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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 fields in southern Arizona in support of the (Semi Arid Land Surface Atmosphere) SALSA program.  The SALSA

experiment was designed to estimate evapotranspiration 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 similar values over both

surfaces, but the spatial variability over the cottonwoods was substantially higher than over the grasses.  Lidar images

support the idea that the enhanced variability over the cottonwoods is reflected in the presence of spatially coherent

microscale structures.  Interestingly, these microscale structures appear to weaken during midday, suggesting possible

evidence for stomatal closure.   Spatially resolved latent energy fluxes were estimated from the lidar using Monin-

Obukhov gradient technique.  The technique was validated from sap flow flux estimates of transpiration, and statistical

analysis 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 spatial variability

of 30 minute average fluxes were almost as large as the mean values.  Geostatistical techniques where used to compute
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the spatial lag lengths, they were found to be between 100 and 200 m.

Determination of such spatially continuous evapotranspiration from such a complex site presents watershed

managers with an additional  tool to quantify the water budgets of riparian plant communities with spatial resolution and

flux accuracy that is compatible with existing hydrologic management tools.
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1. Introduction

Measuring fluxes from the surface to the atmosphere over complex terrain and plant canopies

challenges the technological resources of both the meteorological and hydrological sciences (Kaimal and

Finnigan, 1994). The flux of water vapor associated with evapotranspiration (ET) is one of the critical

components of both water and energy balance models of hydrological systems. Strong variations in both

space and time over a wide range of scales compound the difficulties of understanding the role ET plays

in both physical and biological systems.

To examine these variations, the Los Alamos National Laboratory’s volume-imaging water-vapor

Raman lidar system was used to estimate the latent energy (LE) flux as a two-dimensional surface over the

complex terrain of a riparian corridor.  The LE flux was derived from lidar-measured water vapor and

simultaneous point-sensor wind-field measurements integrated into a Monin-Obukhov (M-O) similarity

scheme. Validation of the lidar derived LE fluxes utilized transpiration estimates obtained from sap-flow

probes.  While the use of M-O in complex terrain and heterogeneous surfaces is problematic, it is our initial

attempt at mapping riparian zone ET with spatially continuous data.

This paper outlines the results of the data processing and analysis technique used to estimate the

spatially resolved LE flux and its spatial variability over cottonwoods in a riparian corridor located in

southern Arizona. These results represent a contribution of the Semi-Arid Land Surface Atmosphere

(SALSA) experiment.

2. SALSA experimental description
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2.1 Site and Lidar Overview

The Lewis Springs study site at the National Riparian Conservation Area is in the semi-arid

southeastern part of Arizona, near Sierra Vista and close to the border of Mexico, at an elevation of 1250

m. The site is described in detail in Goodrich et al. (1998).  The study site is bisected by the San Pedro

river, which was flowing at approximately 0.05 m3s-1 during the experimental period, 8 days in early

August, 1997.  The flow of the San Pedro was due to the summer monsoon rains of mid-July.  During the

study in early August, clouds were always present giving rise to variable incoming solar radiation (Williams

et al., 1998).  The vegetation at the study site consists 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).  The riparian corridor vegetation straddled

both sides of the river to a width of ±50 to ±150 m, depending upon the width of the first bench of the

flood plain.  Within the flood plain where the cottonwoods stand, the lateral elevation change was relatively

small with little variation in topography, except within the narrow 4 m channel of the San Pedro.  During

August the cottonwood canopy was closed, occluding the San Pedro river from above and fully shading

the ground almost everywhere on the flood plain.

In order to compute LE fluxes from Monin-Obukhov similarity theory, it is necessary to consider

the topography and landscape of the area of interest for two reasons: 1) the individual profiles were

acquired at different elevations over complex terrain such that a given height relative to the ground  could

be different between individual scans; and 2) profiles over trees must be adjusted for the difference between

the ground and the top of the canopy.  The elevation and topographic data is used to derive the canopy
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height (h) that is subsequently used to estimate the displacement height (d0) and roughness lengths (z0).

Lidar range-height scans included negative angles that produced laser ground hits, whose return signals are

one to two orders of magnitude higher than the atmospheric signal, allowing 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 the lidar with 1.5 m ±

0.75 m horizontal intervals and 0.1 m vertical accuracy.  A elevation correction factor was derived from

the topographic “map” for each scan angle for later use in flux estimation.  Details of the lidar processing

and geometric corrections are in Eichinger et al., 2000 (This issue).

