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I.  BACKGROUND

The Soil Moisture - Atmosphere Coupling Experiment(SMACEX) was designed
to provide a multiscale dataset of vegetation, soil, and atmospheric states, representing a
mixture of point, linear, and gridded coverage (Kustas et al., 2006).  The SMACEX
campaign was conducted simultaneously with the Soil Moisture Experiment 2002
(SMEX02), whose primary objectives were to extend microwave soil moisture
observations and retrieval algorithms to rapidly changing crop biomass conditions, to
acquire data required to validate the Earth Observing System (EOS) Aqua Advanced
Microwave Scanning Radiometer (AMSR)-E brightness temperatures and soil moisture
retrieval algorithms, and to evaluate new soil moisture sensing instruments (Njoku et al.
2004).  The soil moisture maps that will be generated from the various sensors will
provide a key boundary condition for land surface modeling.  

The data from SMACEX and SMEX02 was intended be used to address several
scientific research topics/issues related to land surface–atmosphere dynamics. These
include:

1.) the evaluation of spatial scaling techniques and assumptions inherent in
turbulent transport modeling, 

2.) the direct evaluation of the role of the spatial and temporal variability in soil
moisture and vegetation conditions on soil–vegetation–atmosphere interactions
and on local- and regional-scale fluxes, and 

3.) the exploration of opportunities for assimilating remote sensing products in
order to improve land surface process modeling.

Results of this research will lead to a greater understanding of the role of soil
moisture and vegetation conditions on pla1netary boundary layer dynamics for this
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region, and an assessment of the utility of remote sensing data for improving coupled
land–atmosphere models. This, in turn, will lead to more reliable weather forecasting and
regional climate predictions. More specifically, the data and research results will assist in
substantiating a growing body of evidence from model simulations that suggest that
agricultural practices can modify the local and regional climate (Adegoke et al. 2003;
Weaver and Avissar 2001).  More immediate impacts from the SMACEX project will
come from research results evaluating the significance of soil moisture/soil texture
differences, phenological differences between the two main agricultural crops, and
differences in management practices (i.e., conventional till, no till, ridge till, row spacing)
on the land surface energy exchanges across this landscape.  Moreover, as a result of the
partial canopy coverage during crop development and varying crop and tillage practices,
which includes row spacing and orientation, crop cover is not uniform. Consequently, the
interpretation of remotely sensed data (including thermalinfrared data and vegetation
indexes), and the subsequent estimation of soil and vegetation energy exchanges, will be
affected. The significance of these effects on land surface model output at the canopy,
field, and regional scales will be addressed with the SMACEX dataset.

II.  SITE DESCRIPTION

Site description The SMACEX study site, a grid box  10 km north-south by 30
km east–west, encompassed the Walnut Creek (WC) watershed (centered at 41.96°N,
93.6°W), which has been intensively monitored by the U.S. Department of Agriculture
(USDA) Agricultural Research Service (ARS) National Soil Tilth Laboratory (NSTL)
since 1990 as a field/watershed study site (Hatfield et al. 1999b). This WC experimental
domain was nested within a regional (Iowa, hereafter IA) study area (95 km north–south 
40 km east–west) that is used by SMEX02 to encompass several AMSR-E pixels.

The land cover in the WC study area is primarily comprised of corn- (Zea mays
L.) and soybean [Glycine max (L.) Merr.] fields. A land use map generated for the site
indicates that nearly 95% of the region is in corn and soybean production, with the
remaining land cover being comprised of cereal crops, urban areas/roads/farmsteads,
forested/riparian areas, and lakes/rivers. The typical field size is on the order of 25 ha, but
ranges from 1 to 130 ha. Although the WC watershed covers a relatively small area (5100
ha), it contains all land cover types representing WC and IA experimental domains. In
fact, even the WC and IA experimental domains are relatively small compared to the
regional climate scale, however, both have topography and soil that are representative of
the Des Moines lobe, which covers approximately 1/4 of the state of Iowa (Hatfield et al.
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1999b). Moreover, the corn and soybean production in this part of the state is indicative
of a much larger agricultural region, namely, the upper Midwest corn–soybean region of
the United States, which comprises over 60 million ha and represents 60% of all U.S.
cultivated cropland. 

