12 m to 25 m winds are 107 ] ¥
30% higher than the 4 m tower winds. S 9 3w 2
This difference would be expected for a 3 17
logarithmic wind profile with a surface S : i
roughness between 1 and 10 cm -- the E 4] > 33,/‘—"'3
range required to give Up/U, or Ups/U, 3 4 P
= 1.3. This is a reasonable z, range for & 3 13 A i{ Zg= 10 em correction
the irrigated farmland and steppe. It 21 47 2
should be noted that tower data were s
measured with both sonic and propeller %7 2 3 4 5 6 7 8 8 10w
anemometers. Also, airplane position Alrplane 12 m Wind (m/2)
eIrrors generally increase the airplane’s Figure 12. Comparison of 12 m airplane winds to 4 m

estimated winds. Future improvements in tewer winds.

the satellite constellation and the addition

of a five channel GPS receiver (a single channel was used for this experiment) may
further reduce position errors in the future. Finally, review of Table 9 indicates no
important sensitivity of mean wind speed to averaging length except at the wheat tower
(Z1).

The shear stress comparison
(Figure 13) indicates no important
difference between the mean of the
aircraft and of the corn (D) or wheat
(Z1) towers, although a large variance is
noted (see Table 9). The near zero
difference in mean implies that the shear
stress was correctly measured and that, at s
the 12 m to 25 m flight altitude, the 3 2> : %
airplane was within the constant flux - g {2 R
layer. Shear stress is difficult to measure 4 33 3 — WHEAT
from moving platforms and has a large o o o Py ,
natural variance. However, installation of Airpiane u* (m/s)

a 5 channel differential GPS system, Figure 13. Comparison of 12 m airplane to 4 m tower
more precise heading calibrations, and u"s.

improved data processing procedures are

expected to reduce the variance of future measurements. Table 9 indicates that airplane
minus tower differences and standard deviations are independent of covariance length
for the range explored. Neither the mean difference nor the standard deviation is a
very robust statistic. Although major position errors were removed, smaller ones were
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not; thus, small position inconsistencies may have influenced the results shown in Table
9, especially at short covariance lengths.

Both pyranometer (Figure 14) and net radiation (Figure 15) measurements
provided excellent comparisons. The pyranometer difference is approximately -10 Wm?
(=1%) with a standard deviation of about +60 Wm™. Similarly, the net radiation
difference is about -25 Wm™ (=8%) with a standard deviation of approximately +35
Wm2. As expected, there is no important sensitivity to changes in averaging length. In
general, both sensors show a small negative bias regardless of path length. This bias is
small enough to be a result of calibration differences. The pyranometer measurements
show this trend to be small for the corn tower (D) and more pronounced for the wheat
tower (Z1). Similar results were observed for net radiation. However, direct net

radiation is more difficult to measure on an airplane due to the potential for shading of

the sensor by the fuselage. Both physical and operational differences could account for
the observed differences.

1000 700
TOWERS 2 TOWERS
. § - 3/0&% 2 2 - ATDD CORN
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~ 3, > o 590 2,37 5
; 600 33 z )
:. 2 3 + 3001 2 3
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Airplane Py (W/m2) Airpiane Net (W/m2)
Figure 14. Comparison of airplane and tower Figure 15. Comparison of the airplane and tower
pyranometer sensors. net radiation sensors.

-

Physically, a lower path average net radiation for the airplane would be expected
as a result of footprint differences. The tower radiometers were fitted to "see" a specific
crop with a small spot footprint. In contrast, airplane sensors provided line integral
averages. Since 10% of the irrigated farmland area was composed of roads and islands,
and an even larger percentage of the irrigated farmland was made up of hot, harvested
alfalfa fields, line and spot foot-prints yield different results. For example, near the
wheat tower (Z1), the presence of alfalfa fields increases the percentage of hot land
surface. Hot land surfaces emit stronger outgoing longwave radiation, reducing the net
radiation. A typical farm-to-steppe net difference was around 30 Wm2. Operationally,
the airplane net radiometer and pyranometer sensors were mounted vertically for
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nominal flight speed and fuel load. Variance from this nominal condition was about 1°.
For some sun angles, a small departure from the vertical along with fuselage shading
causes a small directional dependence in observed net radiation. Fortunately, the effect
of shading was small as a result of the small Long-EZ fuselage. However, turbulence
induced motion of the airplane relative to the mean vertical angle tends to cause larger
angular differences, typically around +1.5° for pitch and +5° for roll. Since these
motions are fast with respect to the sensor time constant, it is assumed that the effect
would be to reduce response independently of platform motions. Future processing
enhancements are under development to correct for this motion but they are not
expected to significantly change observed variance, except perhaps for low sun angle.
At low sun angles, time matching of data becomes important. For these comparisons,
the time mismatches of data pairs should not exceed 15 to 20 min.