The LANL Raman lidar, which creates volume images from two-dimensional scans of ranged lidar

returns, was fielded with an array of various point sensors along the San Pedro river.  The lidar data from

the second site will be evaluated in future work.  A complete description of the lidar, it’s operation, and

its capabilities are in Eichinger et al. (1998). For reference, the lidar has a range of about 700 m, a

horizontal spatial resolution of 1.5 m, azimuthal scanning of 360 degrees, and a vertical step resolution as

small as 0.05 degrees.  The absolute accuracy of the lidar was shown to be ±0.34 gkg-1 at 95% confidence

(Cooper et al., 1996).  The lidar was positioned at two sites during this experiment. The first site 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

vertically pointing sodar was positioned at the edge of the cottonwood stand to provide wind field

observations starting at the top of the 30 m canopy for later flux computations.  Three-axis sonic

anemometers and Krypton hygrometers were also placed at various sites to provide temporal observations

of surface wind patterns and latent heat fluxes.  Sap-flow probes were placed on various trees within the
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riparian corridor to quantify transpiration fluxes (Fig. 1).  A map derived from a image-classified airborne

sensor of the study site showing 200 m by 200 m grids overlaid upon the map showing the riparian corridor

(dark green), the grass-mesquite-sacaton vegetation association (yellow) as well as the lidar, and the lidar

lines-of-site for the first lidar position is shown in Figure 1 (Moran et al., 1998).

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

2.2. Wind field data

Flux estimates presented here were derived by combining the lidar data with wind field observations

from sensors distributed over the Lewis Springs study site.  Wind field data sets were obtained from cup

anemometers and wind vanes over the grass region at 10 m height; from three-axis sonic anemometers at

2 m, and adjacent to the cottonwood canopy from a sodar system, which acquired horizontal (u,v), and

vertical (w) winds from heights of 25 m to 600 m from the surface in 5 m increments.  The wind direction

during August 8th was somewhat parallel 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, Panel B).  Wind speed continually increased during the morning until it peaked at 6 ms-1 at 1200 LST

and thereafter began to drop again (Figure 2, Panel C).

Lidar estimates of LE flux using the M-O technique require turbulence information in the form of

friction velocity (ut).  Typical methods to obtain ut include either a mean wind profile or a three-axis sonic

anemometer to measure the eddy covariance of the horizontal and vertical wind components. During

SALSA, a sodar was used to derive ut directly adjacent to the cottonwoods using the spatial time-lag
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technique as described in the user manual (Remtech, 1994).  It is assumed here that the ut measurements

at a single 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 ut values over the cottonwoods by

sodar and over the grass site from a three-dimensional sonic anemometer is shown in Figure 2, Panel A.

The ut values over the cottonwoods are up to two times those of the grass site, although there appears to

be a general correlation (r²=0.79) in the temporal pattern during the day with major excursions occurring

in the mid afternoon.  The assumption of u* as representative of a region is an area of future work.  

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

3. Spatial properties of water vapor and water vapor flux

Preliminary analysis of the lidar data is presented here in two parts: (1) vertical lidar scans of water

vapor as a scalar, and (2) an analysis of lidar-derived spatial fluxes.  The water vapor scalar analysis will

focus upon the relationship between observations over the riparian corridor versus the measurements over

the adjacent grass-shrub communities.  The analysis of the spatial properties of the LE flux will focus upon

mapping it, comparing the lidar-derived flux with coincident sap-flow measurements, and analyzing its

spatial variability.

3.1 Water Vapor Scalar Properties of Canopies

A cursory inspection of some of the lidar data reveals interesting properties of the cottonwood
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canopy-surface layer interface when compared to the atmosphere above the relatively flat grass-mesquite-

sacaton region adjacent to the riparian corridor.  An example of a time-series of range-height lidar scans

(here called vertical scans) acquired between 0913 LST and 1436 LST on August 11, 1997 illustrates the

spatial patterns and distribution of water vapor mixing ratio (q) in 1.5 m range-resolved pixels. The

variations in color show red tones as high q values and blue tones as low q values (Figure 3) (see Table

1 and Figure 2 for wind direction).  The vertical lidar images are composed of 42 individual scan lines

where each scan required 0.75 s.  Thus, it took about 32 seconds to complete and save each image.  The

time required to create an image might allow for substantial time-space distortion of the observed features.

Work on a lidar simulation using a turbulence resolving model with 1.5 m resolution (see Kao et al., 1999;

Figure 4, this issue) indicates that the model can simulate the eddies from the cottonwood canopy, as well

as simulate a 40 second scan by the lidar from the surface up into the atmosphere.  The simulation indicates

that the Microscale Convective Structures (MCSs) observed by the lidar, even with time-space distortion,

still 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 signal from the cottonwood trees

was substantially larger than the atmospheric signal and saturates the detectors, therefore the q values from

the leaves, stems, and trunks can be separated from the atmospheric signal by using a simple threshold.

By setting all q values above 16.8 g kg-1 as ‘canopy’ and all values below 16.8 g kg-1 as atmospheric signal,

in the images shown in Fig. 3,  the canopy is solid red, and in the upper panel a dotted line has been added

to denote where the boundary between the canopy and the atmosphere is located.  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-1
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for the five images to illustrate the effects of time on lower boundary moisture field.  The black  regions on

the images are those areas where the water vapor mixing ratio is below the lowest color on the legend, 10.5

g kg-1  When the return signal is less than 14.0 g kg-1,  patterns emerge from the data as can be seen in the

unstable regions above the surface and canopy (see Table 1 for L values).  MCSs above the canopy are

seen as “bubbles” of high q air presumably interacting with the relatively dryer air from above, such as the

structure 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 sight) extracted from 37 m height from the 0913 LST vertical scan of Fig.