The climate in this region is humid, with an average annual rainfall of 835 mm. In
a typical growing season, the most rapid growth in corn and soybean crops is observed in
the months of June and July, with corn biomass reaching 3–4 kg m-2, while there can be a
soybean biomass of 1–2 kg m-2. This translates to leaf area index (LAI) values (by
definition, one sided) for corn on the order of four and two for soybean, with both crops
completely covering the soil surface.  Rainfall events in the spring and summer are often
thunderstorms, providing brief and intense showers (Hatfield et al. 1999a). A rain gauge
network in and around the watershed monitored by NSTL indicates that the heaviest
precipitation months are May and June (about 1/3 of the annual total). The topography is
characterized by low relief and poor surface drainage.

Nearly 75% of the watershed is essentially flat, except for the “prairie potholes,”
while the remaining 25% contains more topographic relief and more dissected streams,
and has better drainage. The soils are clay and silty clay loams, with generally low
permeability (Hatfield et al. 1999b). A soils map for the WC region indicates that sandier
soils are located near tributaries and in the eastern end, but in most other areas the soil
texture is fairly uniform.  Anthropogenic forces have significantly modified the
hydrologic character of the basin over the past 100 years.

III.  EXPERIMENTAL DESIGN

The intensive measurement campaign for SMACEX mainly covered the period
from 15 June [day of year (DOY) 166] through 8 July (DOY 189). During this period,
remote sensing data were collected from ground, aircraft, and satellite platforms. The
SMEX02 campaign started later, on 25 June (DOY 176), and ended on 12 July (DOY
193). During the overlap of the two field campaigns, the vegetation grew rapidly and
surface soil moisture changed from dry to wet from rainfall events in early July. 

The WC study area was the focus of SMACEX measurement activities, as well as
extensive vegetation and soil moisture sampling for SMEX02 of the over 30 field sites. A
major part of SMACEX involved measurements of surface energy, water, and carbon
fluxes, as well as mean and turbulent atmospheric boundary layer (ABL) properties, and
the collection of very high resolution visible, near-infrared, and thermal-infrared remote
sensing imagery. The measurements are briefly described below, with more detailed
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information provided in the next
section. In Appendix 1, a summary of
the frequency and duration of
measurements in support of
SMACEX is provided.

Central to the SMACEX
measurement activities was the
deployment of meteorological - flux
(METFLUX) towers employing eddy
covariance (EC) at 12 field sites (6
corn and 6 soybean) distributed throughout the WC study area. The towers were
instrumented with sensors for measuring turbulent fluxes of water vapor and sensible
heat, as well as net radiation and soil heat flux, with a subset measuring carbon dioxide
flux. Additional hydrometeorological observations included wind speed and direction, air
temperature, vapor pressure, near-surface soil temperature and moisture, and below and
above-canopy radiometric surface temperature.  At one site, three ground-based light
detection and ranging (lidar) systems from the Los Alamos National Laboratory (LANL)
and the University of Iowa (UI), measuring ABL water vapor, height, and cloud cover
and properties, was placed at the boundary between a corn and soybean field (Fig. 1).
Atmospheric radiosoundings and acoustic sonic detection and ranging (sodar) soundings
were also collected at this location, providing ABL profiles of wind speed and direction,
virtual temperature, and humidity.

IV.  EDUCATIONAL AND OUTREACH ACTIVITIES 

We have involved four undergraduate students in the field experiments and the
data analysis.  This is beneficial to them in that they gain field experience.  The students
also participated in the data analysis which was presented at several mini-conferences at
UI.  An additional student is involved that is a visiting graduate researcher from Poland.

The data collected is used in the graduate level Hydrometeorology course at UI
(53:178).  The students used the data with a simple surface-atmosphere model to explore
the effects of changes in the surface properties as part of an extended homework
assignment. 

V.  RESULTS

A.  Raman Lidar Evapotranspiration Estimates.  Raman lidars use a technique

Figure 1.  The UI lidar setup in the cornfield.
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Figure 2.  Diagram showing the layout of the Los Alamos
Raman lidar. With the exception of the scanning mirror, the
arrangement is typical of Raman lidars.

originally pioneered by Fiocco and
Smullins (1963), Cooney et al.
(1969), Cooney (1970), and  Melfi
et al. (1969).  A Raman lidar
operates by emitting a pulsed laser
beam, usually in the ultraviolet or
near ultraviolet, into the
atmosphere. Atmospheric gases,
such as nitrogen, oxygen, and water
vapor interact with this light via the Raman scattering process, causing light of longer
wavelengths to be scattered. The amount of the wavelength shift is unique to each
molecule. This enables the measurement of different atmospheric gaseous species by this
technique.