A comparison between
observations of surface infrared
temperature from the airplane and from 35

the two ATDD flux towers is given in
Figure 16. Unit emissivity has been
assumed for both systems. The higher
surface temperature observed by the
airplane compared to the wheat tower
(Z1) is expected, considering the
difference in the airplane’s 4.5 km line
average and the tower’s spot observation.
In particular, the percentage of the farm
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the 800 m wheat field adjacent to the
wheat tower (Z1).
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Figure 16. Comparison of airplane and tower surface infrared
temperature observations.

By the argument just given the -
surface temperature measured at the corn tower should correspond more closely to that
from the airplane due to the exposed soil in the immature crop. In fact, the tower
measured significantly higher temperatures than the airplane, except for the shortest
averaging length (Table 9). Since the Everest infrared sensor calibration was checked
before and after each flight, the differences in these data probably have a physical
cause. For the longer averaging lengths, the neighboring fields may have had cooler
surface temperatures, especially the potatoes. At the shortest averaging length, entirely
contained within the corn field, the airplane measured higher surface temperature than
the tower. The difference in viewing angle could account for this. Tower sensors were
oriented 45° from vertical, while the airplane sensor had a nadir orientation. The
airborne sensor thus "saw" more of the hot, bare soil than did the tower sensor. Kimes
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et al. (1980) show that view angle effects in radiometric measurements of a wheat
canopy can be as extreme as 13 °C.

A comparison of aircraft and tower air temperature is presented in Figure 17. A
negative bias in the aircraft air temperature (25 m minus tower 4 m) was expected.
Such bias should increase as insolation increases. However, the large -3 °C bias
observed (which occurred even at low air temperatures) may indicate a calibration offset
in the steppe tower’s temperature sensor. Both the difference and variance observed
were independent of the chosen flight path length.

Figure 18 presents a sensible heat flux comparison. The measurements for the
corn and wheat fields compared with the aircraft show a small difference in the mean
and an acceptable variance (considering the differences between the two measurement
systems). Additionally, Table 9 indicates the robustness of the corn and wheat field
heat flux measurements (i.e. low bias and variance). This was true regardless of
covariance length. In contrast, the comparison with the steppe tower reveals bias of -75
Wm? as well as a large variance. Furthermore, the covariance length sensitivity analysis
shown in Table 9 indicates a significant large-scale covariance contribution. There is no
indication that this influence has been fully accounted, even at the 4.5 km length.
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Figure 17. Comparison of air temperature”
measured by the aircraft and steppe tower.

Figure 18. A comparison of sensible heat flux
measurements for the aircraft vs. corn and wheat
towers (D and Z1 respectively).

Considering the relatively central location of the desert flux tower, the observed
heat flux difference was contrary to inital expectations. It should be noted that the
airborne MFP agrees well with ATDD towers. Since measurements at these towers
were not found to violate energy-balance closure they may be taken as reliable.
Therefore, the observed measurement discrepancy is likely to be found between the
aircraft and the steppe tower or in some unaccounted physical process that has
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introduced flux divergence between the towers’ elevation and flight altitude. Relevent
physical processes occuring between tower and average flight altitude (4 and 25 m
respectively) can be described by the integrated heat budget equation
Zap —_— —_

c | [% + U%f-{ + W-g% dz = H|, -H]|,,. @)
The right side of Eq. (3) represents the difference between sensible heat flux at tower
height Z,, and that at airplane height Z,p. The heat content of the layer between
tower and airplane is expressed in terms of potential temperature 6, air density p, and
specific heat of air at constant pressure C_. The overbar indicates a half-hour time
average at the tower, or an average of four 4.5 km airplane passes, centered on the
tower, during the same half-hour. Three components of the heat budget are expressed
by terms on the left side. These are: storage, horizontal mean transport, and vertical
mean transport. No significant heat source existed within the measured layer, nor were
horizontal turbulent fluxes considered important. Normally, terms on the equation’s left
side are assumed to be zero in eddy-correlation measurements of boundary-layer fluxes.
When such assumptions are invalid, an eddy-flux measurement is still possible, although
the additional terms in the equation must be considered. The aircraft measurements
provide the information necessary for assessing these terms. The size of these terms is
minimized by the low flight altitude of the measurements.