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). Similar MCS’s were observed by lidar over a green ash

orchard that were closely related to intermittent features including “ramps” (Cooper  et al., 1994).  The high

q features over the mesquite-sacaton are 2 to 3 g kg-1 drier than those over the cottonwood canopy.

Interestingly, 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 reappear again.

While these MCSs are compelling, they must be interpreted with caution, as the lidar requires some time

to acquire these images.  Individual 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 spatially distorted and do not

represent instantaneous images of convective structures.   Further, the repeat rate for the same azimuth at

this site was such that an evaluation of coherency directly from the lidar data is precluded.   It is not clear

at this time if these MCSs are due to dynamics above the canopy or canopy-atmosphere interactions such

as sweep-ejection phenomena.

>>>>>>Place Figure 3 here
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A more traditional method for displaying and analyzing the lidar data would be from vertical profiles

of water vapor extracted from the scans.  One-dimensional profiles with 32 s averaging time were made

by sorting the range pixels by their associated height bins from an individual scan shown in the cross

sections shown in Figure 3.  Thus, all range pixels from a given region that fell into a specified height range

(e.g., from 0 to 0.5 m in elevation) can be displayed as mixing ratio versus height. Two 25 meter-wide

sections were extracted from the 0913 LST scan in Figure 3 at positions over both the grass-mesquite-

sacaton association (at ranges between 300 and 325 m in Fig. 3) and the cottonwoods (between 425 and

450 m).  The grass was in the near field of the scan, limiting the height of the profile to 35 m.  The sixteen

1.5 m lidar values per height bin in these 25 m scan widths give the data points of the profiles in Figure 4.

Although the average mixing ratio is similar for the two regimes, there is substantially larger variability at a

given height over the cottonwoods.  Both regimes exhibit an undulating structure with height, which reflects

some of the coherent structures visible in the image in Figure 3.  Figure 4 suggests that the size of these

structures are similar over both regimes, approximately 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, as these plumes decay in height,

the profiles show these higher regions as “dry”.  It is interesting to note that only the lower portions of the

profiles from single scans fit the Businger-Dyer  semi-log model, while ensemble averaged profiles (over

30 minutes) smooth out most of these individual features and fit the semi-log model more completely

(Eichinger et al., 2000).

>>>>>>Place Figure 4 here

The most pronounced difference between the two profiles in Figure 4 is the variability as a function
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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-1 apart, 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 al., 2000,).

Time series of mean (q) and standard deviation (óq) values derived from vertically averaged 25

m tall subsections extracted from the water vapor distributions over both grass and the cottonwood canopy

(from Figure 4) are shown in Figure 5.  The mean values of q over the trees tend to be higher than over the

grasses by modest differences of 0.5 to 1 g kg-1, although there are periods when they are the same, most

notably during mid-day.  Coincident vapor pressure deficit measurements of cottonwood leaves at

approximately 1230 LST also suggest reduced amounts of water vapor moving into the air, supporting the

notion of stomatal control of water during high potential heat stress periods such as mid-day (Williams et

al., 1998).  As can be seen from Figure 3, coherent plumes and structures over the trees have deviations

2 to 3 g kg-1 higher than the background of 10.5 to 12 g kg-1, whereas over the grass, the structures are

somewhat weaker in intensity. This is because the well-watered trees are generally transpiring at a higher

rate than the dry grass, with the exception of mid-day, giving rise to more pronounced coherent structures.

The óq time series in Figure 5 show that the atmosphere over the trees is always more variable than over

the grasses.  The higher intensity turbulence over the trees (Figure 2A) would explain the variability of the

water vapor profiles over the cottonwoods as compared to the grasses.  The cottonwood water-vapor

variability was highest in the early afternoon between 1200 and 1330 LST; thus LE fluxes are also expected

to peak at the same time.

>>>>>>>Place Figure 5 here
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3.2 Microscale advective transport from the cottonwoods

The cottonwood stand is about 25 m taller than the surrounding grass-mesquite-sacaton

association, creating a roughness element change on the landscape with a unique micro-climate

environment.  The effect of this micro-climate on horizontal flow and ET is not well understood because

measurement techniques generally rely on vertical transport or gradients.  Lidar data, combined with a

sodar point sensor  is used here to improve the understanding of the spatial and temporal properties of the

three-dimensional canopy-atmosphere system.

The changing wind direction around midday increased the horizontal transport of mass and energy

out of the Cottonwoods and into the surrounding environment.  The effects of wind on canopy transport

can be seen in passive tracers such as the water vapor observations made with the lidar.  For example, at

1156 LST on August 11, a vertical scan was acquired when the wind direction was from the southwest

(185°), almost directly facing into the lidar field-of-view.  The lidar derived image suggests horizontal flow

of water vapor out of the cottonwood canopy (Figure 6).  On this lidar image, the structure from the edge

of the canopy, at 15 m from the ground, shows large concentrations of water vapor billowing off the

cottonwood crowns horizontally into the lower surface layer over the grass.  To better visualize this

phenomenon, two 25 meter-wide vertical water vapor profiles where extracted from this scan at 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 horizontal transport from the canopy (Figure 7).  The mean water vapor

from profile A is about 9.5 g kg-1 in contrast, the mean from profile B is closer to 11 g kg-1 due to the water

vapor coming out of the canopy crown at 15 meters altitude.  The excursion is presumably caused by
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horizontal wind driven through the canopy creating a moisture-rich plume at the edge of the riparian zone.