The University of Iowa / Los Alamos National Laboratory (LANL) Raman lidar
(shown schematically in Fig. 2) is a typical Raman lidar.  In this lidar, the laser is
mounted below the telescope.  A series of mirrors and lenses is used to expand the beam
to make it eyesafe and collinear with the telescope.  A forty-five-degree angled mirror is
used to change the optical direction to vertical allowing the system to make vertical
soundings.  With the scanning mirror mounted, the system can perform three dimensional
scanning near the earth’s surface.  At the back of the telescope, a series of dichroic beam
splitters are used to separate the elastically scattered light from the light at the two
Raman shifted wavelengths from nitrogen and water vapor.  Narrow band interference
filters block unwanted wavelengths in each channel.   To work during the day, many
systems operate in the region of the spectrum below about 300 nm where ozone and
oxygen strongly absorb sunlight and are thus “blind” to solar photons.  Solar blind
operation requires the use of a laser near 250-260 nm so that the Raman shifted lines will
be below 300 nm.   Because of the limited amount of returning light, Raman lidar
systems tend to use large, powerful lasers and large telescopes. Therefore, they are
unusually large and require significant amounts of power.  The typical maximum
horizontal range for the LANL lidar is approximately 700 m when scanning, with a
corresponding spatial resolution of 1.5 m over that distance.  The upper scanning mirror
allows three dimensional scanning in 360 degrees in azimuth and ±22 degrees in
elevation.

The Raman technique obtains the water vapor mixing ratio, qw(r),  from the ratio
of the signal magnitude in the water vapor channel, PH2O(r) to the magnitude of the signal
in the nitrogen channel, PN2(r), using (Melfi, 1972):
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(1)

Figure 3.  A vertical scan showing the water vapor concentration in a
vertical plane above the corn canopy during SMEX02.  The day is
strongly convective.  Red colors represent areas of high water vapor
concentration, while blue colors represent lower concentrations.  The
intense red color at the bottom is a result of the attenuation of the laser
beam by the ground or canopy (in this case, corn).  The change in the
lidar signal as it reaches the canopy top enables one to determine the
shape and orientation of the surface.

where N2,R and H2O,R are the Raman N2 and H20 scattered wavelengths; PN2(r) and
PH2O(r) are the received signals in the nitrogen and water vapor channels; N2 and H2O are
the Raman backscatter cross-sections for the laser wavelength; nN2(r) and nH2O(r) are the
number density of nitrogen and water molecules at range, r; t(r, N2,R), and t(r, H2O,R)
are the total attenuation coefficients at the Raman-shifted wavelengths of nitrogen and
water vapor molecules;  frN2 is the fractional N2 content of the atmosphere (0.78084); and
CN2 and CH2O are the system coefficients which take into account the effective area of the
telescope, the transmission efficiency of the optical train, and the detector quantum
efficiency at the Raman shifted wavelengths.   Thus the water vapor mixing ratio at any
distance is given by the ratio of the magnitude of the signal in the water vapor channel to
the magnitude of the signal in the nitrogen channel, a multiplicative constant (the part in
square brackets in Eq. 1), and a small exponential correction due to difference in
extinction between the nitrogen-shifted and water vapor shifted wavelengths.
Comparison of the lidar signals to conventional hygrometers can be used to determine the
multiplicative constant.  Because the signal to noise ratio decreases with distance, the
uncertainty in the mixing ratio values is a function of distance from the lidar.  For a mid-
range distance (~350 m), the estimated uncertainty is approximately 3.6 percent.  This is
consistent with the comparisons of lidar and calibrated references over land surfaces
along horizontal paths.   The standard deviation between the lidar and capacitance
hygrometer data taken at concurrent times and locations was found by regression to be
±0.34 g/kg (Eichinger et al., 2000; Cooper et al., 1996).

When the Raman lidar aims along a given line of sight, data are obtained every
1.5 m along that line.  By
aiming the lidar in a series
of different directions, a two
or three dimensional map of
the water vapor
concentrations can be
assembled.  Figure 3 is a
typical scan from the LANL
Raman lidar showing the
water vapor concentration
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(2)

(3)

in one vertical plane in a cornfield in Iowa during the Soil Moisture - Atmospheric
Coupling Experiment (SMACEX).  The intense red color at the bottom is a result of the
attenuation of the laser beam by the ground or canopy (in this case, corn).  The change in
the lidar signal as it reaches the canopy top enables one to determine the shape and
orientation of the surface.