Zewr

The first term on the left side of Eq. (3) represents the heat flux divergence due
to energy storage (resulting in warming in the 21 m depth between the flight altitude
and the tower height). For typical warming rates of 1-3°C-hr}, this term explains only 5
to 20 Wm of the total flux.

The second term on the left side of Eq. (3) describes horizontal advection of
energy. Review of mean temperature variation along the transects (Appendix B) shows
that d®/dx was frequently nonzero (primarily over steppe). Gradients up to 1.5 x 107
°Cm™! were common. In combination with an 8 ms™! mean wind, this mechanism
accounts for a flux transport of about 30 Wm™.

The third term on the left side of (3) describes mean vertical motion. This term
contributes to the heat budget through the secondary circulations caused by daytime
surface temperature contrasts (Segal et al. 1988, 1989, and Avissar and Pielke 1991).
The steppe was frequently 25°C hotter than the cool, moist farmland bordering it on the
east and west. Also, the surface slopes toward the cool river to the north. During light
winds, the pilot could discern flow organization about BRR, an observation
substantiated by the airplane’s wind velocity measurements under light winds. The
measured winds showed a marked contrast between irrigated farmland and steppe.
Though more evident under light winds, the divergence pattern will be present any time
there are strong surface temperature contrasts. The horizontal divergence forces a
mean vertical velocity that strengthens with increasing height. In contrast, the vertical
temperature gradient tends to decrease with increasing height. Over the steppe, the
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vertical motion is upward, giving warm advection. This has opposite sign to the first two
terms on the lefthand side of (3).

Figure 19 helps to assess the

1
strength of typical vertical advection. 0.8
The graph shows average differences in 06
vertical velocity vs. surface temperature T o4
difference between the irrigated farmland E 0.2
and steppe as observed from the airplane. & o
Measurement of a small mean vertical 2 o
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particularly so for aircraft wind systems. 3
Near-surface flow organization should be w0
more apparent from an analysis of 'D'T‘
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horizontal winds. Nevertheless, the data
are statistically incriminating. The
regression line in Figure 19 (wind Figure 19. Average difference of vertical velocity vs.
differences against surface temperature) surface temperature as observed from the airplane.
passes nearly through the ongm and has

a slope of 0.005 ms(°C)"’. With a standard error estimate of 0.002 ms(°C), the
slope is significantly different from zero at the 95% confidence level. For a typical
surface temperature difference of 20°C between farm and steppe, the estimated mean
difference in w is 10 cm-s™!. A gradient of -0.02 °Cm™! is possible over the steppe at the
flight altitude. Combmed w1th a 5 cm-s™ upward velocity, a flux difference, tower minus
airplane, of -15 Wm™ would result from vertical advection, partially offsetting the other
two terms.

The combined effect of the terms described above explains a major portion of the
differences between the measurement systems, although a more precise conclusion
about what portion of the data is explainable awaits more detailed analysis. More
importantly, the initial analysis illustrates some of the considerations necessary for
measuring fluxes under heterogeneous conditions. How to define proper averaging
length, or more generally, proper separation between mean and turbulent flows for flux
computation, is not readily apparent. More detailed examination of the organized flow
structures, the cospectra of vertical motion, and the given measured flux quantities is
necessary. The value of measurement at low altitudes is evident; at the 25 m flight
altitude, a s1gn1ﬁcant fraction of total heat flux can be attributed to transport and
storage of heat in the layer below the measurement height. For the steppe, this
suggests a need to consider the full atmospheric budget equations for mass, momentum,
and energy.

Flux divergence measurements (FDV flights shown in Appendix C) proved
unable to display the differences between flux tower and airplane readings. Given the
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scatter in these FDV profiles, a linear extrapolation to the surface from a 25 m
measurement elevation is unlikely to provide reliable results.

