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Abstract

A scanning, volume-imaging Raman lidar was used in August of 1997 to map the water vapor and latent energy
flux fidds in southern Arizona in support of the (Semi Arid Land Surface Atmosphere) SALSA program. The SALSA
experiment was designed to estimate evapotrangpiration over a cottonwood riparian corridor and the adjacent mesquite-
grass community. The lidar derived water vapor images showed microscale convective structures with a resolution of
1.5 m, and mapped fluxes with 75 m spatial resolution.

Comparisons of water vapor means over cottonwoods and adjacent grasses show sSmilar vaues over both
surfaces, but the spatia variability over the cottonwoods was substantialy higher than over the grasses. Lidar images
support the idea that the enhanced variability over the cottonwoods is reflected in the presence of spatialy coherent
microscde dructures.  Interestingly, these microscale structures appear to wesken during midday, suggesting possible
evidence for somata closure.  Spatidly resolved latent energy fluxes were estimated from the lidar usng Monin-
Obukhov gradient technique. The technique was validated from sap flow flux estimates of transpiration, and Statistical
andysis indicates very good agreement (within £15 %) with coincident lidar flux estimates. Lidar derived latent energy
maps showed that the riparian zone tended to have the highest fluxes over the site. In addition, the spatid variability

of 30 minute average fluxes were dmog as large as the mean vaues. Geodatigticd techniques where used to compute
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the spatid 1ag lengths, they were found to be between 100 and 200 m.

Determination of such spatialy continuous evapotranspiration from such a complex ste presents watershed
manegers with an additional tool to quantify the water budgets of riparian plant communities with spatia resolution and

flux accuracy thet is compatible with exigting hydrologic management tools.



1. Introduction

Measuring fluxes from the surface to the atmosphere over complex terrain and plant canopies
chalenges the technologica resources of both the meteorologica and hydrologica sciences (Kamd and
Hnnigan, 1994). The flux of water vapor associated with evapotranspiration (ET) is one of the critica
components of both water and energy ba ance models of hydrologica systems. Strong variations in both
gpace and time over awide range of scaes compound the difficulties of underdanding therole ET plays
in both physicd and biological sysems.

To examinethese variations, the Los Alamos National Laboratory’ s volume-imaging water-vapor
Ramanlidar system was used to estimate the latent energy (LE) flux asatwo-dimensiona surface over the
complex terrain of a riparian corridor. The LE flux was derived from lidar-measured water vapor and
gmultaneous point-sensor wind-field measurements integrated into a Monin-Obukhov (M-O) smilarity
scheme. Vdidation of the lidar derived LE fluxes utilized transpiration estimates obtained from sgp-flow
probes. Whilethe useof M-O in complex terrain and heterogeneous surfacesis problematic, itisour initia
atempt a mapping riparian zone ET with spatidly continuous data.

This paper outlines the results of the data processng and analys's technique used to estimate the
spatidly resolved LE flux and its spatia variability over cottonwoods in ariparian corridor located in
southern Arizona. These results represent a contribution of the Semi-Arid Land Surface Atmosphere

(SALSA) experiment.

2. SALSA experimental description



2.1 Site and Lidar Overview

The Lewis Springs study gSte at the National Riparian Consarvation Area is in the semi-arid
southeastern part of Arizona, near SierraVistaand close to the border of Mexico, at an eevation of 1250
m. The Steisdescribed in detail in Goodrich et d. (1998). The study Ste is bisected by the San Pedro
river, which was flowing at approximately 0.05 ns? during the experimenta period, 8 days in early
Augus, 1997. The flow of the San Pedro was dueto the summer monsoon rains of mid-Jduly. During the
study in early August, clouds were dways present giving riseto variableincoming solar radiation (Williams
et d., 1998). The vegetation at the study Site congsts of a grass-mesquite-sacaton association at higher
elevations adjacent to the riparian corridor and, within the corridor, two predominate species, Frémont
cottonwoods (overstory) and Goodding willows (understory). Theriparian corridor vegetation straddled
both sides of the river to awidth of £50 to +150 m, depending upon the width of the first bench of the
flood plain. Within theflood plain where the cottonwoods stand, the laterd e evation changewasrdatively
amdl with little variation in topography, except within the narrow 4 m channe of the San Pedro. During
August the cottonwood canopy was closed, occluding the San Pedro river from above and fully shading
the ground dmost everywhere on the flood plain.

In order to compute LE fluxes from Monin-Obukhov smilarity theory, it is necessary to consder
the topography and landscape of the area of interest for two reasons. 1) the individua profiles were
acquired at different elevations over complex terrain such that a given height rdlative to the ground could
bedifferent betweenindividua scans, and 2) profilesover treesmust be adjusted for the difference between

the ground and the top of the canopy. The eevation and topographic datais used to derive the canopy
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height (h) that is subsequently used to estimate the displacement height (d,) and roughness lengths (z,).
Lidar range-height scansincluded negative anglesthat produced laser ground hits, whosereturn sgnalsare
one to two orders of magnitude higher than the atmospheric sgnd, dlowing easy separation of the surface
from the atmosphere. Since lidar scan position is both accurate and precise, the topographic surface
composed of both ground and vegetation at the Lewis Springs Site was mapped by thelidar with 1.5 m +
0.75 m horizontd intervadsand 0.1 m vertical accuracy. A devation correction factor was derived from
the topographic “map” for each scan angle for later usein flux estimation. Details of the lidar processng
and geometric corrections are in Eichinger et d., 2000 (Thisissue).