At this time a technique using the lidar data for estimating horizontally driven fluxes is not available, although

recent work on horizontal 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 horizontal moisture flux when the wind direction was

westerly, as air was moving out of the canopy and into the open space above the grass.  The system

measured very large LE fluxes when the wind direction was moving out of the canopy and into the sensors.

The wind direction was typically south-to-north, not east to west, thus the massive horizontal transport issue

is transient and not a permanent feature of the climate.  It is not clear what the effect on riparian zone ET

such advective transport has, but it is a source of error and uncertainty in water budgets for these

ecosystems if 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 vertical profiles of water-vapor mixing ratio use a

Monin-Obukhov (M-O) gradient driven similarity model.  The traditional method for initializing this model

would be to acquire vertical gradients of temperature, humidity, and wind from point-sensor time-series

data and assume Taylor's hypothesis of frozen turbulence to average over some user-defined region such

as an agricultural field 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 spatially resolved vertical gradient of water vapor,

and integrate these gradients with turbulence data to estimate a flux.

Earlier studies on the estimation of LE flux from lidar used water-vapor profiles aggregated from

an entire site (Eichinger et al., 1992).  These estimates were compared with eddy covariance and Bowen

ratio derived flux values and found to be in excellent agreement.  Here, we further extend this approach by

incorporating a correction for topography on the lidar cross sections and combine several cross-sections

into discrete spatial elements which are basically the mapping units that are then adjusted for displacement

and roughness heights. This extension assumes that the statistics acquired over space can be averaged over

time. By breaking down the site into discrete spatial elements, complex terrain becomes more accessible

to Monin-Obukhov approaches for estimating fluxes.  The next question is how big should the sampling size

be?

Our previous work on the spatial variability of uniform vegetated surfaces indicates that the average

scalar spatial structure (lags) size near the surface for water vapor is on the order of 10 to 20 m (Cooper

et al., 1992).  Similar lags of 10 to 15 m were also found over open water (ocean) surfaces as well

(Cooper et al., 1997).  Analysis of horizontal water vapor scans over the riparian corridor from this

experiment support the earlier work, with spatial lags under 25 m (inset B, Fig. 10).  Using the water vapor

scalar structure size estimated from the variogram analysis and the compromise of the smallest possible

statistically significant sample as criteria, we used a 25 m by 25 m region as our initial flux mapping element.

In essence, we are assuming that within a 625 m²  area, Taylor's hypothesis is valid; and that the grid

element is spatially homogeneous and temporally stationary.  These assumptions concerning the spatial

element size of LE flux are still open to debate, and geostatistical techniques on the data collected from the
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SALSA experiment will explore part of this problem in section 3.6.

Estimates of ET from the Lewis Springs study site was generated by integrating wind-field data

from a sodar with water vapor gradients derived by lidar.  Lidar vertical scans were typically 500 to 600

m long and extended up to 75 m in height above the canopy which is approximately 2 to 2.5 times the

height of the cottonwood trees, Simpson et al., (1998) considered this range ideal for gradient

measurements over forested sites.  The vertical profiles used for flux mapping extended up to 15 m above

the canopy.  The scans were stepped every 5o in azimuth, to form a swath up to 120o wide used to create

30-minute averaged flux maps.  The first 100 m of lidar data (in range) are excluded from the analysis due

to the limited height of the available profiles and field-of-view issues of the lidar.  Each 625 m² flux mapping

element was composed of several hundred lidar water vapor observations, giving good statistical

confidence to the gradients measured between the canopy and atmosphere.  The riparian zone was mapped

for a given 30-minute period with several (up to three) sequences of scans starting at the south and

progressing north by 5o 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 this time lag

on LE flux uncertainty is not precisely known at this time, but apparently is not large as evaluated by data

simulation studies over the SALSA site (Kao et al., 1999, this issue).

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 spatial basis for M-O derived LE flux maps shown in the next

section.  Vertical water-vapor data that fell within a given map unit were then aggregated from the 1.5 m

by 1.5 m  by 0.1° vertical data values into spatially discrete profiles typically between 5 and 15 m in 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 do and zo.  The re-mapped water-vapor profiles along with friction-

velocity measurements were input into the following model to estimate latent energy (Brutsaert, 1982).  The

water vapor profile is given by

where qz is the water vapor mixing ratio measured by the lidar at some height above the surface; qs  is the

water vapor mixing ratio measured by the lidar close to the surface; L is the latent heat of vaporization; E

is the latent heat flux to be calculated; av is the ratio of Von Karman's water vapor constant to Von

Karman's constant, k; ut is the friction velocity from the sodar; ñ is the air density; z is the measurement

height; d0 is the displacement height derived from canopy height; zo is the roughness length also derived

from canopy height; and ø sv (æ) is the stability correction (Paulson, 1970).  