For the corn tower (D), the LE comparison with airplane measurements shows
very good results. There is a mean difference of only -12 Wm2 and a variance of +69
Wm™. The large variance should be expected considering the corn tower’s displacement
of 2.5 km from the flight transect. The small difference in average values could be a
result of the corn field’s being more representative of farmland use. Aircraft
measurement comparisons to the wheat tower (Z1) were not as promising as those for
the corn tower (D). The mean difference is -73 Wm? and with a mean variance of %55
Wm 2. However, the difference is consistant with atypical wheat land use (which is not
well represented by a 4.5 km covariance). For wheat, Table 9 indicates a serious
sensitivity to covariance distance, indicating a large-scale data contribution beyond 4.5
km. Considering the flight altitude of about 12 m, such a large-scale contribution is
unlikely. A more likely effect is that of intermittently flying through irrigation plumes
(along with the resulting patches of moist-ground footprints). In a 4.5 km (90 s)
covariance, turbulent quantities are generally intermittant; however, effects resulting
from the irrigation plumes and resulting foot prints would have to be even more
intermittent for their effects to be well represented. Unlike the corn fields, wheat fields
were under maximum irrigation. The LE comparison is plotted in Figure 20.

The comparison between CO, flux measurements from towers and airplane is
given in Figure 21. As in previous comparisons, the difference between tower and
airplane values was small over corn and large over wheat. The explanation follows that
of the LE comparison. However, the CO, comparison reveals no large-scale
contribution to the data, which supports the speculation that the patchiness of irrigation
affected LE measurements.
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7. DATA SUMMARIES
7.1 Asterisk (ASK) and Flux Normal (FLN)

For this preliminary report, no quantitative statistical tests were made of
heterogeneity in measured patterns or of dependence on path direction. However,
these features were identified visually in the spatial distribution of some measured
quantities.

Path-average fluxes from adjacent paths, generally in opposite directions, differed
strongly for fluxes of water vapor (latent heat) and CO,. Fluxes of O; had almost no
path direction dependence. The mean-wind u-component (but not the v-component)
was dependent on mean heading, varying +1.3 ms™ around the compass, with extrema
at 162° and 342°. The nodes of this u-component fluctuation are approximately in the
direction of the long flux transects (FLX’s), indicating that mean winds were correct for
those headings. The causes of such heading-dependent variation are under
investigation. At this time, recommended practice is to average pairs of fluxes from
paths of opposite direction.

Fluxes of sensible and latent heat were visually homogeneous over the steppe.
Over the irrigated farmland, there are detectable heterogeneities related to the
distribution of crops. In this setting, the ASK measurements were inadequate for a
detailed analysis. Daytime atmospheric variations have scales comparable with the 800
m field sizes, thus requiring multiple passes over the same field for adequate sampling
of spatial and temporal distributions. A figure-eight pattern, more directly related to
field configuration and involving repeated passes over the same path, was used in June
1992. The results of this will be reported later.

7.2 Long-Transect Flux (FLX)

The long-transect flux runs constitute the majority of the data (over 400 passes
along the transect line shown in Figure 1. The contrast between irrigated farmland and
steppe is readily identifiable in these measurements. Likewise, when fluxes averaged
over 1 km were superimposed by position and averaged (for proper sampling of the
atmospheric scales), secondary heterogeneities produced by the farm fields were
identifiable. Flux transects measured during the daytime appear to have the greatest
potential. The nighttime measurements were apparently above much of the near-
surface flux activity (safety constraints forced flight altitudes to above 50 m AGL at
night). A test for intermittent turbulence has not yet been conducted for the nocturnal
data. Such events have been identified in other experiments in which the airplane has
participated.

53



7.3 Flux Divergence (FDV)

Except for ozone and nighttime fluxes, vertical flux profiles revealed a great deal
of scatter. This was not surprising in view of the deliberate selection of a heterogeneous
study site. A need for more detailed investigation is obvious. Some of the more
apparent flux patterns observed should serve as a starting place for further study.
Examples include a reversal of latent heat flux divergence over the farmland on June 15,
1991 and the notable precision of many of the O; flux profiles relative to other fluxes.