The LANL Raman lidar, which creates volumeimagesfrom two-dimensiona scansof ranged lidar
returns, was fielded with an array of various point sensors aong the San Pedro river. The lidar data from
the second ste will be evauated in future work. A complete description of the lidar, it's operation, and
its capabilities are in Eichinger et d. (1998). For reference, the lidar has a range of about 700 m, a
horizontal gpatia resolution of 1.5 m, azimutha scanning of 360 degrees, and avertica step resolution as
gndl as0.05 degrees. The absolute accuracy of thelidar was shownto be+0.34 gkg™ a 95% confidence
(Cooper et d., 1996). The lidar was positioned at two Stes during this experiment. The first Ste was
optimized for cottonwood observations, and the second site was used to quantify the grass-shrub
vegetation ET properties. The data analysis from the second site will be presented in a later study. A
veticaly pointing sodar was positioned at the edge of the cottonwood stand to provide wind field
observations darting a the top of the 30 m canopy for later flux computations. Three-axis sonic
anemometersand Krypton hygrometerswered so placed at various Sitesto provide tempora observations

of surface wind patterns and latent heat fluxes. Sap-flow probes were placed on various trees within the



riparian corridor to quantify transpiration fluxes (Fig. 1). A map derived from aimage-classfied airborne
sensor of the sudy site showing 200 m by 200 m grids overlaid upon the map showing theriparian corridor
(dark green), the grass-mesquite-sacaton vegetation association (yellow) aswell asthelidar, and thelidar
lines-of-gite for the firgt lidar pogition isshownin Figure 1 (Moran et d., 1998).

>>>>>>>>>Place Figure 1 here

2.2. Wind field data

Hux estimates presented herewerederived by combining thelidar datawithwind field observations
from sensors digtributed over the Lewis Springs study site. Wind field data sets were obtained from cup
anemometers and wind vanes over the grassregion a 10 m height; from three-axis sonic anemometers a
2 m, and adjacent to the cottonwood canopy from a sodar system, which acquired horizontd (i,v), and
verticd (w) winds from heights of 25 m to 600 m from the surface in 5 mincrements. Thewind direction
during August 8" was somewhat pardld to the riparian corridor, between 120 and 140 degrees for most
of the morning and early afternoon, with the exception of midday when the wind changed abruptly (Figure
2, Pandl B). Wind speed continually increased during the morning until it pesked a 6 ms™ at 1200 LST
and thereafter began to drop again (Figure 2, Panel C).

Lidar esimates of LE flux usng the M-O technique require turbulence information in the form of
frictionveoaity (u). Typicd methodsto obtain u include either amean wind profile or athree-axissonic
anemometer to measure the eddy covariance of the horizontal and vertica wind components. During

SALSA, a sodar was used to derive u, directly adjacent to the cottonwoods using the spatia time-lag



technique as described in the user manua (Remtech, 1994). It isassumed here that the 1, measurements
a asngle point are representative of the entire cottonwood canopy since the sodar measurements used
were made from 30 to 600 m above the surface. A comparison of u, vaues over the cottonwoods by
sodar and over the grass site from athree-dimensiona sonic anemometer is shown in Figure 2, Pand A.
The u, vaues over the cottonwoods are up to two timesthose of the grass Site, dthough there appearsto
be agenerd corrdation(r=0.79) in the tempord pattern during the day with mgor excursons occurring
in the mid afternoon. The assumption of u. as representative of aregion isan area of future work.

>>>>>>>>>Place Figure 2 here.

3. Spatial properties of water vapor and water vapor flux

Prdiminary andyds of thelidar datais presented herein two parts: (1) vertica lidar scans of water
vapor asascaar, and (2) an andysis of lidar-derived spatid fluxes. The water vapor scaar analysis will
focus upon the rel ationship between observations over theriparian corridor versus the measurements over
the adjacent grass-shrub communities. Theandyssof the spatid properties of the LE flux will focus upon
mapping it, comparing the lidar-derived flux with coincident sap-flow measurements, and analyzing its

spatial varighility.

3.1 Water Vapor Scalar Properties of Canopies

A cursory ingpection of some of the lidar data revedls interesting properties of the cottonwood



canopy-surface layer interface when compared to the atmosphere above therdatively flat grass-mesquite-
sacaton region adjacent to the riparian corridor. An example of atime-series of range-height lidar scans
(here cdled vertical scans) acquired between 0913 LST and 1436 L ST on August 11, 1997 illustratesthe
gpatid patterns and distribution of water vapor mixing ratio (g) in 1.5 m range-resolved pixes. The
variationsin color show red tones as high ¢ vaues and blue tones as low q vaues (Figure 3) (see Table
1 and Figure 2 for wind direction). The verticd lidar images are composed of 42 individud scan lines
where each scan required 0.75 s. Thus, it took about 32 secondsto complete and save eachimage. The
time required to create an image might alow for substantia time-gpace distortion of the observed features.
Work on alidar smulation using aturbulence resolving modd with 1.5 mresolution (seeKao et d., 1999,
Figure 4, thisissue) indicates that the model can Ssmulate the eddies from the cottonwood canopy, aswell
as Smulate a40 second scan by thelidar from the surface up into the atmosphere. The smulation indicates
that the Microsca e Convective Structures (MCSs) observed by thelidar, even with time-space distortion,
dill show reasonable representations of these intermittent events, thus helping to validate the utility of the
lidar derived data and images. Further, the model results suggest that these structures should be coherent
in space and time well past the lidar scanning period.  The lidar return signa from the cottonwood trees
was substantiadly larger than the atmospheric Sgnd and saturatesthe detectors, thereforethe g valuesfrom
the leaves, stems, and trunks can be separated from the atmospheric sgnd by using a smple threshold.
By setting dl g vauesabove 16.8 g kg? as‘ canopy’ and dl valuesbelow 16.8 g kg asatmospheric signd,
in the images shown in Fg. 3, the canopy issolid red, and in the upper panel adotted line has been added
to denote where the boundary between the canopy and the atmosphereislocated. The dynamic range of

the color table in Figure 3 was optimized by fixing the range of the images between 10.5 and 14.0 g kg*



for the five images to illudtrate the effects of time on lower boundary moisturefield. Theblack regionson
theimages arethose areaswherethe water vapor mixing retio isbelow thelowest color onthelegend, 10.5
gkg* Whenthereturn signd islessthan 14.0 g kg?, patterns emerge from the data as can be seenin the
ungtable regions above the surface and canopy (see Table 1 for L values). MCSs above the canopy are
seen as“bubbles’ of high ¢ ar presumably interacting with the rdatively dryer air from above, such asthe
sructure at 430 m range and starting 30 m height acquired at 0913 LST. Inset C of Figure 4 shows a
horizontal transect (one line of Sght) extracted from 37 m height from the 0913 LST vertica scan of Fg.