Specific equations for the unstable atmospheric condition are found in Brutsaert (1982), and details

on LE, L, and ø sv (æ) computation are in Eichinger et al., (2000).  Latent energy flux is derived from

Equation 1 by algebraic rearrangement following Equations 1 through 6 of Eichinger et al., (2000).  The

basic 25 m by 25 m LE flux map elements were then placed into a two-dimensional surface visualization

software package to graphically smooth, display, and map the values as color coded maps of LE, where

blue represents low LE values and red represents high LE values.  Before the maps were completed a 3

by 3 nearest neighbor smoothing algorithm was applied to the LE data, effectively reducing the spatial

resolution of the LE maps to 75 m by 75 m.

3.4 Limitations on the present lidar flux technique
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Monin-Obukhov flux methods are most appropriate for surfaces of uniform cover, flat terrain,

stationary scalars and adequate fetch.  These atmospheric conditions are rarely- if ever- met in the natural

environment, not even over the open ocean where the surface is uniform (Fairall et al., 1996).  As a

consequence of these limitations, researchers either try to find sites that closely represent ideal conditions

or modify their technique to account for the deviations from theory with the knowledge that the resulting

fluxes have constraints associated with their interpretation.  The fluxes derived using lidar data over the

complex terrain of the San Pedro riparian zone are problematic but represent the best approach the authors

have for estimating spatially resolved evapotranspiration.

The problems with the lidar flux technique involve variations in roughness, spatial and temporal

sampling, the use of uniform wind fields, as well as deviations from assumed profile theory.  The most

notable problem is the edge effect between the grasses and the cottonwoods as there is an approximately

30 m step change in roughness elements between the two vegetation types. The present M-O approach

is not designed to handle abrupt changes in elevation thus, flux values at these boundaries are suspect.  A

critical assumption for the lidar technique is that the 75 m by 75 m (5625 m²) area where the water vapor

profiles are measured is adequately sampled in space and time.  Analysis of temporal sampling from point

sensors suggests that the 30 minute averaging period per flux estimate should be adequate under moderate

winds.  Temporal-spatial analysis also points to the potential of using footprint analysis to determine

sampling size, frequency, and averaging period for the lidar as the technique becomes more refined (Horst,

1999), (Schmid and Lloyd, 1999).  Foot print analysis 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, although at a height of 16 m, Baldocchi, 1997 reports that the entire footprint is about 80 m,
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suggesting that a 75 m X 75 m sample size appears to be marginally adequate.  While these studies are over

different surfaces than 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-trajectories to a tower

(point) while the lidar incorporates a three dimensional (x,y,z) region to estimate LE flux.  The use of the

lidar measured volumetric source (albeit distorted over time) is assumed here to further reduce the foot print

requirements to the order of the mapping elements shown in this paper; although this assumption is under

investigation as an area of additional study. The question of the source area footprint for latent energy flux

and its relationship to lidar measured profile thickness is a area of study that is ongoing and future work will

attempt to address this issue.

A critical assumption that is not resolvable at this time is the issue of spatially averaged wind fields.

The present technique uses a spatially uniform u* estimate over the entire mapped region per 30 minute

period.  It is clear that u* must vary over space, but by how much is not known at this time as their are no

spatially resolved u* methods available, nevertheless it is the only assumption that can presently be made.

It is hoped that three dimensional mapping wind senors will be devised to evaluate this question in the

future.  Some tests can be applied to the data to determine how well it fits other aspects of theory, such as

the semi-log profile of scalars [qz - qs is directly proportional to Ln(z-do/zo), see Eq. 1].  In particular,

Eichinger et al.,  (2000), shows that the lidar derived mean profiles from SALSA fit theoretical predictions

up to 30 or 40 m above the canopy, suggesting that the lidar data is not entirely outside the constraints of

Monin-Obukhov theory.

3.5 Flux maps over the riparian corridor



19

A Monin-Obukhov model (Equation 1) was used to compute LE fluxes from the data acquired on

day 223 between 1000 LST to 1400 LST, and were subsequently mapped (Figure 8).  The stability and

fetch conditions for the LE maps in Figure 8 are shown in Table 1.  The stability condition over the site on

August 11 was highly unstable with z/L ranging from -8.5 to -14.6, and the fetch was between 175 and 350

m.  The patterns displayed 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 values (red) in each

map are loosely associated with the cottonwood stand, which runs roughly northwest to southeast at 100

to 200 m range, and the lower values (blue) adjacent to the riparian corridor represent LE values from the

grass, and black represents no available data.  The LE values over the riparian corridor typically were

between 50 and 350 Wm-2, while the highest fluxes over the grass typically exhibited only about half these

values. The fluxes show relatively smooth iso-lines with few abrupt step changes in flux due to the

continuous mixing by buoyant and mechanical processes in the lower parts of the surface layer (Kao et al.,