B.  Latent Heat Fluxes from Raman Lidar.  The water vapor concentration in the
vertical direction can be described using the Monin-Obukov Similarity Method (MOM)
(Brutsaert, 1982).  With this theory, the relationship between the water vapor
concentration at the surface and that at some height, z, within the inner region of the
boundary layer is: 

where the Monin-Obukhov length, L, is defined as:

z0v is the roughness length for water vapor, qs is the surface specific humidity, T, is the
atmospheric temperature, q(z) is the specific humidity at height z, H is the sensible heat
flux, E is the latent energy flux (the evapotranspiration rate),  is the density of the air, Le

is the latent heat of evaporation for water, u* is the friction velocity (Brutsaert, 1982), k is
the von Karman constant, taken as 0.40, d0 is the displacement height, and g is the
acceleration due to gravity. v is the Monin-Obukhov stability correction function for
water vapor and is calculated for unstable conditions as:

where :
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Figure 4.  An example of a lidar fitted vertical profile and
the data from which it was calculated.  The data are a 25 m
section from a vertical scan over salt cedar near the Rio
Grande River.  The variability in the data about the fitted
line is due to the presence of discrete structures.  If a large
enough area is averaged, the mean value at each elevation
converges to a logarithmic profile.

and where xov represents the function x calculated for the value of zov.  The roughness
length is a site-specific free parameter that can be calculated from the lidar data.  The
Monin Obukhov length, L, is negative when the atmosphere is unstably stratified.  This
kind of condition occurs when the soil/canopy is warmer than the air above and
convective mixing will occur.  The
value is positive when the
atmosphere is stably stratified.  In
this case, the potential temperature
increases with altitude, suppressing
vertical transport. L is infinite in a
neutral atmosphere, when the
potential temperature is constant
with altitude.  This condition
normally occurs only in the
transition from day to night or night
to day, but may occur when the
winds are  exceptionally still.

Heat and momentum fluxes
are often determined from
measurements of temperature,
humidity, and wind speed at two or more heights.  These relations are valid in the inner
region of the boundary layer where the atmosphere reacts directly to the surface.  This
region is limited to an area between the roughness sublayer (the region directly above the
surface roughness elements) and extending to a height of five to thirty meters above the
canopy top.  The concentrations of passive scalars are logarithmic with height in this
region.  The vertical extent of this layer is highly dependent upon the local conditions and
wind velocity.  The top of this region can be readily identified by a fairly strong
departure from the logarithmic profile found near the surface.  Fig. 4 is an example of a
water vapor profile with a logarithmic fit showing such a departure at approximately five
meters above the canopy top.  It has been suggested that the atmosphere is logarithmic to
higher levels and may integrate fluxes over large areas (for example, Brutsaert, 1998) so
that large scale fluxes could potentially be obtained from profiles high into the boundary
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(4)

(5)

layer.
The flux estimation method as currently used (Eichinger et al, 1993; 2000) begins

by rearranging Eq. 2 into a linear form:

where M is the slope of the fitted function ( M = E /(Le k u* ) ), z' is a reduced height
parameter ( z' = ln(z-do) - v((z-do)/L)), and c is a regression constant ( c = M ln(zo) + qs ).
Measurements of the slope are made based upon a least squares fit to several hundred
measurements of water vapor concentration.   Having determined M from the slope of the
fitted line, the flux is then

where u* and L are obtained from local measurements using three dimensional sonic
anemometers.  Note that the surface roughness length, z0 can be estimated from the value
of c obtained from the fit.
 The method is similar to other gradient methods for determining fluxes that are well
established (Stull, 1988, Brutsaert, 1982).  The lidar method is unique in that it uses a
large number of measurements to determine the vertical water vapor gradient.  The
extension of the method to rough terrain presents issues relating to assumptions of
horizontal homogeneity as well as the determination of the canopy top location (with
respect to the lidar) and the direction of the normal to the surface.