3, showing a ramp-like feature in the plume centered at 430 m. At 0913 LST the wind was nearly
perpendicular to the lidar line-of-sight (Fig 2B). Smilar MCS s were observed by lidar over agreen ash
orchard that were closdly related to intermittent featuresincluding “ramps’ (Cooper etd., 1994). Thehigh
g features over the mesquite-sacaton are 2 to 3 g kg* drier than those over the cottonwood canopy.

Interegtingly, the appearance of these features were primarily in the morning hours and decrease in
frequency until they disappear during mid-day; after about 1330 hours LST they begin to regppear again.

While these MCSs are compelling, they must be interpreted with caution, as the lidar requires some time
to acquire theseimages. Individua features such as those observed in Fig. 3 are composed of 15 to 25
lines-of-sight, take 10's of seconds to acquire, making these features spatidly distorted and do not
represent instantaneous images of convective structures.  Further, the repeet rate for the same azimuth at
this Ste was such that an evauation of coherency directly from the lidar datais precluded. It isnot clear
at thistimeif these MCSs are due to dynamics above the canopy or canopy-atmaosphereinteractions such
as sweep-gection phenomena.

>>>>>>Place Figure 3 here



A moretraditiona method for displaying and andyzing thelidar datawould befrom vertica profiles
of water vapor extracted from the scans. One-dimensiona profiles with 32 s averaging time were made
by sorting the range pixels by their associated height bins from an individua scan shown in the cross
sections shown in Figure 3. Thus, dl range pixelsfrom agiven region that fell into a specified height range
(e.g., from 0 to 0.5 min devation) can be displayed as mixing ratio versus height. Two 25 meter-wide
sections were extracted from the 0913 LST scan in Figure 3 a postions over both the grassmesquite-
sacaton association (at ranges between 300 and 325 min Fig. 3) and the cottonwoods (between 425 and
450 m). The grasswasin the near field of the scan, limiting the height of the profileto 35 m. The Sxteen
1.5 mlidar values per height bin in these 25 m scan widths give the data points of the profilesin Figure 4.
Although the average mixing ratio is Smilar for the two regimes, thereis substantidly larger variability a a
givenheight over the cottonwoods. Both regimesexhibit an undulating structure with height, which reflects
some of the coherent structures visble in theimage in Figure 3. Figure 4 suggests that the Sze of these
sructures are Smilar over both regimes, gpproximately 20 m. The plumes observed in Fig. 3 create the
moistening observed 10 to 15 m above the canopy in the profiles of Fig. 4, asthese plumesdecay in height,
the profiles show these higher regionsas “dry”. Itisinteresting to note that only the lower portions of the
profiles from dngle scansfit the Businger-Dyer semi-log mode, while ensemble averaged profiles (over
30 minutes) smooth out most of these individua features and fit the semi-log model more completely

(Eichinger et d., 2000).

>>>>>>Place Figure 4 here

The most pronounced difference between the two profilesin Figure 4 isthe variability asafunction
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of height above the canopy. While the mean mixing ratios for the grass and cottonwoods are only about
0.5 g kg* gpart, the range of values at a given height is some 2.5 times greater for the cottonwoods than
for the grass. While the deviations are pronounced, the lower portions of these profiles can be fitted to
Monin-Obukhov predictions for mean gradients of q (Eichinger et d., 2000,).

Time series of mean (¢) and standard deviation (0g) vaues derived from verticaly averaged 25
mtall subsectionsextracted from thewater vapor distributionsover both grass and the cottonwood canopy
(fromFigure4) are shownin Figure5. The mean vaues of q over the treestend to be higher than over the
grasses by modest differences of 0.5to 1 g kg?, dthough there are periodswhen they arethe same, most
notably during mid-day. Coincident vapor pressure deficit measurements of cottonwood leaves at
goproximately 1230 L ST aso suggest reduced amounts of water vapor moving into the air, supporting the
notion of ssomatd control of water during high potentid heat stress periods such as mid-day (Williams et
a., 1998). As can be seen from Figure 3, coherent plumes and structures over the trees have deviations
2 to 3 g kg* higher than the background of 10.5 to 12 g kg, whereas over the grass, the structures are
somewhat wesker in intengty. Thisis because the well-watered trees are generally trangpiring at a higher
rate than the dry grass, with the exception of mid-day, giving riseto more pronounced coherent structures.
The og time seriesin Figure 5 show that the atmosphere over the trees is ways more variable than over
the grasses. The higher intengty turbulence over the trees (Figure 2A) would explain the varigbility of the
water vapor profiles over the cottonwoods as compared to the grasses. The cottonwood water-vapor
variabilitywashighest inthe early afternoon between 1200 and 1330 L ST; thus L E fluxes are al so expected
to peak a the sametime.

>>>>>>>Place Figure S here
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3.2 Microscale advective transport from the cottonwoods

The cottonwood stand is about 25 m taler than the surrounding grass-mesquite-sacaton
asociation, creating a roughness dement change on the landscape with a unique micro-climate
environment. The effect of this micro-climate on horizonta flow and ET is not well understood because
measurement techniques generdly rely on vertica transport or gradients. Lidar data, combined with a
sodar point sensor isused hereto improve the understanding of the spatia and tempora properties of the
three-dimensond canopy-amosphere system.