7.4 Profiles of Mean Quantities (PRO)

Samples of the vertical structure of atmospheric stability and other mean scalar
parameters were measured primarily in spiral-form profiles flown approximately three
hours apart on most days. Appendix D displays the plotted results.

7.5 Airplane-Tower flux comparisons

Validation of the flux measurements from the airplane was provided by
comparison of observed fluxes with those determined from several towers. "Footprints"
(regions of the surface where the measured exchange actually took place) of tower and
airborne measurements differ significantly in configuration. Also, vertical divergence of
flux between the tower level and airplane level can be significant. However, the results
from these data support the feasibility of the airborne technique while demonstrating
the importance of flying at low altitude and of including the entire heat budget equation
in the interpretation of these measurements (especially over heterogeneous surfaces).

The measured mean radiation, winds, temperatures, and fluxes of latent heat,
sensible heat, CO,, and O; over the irrigated farmland compared well with the surface
towers, when properly adjusted to account for different elevations and footprints. This
result is strengthened by the ability to close the surface heat budget from tower
measurements, which provides independent support for their accuracy.

The sensible heat flux measured over steppe from the airplane was 75 Wm? less
than that measured at steppe tower. Although a full surface heat budget was not
measured at that tower, additional flux measurements from different parts of the steppe
support its findings. Several mechanisms for rectifying the differences in flux values are
proposed based on the atmospheric heat budget equation. Taken together, they appear
to explain most of the discrepancy. A more firm conclusion should be possible upon
further data analysis. Particular attention should be paid to all physical processes
represented by the heat budget equation when making airborne flux measurements over
heterogeneous surfaces. Also, such measurements must be made as close to the ground
as safety permits.
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8. RECOMMENDATIONS

This experiment demonstrated the benefit of multiple passes over the same path
at short intervals. Heterogeneous surfaces influence fluxes and other quantities on
scales comparable with the heterogeneities themselves. Often, atmospheric turbulence
also influences measurements on a comparable scale. Superposition of multiple passes,
each short enough to resolve surface features of interest, appears to be the most
suitable method for sampling by airplane. Accurate positioning using the Global
Positioning System insures confidence in the superpositions.

This experiment demonstrated the importance of measurement at low altitude
and computation using the complete budget equation when air-surface exchange is being
determined under heterogeneous conditions. Towers are generally short enough to be
embedded in flow that is in equilibrium with the underlying surface. Thus, there is little
relative change in flux between the ground surface and the tower’s measurement height.
However, at 10 to 20 m above ground (the lower end of the airplane’s altitude),
organized patterns of larger scale begin to be significant. These include secondary
circulations, mean horizontal gradients, significant capacity for storage of the measured
quantity, and sources or sinks, such as from chemical reactions. Fortunately, the normal
suite of measurements (including spatial distribution) appears to be adequate for
estimating the required budget terms.

Flux measurements at night have revealed little so far. It is likely that turbulence
at the 50-100 m minimum safe flight level is out of equilibrium with the surface and
generally so weak that it is almost impossible to measure from an airplane moving at 50
ms’l. However, profiles (PRO) of mean quantities may be of interest at night since
these seem to persist with little change until mixing occurs during the next day.

Design of the airplane’s participation in the 1992 Boardman Experiment included
the following features, derived from the 1991 results. Since homogeneity over the
steppe has been established, only one futher ASK was flown there. Over irrigated
farmland, a figure-eight pattern was flown, replacing the ASK and passing repeatedly
over the same parts of the same fields, as defined by ground references. The tendency
of some measurements for a dependency on path orientation suggest that at a minimum
the fluxes should be averaged in pairs of oppositely directed passes. In any case, such
averaging is desirable, as indicated in the first paragraph of this section.

Preliminary analysis of the data obtained by airplane from the 1991 Boardman
ARM Regional Flux Experiment indicates good promise of identifying atmospheric
structures produced by surface heterogeneities. Given adequate analysis, the airplane,
tower, and biological data should reveal a clear pattern to guide composition of the
more obscurely defined heterogeneities of the ARM Cloud and Radiation Testbeds
(CART) into a bulk boundary-layer source term for cloud formation over the 100 km
scales needed for cloud parameterization in global circulation modeling.
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APPENDIX B
FLUX AND VARIABLE MEANS
HORIZONTAL TRANSECTS
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