1999).  Unique patterns such as in Panel D of Figure 8 are apparently associated with winds moving from

the southeast to the northwest (Table 1).  While the pattern of ET indicates that the riparian corridor

typically displays higher ET than the (relatively dry) grass, the spatial distribution of LE values does not

directly map over the vegetation types, as there appears to be extensive mixing in the atmosphere, as

discussed in section 3.2.  This was not unexpected, because LE flux is a time-space averaged ensemble

of various microscale intermittent atmospheric structures and larger scale processes, blending the

boundaries of surface cover changes — which would suggest that horizontal mixing in the surface layer

above the canopy plays an important role in the riparian ET process (Desjardins et al., 1992, Holwill and

Stewart, 1992, Ogunjemiyo et al., 1997).  Previous work on the issue of spatial variations in ET indicate



20

that, not surprisingly, canopy heterogeneity also contributes to flux variability (Tuzet et al., 1997).  The

range of late morning to mid-afternoon LE fluxes across the mapped region was between 15 and 350 Wm-2

(or 0.02 to 0.46 mm h-1 of water), peaking during the 1300 to 1330 LST period at over 330 Wm-2.

Average LE during the late morning to mid-afternoon was about 230 W m-2 (or 0.30 mm h-1).  In addition,

the maximum variations in LE flux across the mapped area occurred during the 1300 to 1330 LST time

period corresponding to high winds and incoming solar radiation.  Total ET for the period between 1000

and 1400 hours LST was mapped by summing the LE values from each of the 30 minute maps shown in

Figure 8 and converting the LE units into depth units as shown in Figure 8a.  The riparian zone shows up

in the image as high ET, up to 2.9 mm for this five hour period, whereas the grass surrounding the

cottonwoods showed somewhat smaller ET between 1.2 and 2.0 mm.  To frame the size of the mid-day

fluxes the total transpiration flux (by the sap-flow technique; Schaffer et al., 1998) for the riparian corridor

on day 223 was estimated at 5.2 mm ± 0.4 mm; thus mid-day LE fluxes represent about half of the daily

total ET.

>>>>>>>Place Figure 8 here

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

>>>>>>>Place Table 1 here

3.6 Validation of flux technique

During this experiment, eddy covariance sensors were not available above the canopy. However,

sap flow sensors were installed on cottonwood and willow trees within the lidar field of view (Williams et

al., 1998).  A complete description of sap flow measurements and stand level transpiration estimates for
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the 1997 SALSA field campaigns is given by Schaeffer and Williams (this issue).  The sap-flow

transpiration measurements reflect actual water use by individual trees.  The lidar derived LE flux data were

co-located with sap-flow flux observations via a air-photo based site map (Williams et al., 1998).  The

inter-comparison data is presented in Figure 9.   Transpiration was estimated for 9 cottonwood and 6

willow trees over 3-5 day periods using the heat pulse velocity method (Cohen et al., 1981).  The

configuration of sap flow probes provided estimates of sapwood area-based transpiration at 30 minute

intervals continuously over the periods covered by the intensive field campaign.  Sapwood area based

transpiration measurements were combined with forest structural data (i.e., tree diameter, sapwood area-

to-diameter relationships, and species composition) to estimate canopy area based transpiration (in units

of Wm-2) for several multi-species tree clusters within the lidar field-of-view.  Tree clusters ranged from

444 to 1985 m² in aerial cover and were situated 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 at the margins of the riparian zone (Schaeffer and Williams,

1999).  Edge effects were independently observed on thermal images  of the site showing that the western

edges were hotter than the rest of the canopy. These ‘hot spots’ presumably have an effect on ET variability

(Moran et al., 1998).

Uncertainties for the sap-flow estimates shown in Figure 9 were derived from the re-examination

of existing comparison studies between the eddy correlation technique and coincident sap-flow flux

observations (Hogg et al., 1997).  Intercomparisons between the sap-flow and eddy covariance techniques

show that sap-flow measurement variability is upward of ±20%, and that differences between methods is

±10% when there is no precipitation (Soegaard et al., 1995).  The lidar flux uncertainty estimates were
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derived from a comparison between drag coefficient methods (Fairall et al., 1996) and the lidar method

(Eichinger et al., 1999).  The uncertainty analysis  presented by Eichinger et al., (2000)  and the previously

published uncertainty of 15% are consistent.  The statistical comparison, using a least-square regression

between the sap-flow and lidar LE values yielded an  r2 =0.89, slope = 0.87, intercept = +19.3 Wm-2, the

RMS error is  ±22 Wm-2.  On Fig. 9 many of the intercomparisons do not use site 251, the distance

between site 251 and the lidar was close to the limit of the signal-to-noise for the system, consequently

many of the flux maps did not have values at this sap flow gage.  The RMS error is used here to represent

an estimate of the sensitivity of the technique when compared to direct measures of transpiration, such as

the sap-flow velocity method, assuming that this is an ideal technique.  The statistical analysis indicates that

the lidar derived LE estimates are in good agreement with in-situ observations, in spite of the numerous

limitations of the present technique.  However, until further experiments are evaluated and reported, these

values must be interpreted with some caution.  The sensitivity of ±22 Wm-2 appears to be adequate to

separate fluxes from two distinct vegetation types such as between the cottonwoods and the grass-

mesquite-sacaton environments.   Lidar-sap flow comparisons neither support nor refute the earlier findings

that the sap flow method overestimates LE in the morning and underestimates LE in the afternoon (Hogg,

1997).  However, their does appear to be a small bias between the lidar and sap flow estimates.