The changing wind direction around midday increased the horizontd transport of massand energy
out of the Cottonwoods and into the surrounding environment. The effects of wind on canopy transport
can be seen in passve tracers such as the water vapor observations made with the lidar. For example, at
1156 L ST on August 11, averticad scan was acquired when the wind direction was from the southwest
(185°), dmogt directly facing into the lidar field-of-view. The lidar derived image suggests horizontd flow
of water vapor out of the cottonwood canopy (Figure 6). On thislidar image, the structure from the edge
of the canopy, a 15 m from the ground, shows large concentrations of water vapor billowing off the
cottonwood crowns horizontaly into the lower surface layer over the grass. To better visudize this
phenomenon, two 25 meter-wide vertical water vapor profiles where extracted from this scan a 300 m
range (Fig. 7A-over grass, “clear” air) and 320 m range (Fig. 7B-over grass, adjacent to the canopy).
These profiles show the effects of horizonta transport from the canopy (Figure 7). The mean water vapor
fromprofile A isabout 9.5 g kg incontrast, the mean from profile B iscloser to 11 g kg* dueto the water

vapor coming out of the canopy crown at 15 meters dtitude. The excursion is presumably caused by
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horizontal wind driven through the canopy cresting amoisture-rich plume at the edge of the riparian zone.
At thistimeatechnique using thelidar datafor estimating horizontaly driven fluxesisnot avallable, dthough
recent work on horizonta turbulent transport through wind breaks appears to hold some promising
approaches (Cleugh et al., 1998). However, an eddy covariance system was placed at the edge of the
cottonwood canopy to attempt to quantify the horizontd moisture flux when the wind direction was
westerly, as ar was moving out of the canopy and into the open space above the grass. The system
measured very large L E fluxeswhen the wind direction was moving out of the canopy and into the sensors.
Thewind direction wastypically south-to-north, not east to west, thusthe massive horizontd trangport issue
istrangent and not a permanent festure of the climate. It isnot clear what the effect on riparian zone ET
such advective trangport has, but it is a source of error and uncertainty in water budgets for these
ecosysemsif only limited numbers of point sensors are used to characterize the plant community.
>>>>>>>>Place Figure 6 here

>>>>>>>>Place Figure 7 here

3.3 Water vapor flux method

The LE flux estimates from lidar-measured vertica profiles of water-vapor mixing rétio use a
Monin-Obukhov (M-O) gradient driven smilarity modd. Thetraditiond method for initidizing this modd
would be to acquire vertical gradients of temperature, humidity, and wind from point-sensor time-series
data and assume Taylor's hypothess of frozen turbulence to average over some user-defined region such

as an agriculturd fied or vegetation surface cover type. The method used here employs the scanning and
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range resolving capabilities of the lidar to measure the spatidly resolved verticd gradient of water vapor,
and integrate these gradients with turbulence data to estimate a flux.

Earlier sudies on the estimation of LE flux from lidar used water-vapor profiles aggregated from
an entire gte (Eichinger et d., 1992). These estimates were compared with eddy covariance and Bowen
ratio derived flux vaues and found to be in excdllent agreement. Here, we further extend this gpproach by
incorporating a correction for topography onthe lidar cross sections and combine severd cross-sections
into discrete spatid elements which are basicdly the mapping unitsthat are then adjusted for displacement
and roughness heights. Thisextension assumesthat the stati stics acquired over space can be averaged over
time. By bresking down the Site into discrete spatial eements, complex terrain becomes more accessble
to Monin-Obukhov gpproachesfor estimating fluxes. Thenext questionishow big should thesamplingsize
be?

Our previouswork onthe spatid variability of uniform vegetated surfacesindicatesthat the average
scdar spatia sructure (lags) Size near the surface for water vapor is on the order of 10 to 20 m (Cooper
et d., 1992). Similar lags of 10 to 15 m were aso found over open water (ocean) surfaces as well
(Cooper et d., 1997). Andysis of horizontal water vapor scans over the riparian corridor from this
experiment support the earlier work, with spatid lagsunder 25 m (inset B, Fig. 10). Using thewater vapor
scaar dructure Sze estimated from the variogram andlys's and the compromise of the smallest possible
datidicaly sgnificant sampleascriteria, we used a25 m by 25 mregion asour initid flux mapping eemen.
In essence, we are assuming that within a 625 m? area, Taylor's hypothesis is vdid; and that the grid
dement is spatidly homogeneous and temporaly stationary. These assumptions concerning the spatid
dement sze of LE flux are dtill open to debate, and geogtatistical techniques on the data collected from the
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SALSA experiment will explore part of this problem in section 3.6.

Edimates of ET from the Lewis Springs study Ste was generated by integrating wind-field data
from a sodar with water vapor gradients derived by lidar. Lidar vertica scans were typicaly 500 to 600
m long and extended up to 75 m in height above the canopy which is gpproximately 2 to 2.5 times the
height of the cottonwood trees, Smpson et d., (1998) considered this range ided for gradient
measurements over forested Stes. Theverticd profiles used for flux mapping extended up to 15 m above
the canopy. The scans were stepped every 5° in azimuth, to form aswath up to 120° wide used to create
30-minute averaged flux maps. Thefirst 100 m of lidar data (in range) are excluded from the andysis due
to thelimited height of the available profiles and fid d-of -view issues of thelidar. Each 625 m?flux mapping
element was composed of several hundred lidar water vapor observations, giving good statistical
confidenceto the gradients measured between the canopy and atmosphere. Theriparian zonewas mapped
for a given 30-minute period with severd (up to three) sequences of scans garting at the south and
progressng north by 5° increments. These scan series required 20 to 30 minutes, therefore the flux data
on the maps can have a average time lag of 15 minutes across the flux map. The effect of thistime lag
on LE flux uncertainty is not precisaly known a thistime, but gpparently is not large as evaluated by data
samulation studies over the SALSA site (Kao et ., 1999, thisissue).

The landscape was partitioned into 25 m by 25 m grid units that were based upon the lidar polar
coordinate scan pattern, and became the spatia basis for M-O derived LE flux maps shown in the next
section. Vertical water-vapor datathat fell within a given map unit were then aggregated fromthe 1.5 m
by 1.5m by 0.1° verticd data vauesinto spatidly discrete profilestypicaly between 5 and 15 min height

for flux computation. These profiles were then corrected for terrain and canopy height using lidar-derived
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topographic data and adjusted for d, and z,. The re-mapped water-vapor profiles aong with friction-
ve ocity measurementswereinput into thefollowing modd to estimate latent energy (Brutsaert, 1982). The

water vapor profileis given by

In

%

z&d,
oo

ak U h
where ¢. isthe water vapor mixing ratio measured by thelidar a some height above the surface; ¢, isthe
water vapor mixing ratio measured by the lidar close to the surface; L isthe latent heat of veporization; £
is the latent heat flux to be caculated; a, is the ratio of Von Karman's water vapor constant to Von
Karman's constant, &; u4 isthe friction velocity from the sodar; 7i isthe ar dengty; z is the measurement
height; d, is the digplacement height derived from canopy height; z, is the roughness length dso derived
from canopy height; and @, (& is the stability correction (Paulson, 1970).

Specific equationsfor the unstable atmospheric condition arefound in Brutsaert (1982), and details
onLE, L, and @, (8¢ computation are in Eichinger et d., (2000). Latent energy flux is derived from
Equation 1 by agebraic rearrangement following Equations 1 through 6 of Eichinger et d., (2000). The
basic 25 m by 25 m LE flux map eements were then placed into a two-dimensona surface visuaization
software package to graphicaly smooth, display, and map the vaues as color coded maps of LE, where
blue represents low LE values and red represents high LE values. Before the maps were completed a3
by 3 nearest neighbor smoothing agorithm was gpplied to the LE data, effectively reducing the spatid

resolution of the LE mapsto 75 m by 75 m.

3.4 Limitations on the present lidar flux technique
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Monin-Obukhov flux methods are most gppropriate for surfaces of uniform cover, flat terrain,
dationary scalars and adequate fetch. These atmospheric conditions arerarely- if ever- met inthe natural
environment, not even over the open ocean where the surface is uniform (Fairal et d., 1996). Asa
consequence of these limitations, researchers ether try to find Stesthat closely represent ided conditions
or modify their technique to account for the deviations from theory with the knowledge that the resulting
fluxes have congtraints associated with ther interpretation. The fluxes derived using lidar data over the
complexterrain of the San Pedro riparian zone are problematic but represent the best approach the authors
have for estimating spatidly resolved evapotranspiration.

The problems with the lidar flux technique involve variations in roughness, spatia and tempord
sampling, the use of uniform wind fields, as well as deviations from assumed profile theory. The most
notable problem isthe edge effect between the grasses and the cottonwoods as there is an gpproximately
30 m step change in roughness el ements between the two vegetation types. The present M-O approach
isnot designed to handle abrupt changesin devation thus, flux vaues at these boundaries are suspect. A
critical assumption for the lidar technique is that the 75 m by 75 m (5625 m?) areawhere the water vapor
profiles are measured is adequately sampled in space and time. Andysis of tempora sampling from point
sensors suggeststhat the 30 minute averaging period per flux estimate should be adequate under moderate
winds. Tempord-spatid andyss dso points to the potentid of using footprint analyss to determine
sampling Sze, frequency, and averaging period for the lidar as the technique becomes morerefined (Hort,
1999), (Schmid and Lloyd, 1999). Foot print andyss from BOREAS suggests that the flux fetch
requirements could be on the order of 100 m by 100 m (Kaharabata et al., 1997) under unstable

conditions, athough at aheight of 16 m, Baldocchi, 1997 reports that the entire footprint is about 80 m,
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suggedtingthat a75 m X 75 m sample size gppearsto be margindly adequate. Whilethese studiesare over
different surfacesthan SALSA, they support the contention that vertical coupling in the surface layer helps
to reduce footprint areas. However, foot print methods predict the scalar back-trgjectories to a tower
(point) while the lidar incorporates a three dimensond (X,y,z) region to estimate LE flux. The use of the
lidar measured volumetric source (albeit distorted over time) isassumed hereto further reducethefoot print
requirements to the order of the mapping e ements shown in this paper; athough this assumption is under
investigation as an area of additiond study. The question of the source areafootprint for latent energy flux
and itsrelationship to lidar measured profilethicknessisaareaof study that isongoing and future work will
attempt to address thisissue.

A criticd assumption that isnot resolvable a thistimeistheissue of spatidly averaged wind fields.
The present technique uses a spatidly uniform u estimate over the entire mapped region per 30 minute
period. Itisclear that u. must vary over space, but by how much is not known at thistime astheir are no
spatidly resolved u. methods available, neverthdessit is the only assumption that can presently be made.
It is hoped that three dimensiond mapping wind senors will be devised to evauate this question in the
future. Some tests can be applied to the datato determine how well it fits other aspects of theory, such as
the semi-log profile of scdars [q, - g is directly proportiond to Ln(z-d,/z,), see Eq. 1]. In paticular,
Eichinger et d., (2000), showsthat the lidar derived mean profilesfrom SALSA fit theoretical predictions
up to 30 or 40 m above the canopy, suggesting that the lidar dataiis not entirely outsde the congtraints of

Monin-Obukhov theory.