Differences of 10% to 20% between tree transpiration and evapotranspiration were also observed by

Granier et al. (1990).  Differences between eddy correlation and sap-flow derived fluxes are also consistent

with the inter-comparison data, further supporting the idea that it is possible to partition ET into transpiration

and evaporative fluxes (Diawara et al., 1991).  However, with the available instruments and techniques the

inherent uncertainties are still too large to justify a statistically significant partitioning of LE fluxes.
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>>>>>>>>>Place Figure 9 here

3.6 Geostatistical analysis of water vapor scalar and flux

In this section, the lidar derived spatial LE flux estimates are used in conjunction with geostatistical

techniques to determine the spatial structure of riparian corridor as it relates to the evapotranspiration

processes.  In this case, the spatial structure is used as the characteristic length scale of the cottonwood

LE flux in the complex terrain of the Lewis Springs study site.  The geostatistical technique used was

variogram analysis of the two-dimensional lidar-derived maps.  Variograms were computed from pairwise

(i,j location) analysis of the variance between all mapped LE values from each time period measured.  The

method for computing the variogram follows Deutsch and Journel (1992) as:

where ãij is the spatially dependent variance for spatial lag ij, N(h) is the number of paired vectors, and v

are the data values at spatial location point ij in Cartesian coordinates.  Once the variances are computed

for all possible spatial lags, the variance is plotted as a function of lag length, and characteristic variograms

develop.  The patterns that form the variogram are fitted with standard models of spatial distribution such

as a spherical or Gaussian equation.  The model chosen to fit the flux variograms was Gaussian which was

also used in our earlier studies of spatial variability of scalar water vapor data (Cooper et al., 1992). The

choice of models is supported by statistical analysis of the flux data indicating that the distribution was
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normal, and further, the ET process itself is spatially continuous supporting a Gaussian model (Isaaks and

Srivastava, 1989). One of the aspects of Gaussian distributed variograms is that the variance is relatively

insensitive to initial lag lengths.  Thus, at small separations data tends to be highly correlated, which is what

is observed in the LE maps.  The Gaussian fitted model is as follows:

where ãh is the fitted variance, c is the scaling variance, h is the range at which 95% of the variance is

reached in the variogram, R is the range, and k is the offset  (Deutsch and Journel, 1992).  The fluxes are

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 at the origin.  With these analysis constraints of a Gaussian

distribution and a non-zero origin, variograms were computed from the values used to create the LE maps

for five periods from the late morning to the mid afternoon. These variograms, as well as Gaussian fits to

the variogram data, are shown in Figure 10.

The variograms do not begin at the zero origin; instead they have a discrete variance at 0 m lag,

which represents the inherent variability of the fundamental measurement unit of 625 m².  The square root

of this variance is then a one standard deviation estimate of the spatial variability of LE fluxes. This estimate

ranged from ±35 Wm-2 to approximately ±80 Wm-2 presumably dependent  upon biophysical and

meteorological conditions, although the size of the variance appears to be correlated with incoming solar

radiation (Photosynthetic photon flux density  vs. Time, Fig. 10, inset A)  as on August 11 cloud attenuation

of solar radiation corresponded with the alternating variances in Figure 10.  Furthermore, earlier studies
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of the variability of water vapor scalar during cloud-free periods suggested a strong dependence upon time,

which in retrospect was probably also related to incoming solar radiation (Cooper et al., 1992).   Similar

variability results from catchment scale watersheds was estimated from spatially modeled ET values by

Famiglietti and Wood (1995) as well as microscale measurements from area-averaged fluxes in Kansas

(Smith et al., 1992).  Variations greater than these ranges might not be due to spatial variability and could

be related to intermittent turbulent exchange processes such as sweep-ejection between the canopy and

the lower atmosphere. The asymptote where the variability becomes constant with range occurred between

125 and 175 m, thus a region with an area consisting of  these lags represents a region of uniform variability.

  Scaling analysis over a boreal forest indicates that almost 2/3 of the LE flux contribution from aircraft-

tower measurements occurred at scales of approximately 200 m (Desjardins et al., 1997).  The size of the

range was not dependent upon the variability of the data, but does represent the structure size for a given

time period.  This would suggest that in order to characterize this riparian zone ET, instrument separations

should be less than 175 m if the spatial uncertainty is to be minimized.  The adequacy of 5625 m² areas

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 microscale representations of the spatial distribution of canopy-

atmosphere exchange processes.  The maps and analysis presented show the variability of M-O estimated
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LE as a function of time and space.  The natural variations in LE are most likely associated canopy-

atmosphere interactions including vegetation type, available water, and atmospheric dynamics.  Sorting out

the contributions from each of these factors will be an area for future research.