3.5 Flux maps over the riparian corridor
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A Monin-Obukhov model (Equation 1) was used to compute L E fluxesfrom the data acquired on
day 223 between 1000 LST to 1400 L ST, and were subsequently mapped (Figure 8). The stability and
fetch conditionsfor the LE mapsin Figure 8 are shown in Table 1. The stability condition over the site on
August 11 was highly unstablewith z/L ranging from-8.5t0 -14.6, and the fetch was between 175 and 350
m. The patterns digplayed on the five maps shown in Figure 8 represent the ET over the riparian corridor
and adjacent grass-mesquite-sacaton associations during mid-day. The highest flux vaues (red) in eech
map are loosely associated with the cottonwood stand, which runs roughly northwest to southeast at 100
to 200 mrange, and the lower values (blue) adjacent to the riparian corridor represent LE vauesfrom the
grass, and black represents no avalable data. The LE vaues over the riparian corridor typicdly were
between 50 and 350 W2, while the highest fluxes over the grasstypically exhibited only about half these
vaues. The fluxes show rdatively smooth iso-lines with few aorupt step changes in flux due to the
continuous mixing by buoyant and mechanica processesin thelower parts of the surfacelayer (Kao et d.,
1999). Unique patterns suchasin Pand D of Figure 8 are gpparently associated with winds moving from
the southeast to the northwest (Table 1). While the pattern of ET indicates that the riparian corridor
typicaly displays higher ET than the (relatively dry) grass, the spatid didtribution of LE vaues does not
directly map over the vegetation types, as there appears to be extensve mixing in the atmosphere, as
discussed in section 3.2. This was not unexpected, because LE flux is atime-gpace averaged ensemble
of various microscde intermittent atmospheric Structures and larger scae processes, blending the
boundaries of surface cover changes — which would suggest that horizontd mixing in the surface layer
above the canopy plays an important role in the riparian ET process (Degardinset d., 1992, Holwill and

Stewart, 1992, Ogunjemiyo et d., 1997). Previouswork on theissue of spatid variaionsin ET indicate
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that, not surprisngly, canopy heterogeneity aso contributes to flux variability (Tuzet et d., 1997). The
range of late morning to mid-afternoon L E fluxes across the mapped region was between 15 and 350 W2
(or 0.02 to 0.46 mm h* of water), peaking during the 1300 to 1330 LST period at over 330 Wni2.
Average L E during the late morning to mid-afternoon was about 230 W m2 (or 0.30 mm h'Y). In addition,
the maximum variatiionsin LE flux across the mapped area occurred during the 1300 to 1330 LST time
period corresponding to high winds and incoming solar rediation. Total ET for the period between 1000
and 1400 hours LST was mapped by summing the LE vaues from each of the 30 minute maps shown in
Figure 8 and converting the LE unitsinto depth units as shown in Figure 8a. The riparian zone shows up
in the image as high ET, up to 29 mm for this five hour period, whereas the grass surrounding the
cottonwoods showed somewhat smaler ET between 1.2 and 2.0 mm. To frame the sSze of the mid-day
fluxesthetota trangpiration flux (by the sap-flow technique; Schaffer et d., 1998) for the riparian corridor
on day 223 was estimated a 5.2 mm * 0.4 mm,; thus mid-day LE fluxes represent about half of the daily
totd ET.

>>>>>>>Place Figure 8 here

>>>>>>>Place Figure 8a here

>>>>>>>Place Table 1 here

3.6 Validation of flux technique

During this experiment, eddy covariance sensorswere not available above the canopy. However,
sap flow sensors were ingaled on cottonwood and willow trees within the lider field of view (Williams et

a., 1998). A complete description of sgp flow measurements and stand level transpiration estimates for
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the 1997 SALSA fidd campaigns is given by Schaeffer and Williams (this issue). The sap-flow
trangpiration measurementsreflect actua water use by individud trees. Thelidar derived LE flux datawere
co-located with sap-flow flux observations via a air-photo based ste map (Williams et d., 1998). The
inter-comparison data is presented in Figure 9.  Trangpiration was estimated for 9 cottonwood and 6
willow trees over 3-5 day periods using the heat pulse velocity method (Cohen et d., 1981). The
configuration of sap flow probes provided estimates of sapwood area-based transpiration at 30 minute
intervals continuoudy over the periods covered by the intensve field campaign. Sgpwood area based
trangpiration measurements were combined with forest structurd data (i.e., tree diameter, sgpwood area
to-diameter relationships, and species composition) to estimate canopy area based transpiration (in units
of Wn?) for several multi-species tree dusters within the lidar fild-of-view. Tree dusters ranged from
444 to 1985 n? in agrid cover and were Stuated both on the forest margin and interior. The
inter-comparison is based upon transpiration estimates from the four tree clusters located in the interior of
the riparian forest in order to avoid edge effects a the margins of the riparian zone (Schaeffer and Williams,
1999). Edge effects were independently observed on therma images of the Site showing that the western
edgeswere hotter than therest of the canopy. These* hot spots' presumably have an effect on ET variability
(Moran et a., 1998).

Uncertainties for the sap-flow estimates shown in Figure 9 were derived from the re-examination
of existing comparison studies between the eddy correation technique and coincident sap-flow flux
observations (Hogg et d., 1997). Intercomparisons between the sap-flow and eddy covariancetechniques
show that sap-flow measurement variability is upward of £20%, and that differences between methodsis

+10% when there is no precipitation (Soegaard et d., 1995). The lidar flux uncertainty estimates were
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derived from a comparison between drag coefficient methods (Fairdl et d., 1996) and the lidar method
(Eichinger et d., 1999). Theuncertainty analysis presented by Eichinger et d., (2000) and the previoudy
published uncertainty of 15% are consstent. The statistical comparison, using a least-square regression
between the sap-flow and lidar LE vauesyidded an r?=0.89, Sope = 0.87, intercept = +19.3 Wm?, the
RMS error is +22 Wn12 On Fig. 9 many of the intercomparisons do not use site 251, the distance
between ste 251 and the lidar was close to the limit of the sgnal-to-noise for the system, consequently
many of the flux maps did not have vauesat thissap flow gage. The RMS error isused hereto represent
an estimate of the sengtivity of the technique when compared to direct measures of transpiration, such as
the sap-flow velocity method, assuming thet thisisan ided technique. The satigtical andyssindicatesthat
the lidar derived LE edtimates are in good agreement with in-Stu observations, in spite of the numerous
limitations of the present technique. However, until further experiments are eva uated and reported, these
values must be interpreted with some caution.  The senditivity of +22 W2 appears to be adequate to
separate fluxes from two distinct vegetation types such as between the cottonwoods and the grass-
mesguite-sacatonenvironments.  Lidar-sap flow comparisonsneither support nor refutetheearlier findings
that the sgp flow method overestimates LE in the morning and underestimates LE in the afternoon (Hogg,
1997). However, their does appear to be a smal bias between the lidar and sap flow estimates.
Differences of 10% to 20% between tree transpiration and evapotranspiration were aso observed by
Granier et d. (1990). Differencesbetween eddy correlation and sap-flow derived fluxesare al so cons stent
withtheinter-comparison data, further supporting theideathat it ispossibleto partition ET into transpiration
and evgporativefluxes (Diawaraet d., 1991). However, with the available instruments and techniquesthe
inherent uncertainties are il too large to judify a gatisticaly sgnificant partitioning of LE fluxes.
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>>>>>>>>>Place Figure 9 here

3.6 Geostatistical analysis of water vapor scalar and flux

Inthissection, thelidar derived spatid LE flux estimates are used in conjunction with geodtatigtica
techniques to determine the spatia structure of riparian corridor as it relates to the evapotranspiration
processes. Inthis case, the spatial structure is used as the characterigtic length scale of the cottonwood
LE flux in the complex terrain of the Lewis Springs study ste. The geodtatistica technique used was
variogramanaysis of thetwo-dimensiona lidar-derived maps. Variogramswere computed from pairwise
(i,) location) analyss of the variance between al mapped L E vauesfrom each time period measured. The

method for computing the variogram follows Deutsch and Journd (1992) as.

N 1 M
a " — =
7 2N W,

[v,&v]? (6)

where g; isthe spatialy dependent variance for spatid lagij, N(h) isthe number of paired vectors, and v
are the data values a spatid location point i in Cartesian coordinates. Once the variances are computed
for dl possble patid lags, the variance is plotted as afunction of lag length, and characteristic variograms
develop. The patterns that form the variogram are fitted with standard models of spatid distribution such
asaghericd or Gaussan equation. Themodd chosen to fit the flux variograms was Gaussan which was
aso used in our earlier studies of spatid variability of scaar water vapor data (Cooper et d., 1992). The

choice of models is supported by gatisticd andysis of the flux data indicating that the distribution was

23



normd, and further, the ET processitsef is spatialy continuous supporting a Gaussian modd (Isagks and
Srivastava, 1989). One of the aspects of Gaussian distributed variograms is that the variance isrelatively
insengtive toinitid lag lengths. Thus, at smdl separations datatendsto be highly correated, which iswhat

isobserved inthe LE maps. The Gaussan fitted model is asfollows:

1& e&( e;lﬁ) Lk )

a " c

where g, is the fitted variance, ¢ is the scding variance, / is the range a which 95% of the variance is
reached in the variogram, R istherange, and k isthe offset (Deutsch and Journel, 1992). Thefluxesare
not estimated at a point, but represent a discrete area of 625 m2. Therefore it was assumed that the
variogram would not have zero variance a the origin. With these anadlysis congraints of a Gaussian
digtributionand anon-zero origin, variograms were computed from the va ues used to create the LE maps
for five periods from the late morning to the mid afternoon. These variograms, as well as Gaussan fitsto
the variogram data, are shown in Figure 10.

The variograms do not begin at the zero origin; instead they have a discrete variance a 0 m lag,
which represents the inherent variability of the fundamental measurement unit of 625 m2. The square root
of this varianceisthen aone sandard deviation estimate of the goatid variability of LE fluxes. Thisestimate
ranged from +35 Wm? to approximately +80 Wn? presumably dependent upon biophysical and
meteorologica conditions, athough the sze of the variance appears to be correlated with incoming solar
radiation (Photosynthetic photon flux dendity vs Time, Fig. 10, inset A) ason August 11 cloud attenuation

of solar radiation corresponded with the dternating variances in Figure 10. Furthermore, earlier sudies
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of thevariability of water vapor scaar during cloud-free periods suggested astrong dependence upontime,
which in retrospect was probably aso related to incoming solar radiation (Cooper et d., 1992). Similar
variability results from catchment scae watersheds was estimated from spatially modeled ET vaues by
Famiglietti and Wood (1995) as well as microscale measurements from area-averaged fluxes in Kansas
(Smith et d., 1992). Variaions greater than these ranges might not be due to spatid variability and could
be rdated to intermittent turbulent exchange processes such as sweep-gection between the canopy and
the lower atmosphere. Theasymptotewherethevariability becomes constant with range occurred between
125 and 175 m, thusaregion with an areaconssting of theselagsrepresentsaregion of uniform variability.

Scding andysis over abored forest indicates that dmost 2/3 of the LE flux contribution from arcraft-
tower measurements occurred at scales of gpproximately 200 m (Degardinset d., 1997). Theszeof the
range was not dependent upon the variability of the data, but does represent the structure Szefor agiven
time period. Thiswould suggest thet in order to characterize thisriparian zone ET, instrument separations
should be lessthan 175 mif the spatid uncertainty is to be minimized. The adequacy of 5625 n? arees

appears to be reasonable for flux estimation without spatial undersampling in this environment.

>>>>>>>>Place Figure 10 here

4. Conclusions

Lidar-derived LE flux maps are microscae representations of the spatia didtribution of canopy-

amosphere exchange processes. The mapsand analysis presented show the variability of M-O estimated
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LE as afunction of time and space. The natural variations in LE are most likely associated canopy-
amosphereinteractionsincluding vegetation type, availablewater, and aamospheric dynamics. Sorting out
the contributions from each of these factors will be an area for future research.