The lidar-based similarity technique for mapping fluxes were used to estimate latent energy to 75

m by 75 m areas with a range in excess of 500 m.  The validation of the lidar-derived LE flux was based

upon inter-comparisons with sap-flow velocimetry measurements of transpiration.  The correlation between

the two techniques was 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 the total ET for

this riparian community is relatively small when compared to other uncertainties such as spatial variability.

LE flux values ranged over the site from 15 to 390 Wm-2 by 1300 LST, with the riparian corridor

accounting for the highest flux values. The total daily spatially averaged cottonwood transpiration measured

by both the lidar and sap flow methods, was on the order of 6 mm day-1.  Natural spatial distribution of ET

during day 223 had the equivalent of up to 5 mm  day-1, suggesting that spatial variability is an important

consideration in water budgets.  The range of mid-day fluxes during peak ET periods across the Lewis

Springs landscape was between 0 and 0.53 mm h-1 depending upon location, while the range of fluxes

solely within the riparian corridor was somewhat less, between 0.02 and 0.27 mm h-1.  

Microscale 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 similarity approach, and

more work is needed to understand non-vertical transport of mass and energy.  The lidar flux technique

is sensitive enough to separate the ET from the riparian corridor and the grass-mesquite-sacaton areas. The

spatial properties of the LE fluxes are somewhat dependent upon vegetation patterns, but it appears that



27

atmospheric mixing is as important as surface cover type.  Estimates of LE spatial variability for 30 minute

averages represent up to 10% to 20% of the mean fluxes.  Furthermore, the spatial lags are between 125

and 175 m regardless of time.  The lags are independent of the diurnal variability, but are dependent upon

the inherent structure size of the evapotranspiration process over the Lewis Springs site.  This suggests that

point sensors such as eddy correlation instruments separated by more than the lag length will be sampling

different canopy-atmosphere phenomenon.

The lidar is a powerful tool to be used in a suite of instruments for characterizing and mapping water

vapor over non-homogeneous surfaces and complex terrain, and by extension we are taking the first steps

in learning how to map the evapotranspiration process as well.  We will improve upon our understanding

of the spatial 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 a tool to quantify the water budgets of riparian vegetation communities with spatial

resolution and flux accuracy that is compatible with existing hydrologic management tools.  The data

presented here on the spatial properties of ET represent an improved vision 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 a remotely sensed and classified image,

showing the riparian zone in green, the grass-mesquite-sacaton association, location of the lidar, lidar lines-

of-site, selected site instruments, and a major highway.

Figure 2. Friction velocity, ut measured from a 3-dimensional 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. Vertical 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 above the surface.   Azimuth of scans

is at 195°.  Dotted line in the first panel (0913 LST) shows the approximate boundary of the Cottonwood

canopy.  High mixing ratios are shown in red, and low values are shown in blue, black indicates values

below 10.5 g/kg or no data. 

Figure 4.  Lidar measured water vapor profiles (q) over grass [A] and the cottonwoods [B] acquired on

8/11/97 at 9:13 LST.  Inset C shows a range-mixing ratio transect (one line of sight) extracted from 37 m

height from the 0913 LST vertical scan of Fig. 3, showing a potential ramp in the plume centered at 430

m.

Figure 5.  A comparison of vertically 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 q [B] as a function of time for 8/11/97.

Figure 6. Lidar image from August 11, at 1156 LST showing enhanced amounts of water vapor moving

horizontally 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. Vertical profiles extracted from Figure 6 showing the effect of moisture enrichment on vertical

water vapor distribution.

Figure 8.  Lidar-derived 30 minute LE maps from 1000 to 1400 LST showing the spatial distribution of

ET over the Lewis Springs site. The riparian corridor is 200 m X-range distance, from 0 to 600 m Y-range

distance.  The approximate boundaries of the riparian corridor is shown in panel E as a dotted line.

Figure 8a.  Lidar derived mid day ET in mm of water as the 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, as well as the location of the sap flow sites as dots.

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

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

Figure 10.  Variograms from five 30 minute periods between 1000 and 1400 LST during 8/11/98 showing
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the variance data as symbols and a Gaussian fitted model as solid lines. Inset A shows a variogram derived

from a horizontal water vapor scan acquired 5 m above the cottonwoods at 11:10 LST on 8/11/98, the

characteristic structure size was between 20 and 25 m.   Inset B is a plot of the incoming visible solar

radiation as a function of time (photosynthesis photon flux density) showing that August 11 had variable

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

August 11, 1997 at the SALSA site.

Time (LST) U (m/s) Dir. Fetch L

1000 3.7 135 175 m -4.53

1100 6.0 137 175 m -12.4

1200 6.0 138 175 m -8.5

1300 5.4 155 >250 m -14.6

1400 4.5 180 >500 m -10.6