The lidar-based amilarity technique for mapping fluxes were used to estimate latent energy to 75
m by 75 m areas with arange in excess of 500 m. The vdidation of the lidar-derived LE flux was based
uponinter-comparisonswith sap-flow vel ocimetry measurementsof transpiration. Thecorrel ation between
the two techniqueswas 0.89. Interestingly the difference between ET and transpiration are about 10%to
15%. If the lidar and sap-flow methods are correct, then the evaporative component of thetotal ET for
this riparian community is relatively smal when compared to other uncertainties such as spatid variability.
LE flux values ranged over the site from 15 to 390 W2 by 1300 LST, with the riparian corridor
accounting for the highest flux values. Thetotd daly spatialy averaged cottonwood transpiration measured
by both the lidar and sap flow methods, was on the order of 6 mm day™*. Natural spatial distribution of ET
during day 223 had the equivaent of up to 5 mm day*, suggesting that spatid variability is an important
congderation in water budgets. The range of mid-day fluxes during peak ET periods across the Lewis
Sorings landscape was between 0 and 0.53 mm h* depending upon location, while the range of fluxes
solely within the riparian corridor was somewhat less, between 0.02 and 0.27 mm h.

Microscae horizontally advected transport of water vapor from the relatively tall and narrow
cottonwood canopy may be important, and is not accounted for in the present smilarity gpproach, and
more work is heeded to understand non-verticd transport of mass and energy. The lidar flux technique
issendgtive enoughto separatethe ET from theriparian corridor and the grass-mesquite-sacaton aress. The

spatid properties of the LE fluxes are somewhat dependent upon vegetation patterns, but it appears that
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amospheric mixing is asimportant as surface cover type. Estimates of LE spatid variability for 30 minute
averages represent up to 10% to 20% of the mean fluxes. Furthermore, the spatia lags are between 125
and 175 mregardless of time. Thelags are independent of the diurna variability, but are dependent upon
the inherent structure size of the evapotranspiration process over the Lewis Springssite. Thissuggeststhat
point sensors such as eddy correlation instruments separated by more than the lag length will be sampling
different canopy-atmosphere phenomenon.

Thelidar isapowerful tool to beused in asuiteof instrumentsfor characterizing and mapping water
vapor over non-homogeneous surfaces and complex terrain, and by extension we aretaking the first steps
inlearning how to map the evapotranspiration process aswell. We will improve upon our understanding
of the spatid processes involved in ET and the techniques to estimate fluxes, and with time the lidar
methods will evolve into better and more acceptable forms. It is hoped that in the near future watershed
managers will have atool to quantify the water budgets of riparian vegetation communities with spatid
resolution and flux accuracy that is compatible with existing hydrologic management tools. The data
presented here on the spatia properties of ET represent an improved vison of riparian consumptive use

in semi-arid watersheds over the traditional single point measurements of the past.
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Figure captions

Figure 1. Site map of the Lewis Springs study area.compiled from aremotely sensed and classified image,
showing theriparian zonein green, the grass-mesquite-sacaton associ ation, location of thelidar, lidar lines-

of-ste, sdlected Ste instruments, and amaor highway.

Figure 2. Friction velocity, 1, measured from a 3-dimensiona sonic anemometer over the grass and sodar

over the cottonwood canopy [A], wind direction [B], and wind speed [C] for August 11, 1997.

Figure 3. Verticd lidar scans acquired between 0913 LST and 1436 LST on August 11, 1997 showing
the cottonwood canopy at 345 m range extending up to 30 m height abovethe surface. Azimuth of scans
isat 195°. Dotted lineinthefirst pand (0913 LST) shows the approximate boundary of the Cottonwood
canopy. High mixing ratios are shown in red, and low vaues are shown in blue, black indicates values

below 10.5 g/kg or no data.

Figure 4. Lidar measured water vapor profiles (¢) over grass [A] and the cottonwoods [B] acquired on
8/11/97 at 9:13 LST. Inset C shows arange-mixing ratio transect (one lineof sght) extracted from 37 m
height from the 0913 LST verticd scan of Fig. 3, showing a potentid ramp in the plume centered at 430

m.

Figure 5. A comparison of verticaly averaged (over a 25 m vertical range) lidar water vapor means of
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cottonwoods and grass [A] and the standard deviation of g [B] as afunction of time for 8/11/97.

Fgure 6. Lidar image from August 11, a 1156 L ST showing enhanced amounts of water vapor moving
horizontdly from the middle of the canopy into the air. The approximate location of the canopy is denoted

by a dashed line, and the azimuth of the scan is 195°.

Figure 7. Verticd profiles extracted from Figure 6 showing the effect of moisture enrichment on vertica

water vapor digribution.

Figure 8. Lidar-derived 30 minute LE maps from 1000 to 1400 LST showing the spatid distribution of
ET over the Lewis Springs Site. Theriparian corridor is200 m X-range distance, from 0to 600 mY -range

distance. The approximate boundaries of the riparian corridor is shown in pand E as adotted line.

Figure8a Lidar derived mid day ET in mm of water asthe sum of nine 30 minute LE maps from 1000 to
1400 hours showing the distribution of ET, and the boundaries of the riparian zone as thick black dashed

lines, aswdl asthe location of the sgp flow Stes as dots.

Fgure 9. Comparison of LE fluxes from the sgp flow observations (solid symbols), lidar fluxes (open

symbols) and associated uncertainties, and a scatter plot with 1:1 line and regression statistics (inset).

Fgure 10. Variogramsfrom five 30 minute periods between 1000 and 1400 L ST during 8/11/98 showing
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the variance data as symbols and a Gaussian fitted model assolid lines. Inset A showsavariogram derived
from a horizontal water vapor scan acquired 5 m above the cottonwoods at 11:10 LST on 8/11/98, the
characterigtic structure size was between 20 and 25 m.  Insat B isaplot of the incoming vishble solar
radiation as a function of time (photosynthes's photon flux density) showing that August 11 had variable

cloudiness which is gpparently related to the variability of the variograms.
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Table 1. A description of the mean wind, estimated cottonwood fetch, and stability characterigtics for

August 11, 1997 at the SALSA site.

Time(LST) |U(m/y Dir. | Fetch L
1000 3.7 135 |175m |-4.53
1100 6.0 137 |175m |-124
1200 6.0 138 |175m |-85
1300 54 155 |>250m |-14.6
1400 4.5 180 |>500m |-10.6
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