A key capability of the lidar that is useful in estimating fluxes over complex
terrain is the ability to determine the location of the canopy top.  The lidar is sited so that
it overlooks the experimental site and is thus able to determine the location of the canopy
top for all of the canopy types.  For the case of mixed terrain and canopy, the lidar is used
to find the location of the canopy top in the range interval under investigation.  The top of
the canopy is found either from the abrupt change in the apparent water concentration or
from the abrupt change in the elastic lidar signal which is also recorded along each line of
sight.  The location of the top of the canopy as a function of distance is determined using
multiple lines of sight.  A linear least squares fit is made to determine the elevation and
slope of the top of the canopy within the range interval under consideration.

For an individual water vapor measurement, the distance from the measured point
to the surface along a line perpendicular to the measured slope and elevation is used as
the corrected height above the surface.  This means that the z direction is taken to be the
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direction perpendicular to the canopy top and not the vertical (gravitational) direction. 
The reasoning is that, near the surface, the flow of air will be parallel to the local surface
and that dispersion of the water vapor released from the surface in the direction
perpendicular to the mean flow is most important to the estimation of evapotranspiration
(Kaimal and Finnegan, 1994). 

For an individual scan, all of the measurements within the designated region are
used to estimate the slope of the single line described by Eq. 4.  Fig. 4 is an example of
such a fit to a logarithmic profile.  While there is spread in the measurements at each
height above the ground, the slope can be determined to an accuracy of a few percent. 
The spread in the measurements are due to the existence of coherent structures containing
high and low water vapor concentrations.  These structures can be seen in the two
dimensional plot shown in fig. 3. 

A measured value of the Monin-Obukov length is used to further adjust for
atmospheric stability.  However, in practice, the use of this correction results in a small
(usually less than 3 %) change in the estimated flux.  A distinct limitation of this method
is the lack of a u* measurement for each 25 m region.  In the ideal case, we divide the
region into surface types and use a measured u* typical of that region.  There is evidence
that u* is the parameter most likely to be uniform above a canopy Katul et al. (1999).

When using this method to determine fluxes, the maximum height for which
water vapor measurements are included must be determined.  This corresponds to the
height of the change in slope shown in Figure 4.  While the largest possible distance over
which the measurements are made leads to the greatest accuracy, measurements too close

Figure 5.  Three evapotranspiration maps of the area around the lidar at various times on June 27th.  Red
indicates areas of higher evapotranspiration and blues are lowest.  In order to show the variability of the
fields, the color scales are different for each time.  Soybeans were planted to the south of the lidar and corn
to the north.  The dividing line is the fence that can be seen in the photograph just below the lidar location. 
Also shown is an aerial three-band false color composite of canopy reflectance (near-infrared (red color),
red band (green color) and green band (blue color))  of the site, at the same scale, for comparison.  Red
colors are indicative of greater amounts of biomass. 
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to the canopy top (so that they are in the roughness sublayer) or so high that they are
outside the inner region lead to erroneous estimates of the water concentration gradient. 
This height varies throughout the day so the method for determination must be dynamic
and adjust to the existing conditions.  At present, the maximum and minimum heights for
each half-hour averaging period are determined manually by visual inspection of the
vertical profiles, a time consuming process.

The evapotranspiration estimate obtained from each of the 25 m squares can be
assembled into a map of the evapotranspiration rates over the scanned area.  Two
examples are presented.  Figure 5 has examples of evapotranspiration maps made from
08:15 to 12:15 Central Daylight Time over a corn and soybean fields on June 27th, 2002
during SMEX02.  Each map represents a half-hour average (± 15 minutes from the given
time).  The average height of the corn on June 27th was 1.37 m.  The leaf area index was
2.75.  The average height of the soybeans on June 27th was 0.30 m.  The leaf area index
was 1.55.  There is also a high-resolution (1.5 meter pixel) multispectral digital image,
presented as a false-color composite, of three spectral bands simulating the Landsat
Thematic Mapper bands TM2 (green), TM3 (red) and TM4 (near-infrared).   The imagery
was acquired with the USU airborne multispectral digital system (Neale and Crowther,
1994; Cai and Neale, 1999) on July 1st, at 12:15 CDT.   It can be seen that the cornfield
canopy (north) had considerably more biomass than the soybean crop (south), which
shows distinct patterns of low canopy cover and bare soil.   While there are recurring
correlations between the deep red areas in the aerial photograph (which are areas of high
canopy biomass) and regions of relatively high evapotranspiration rate and conversely,
the correlation is not perfect, nor consistent.  This is not totally surprising in that the lidar
senses the water vapor content in the atmosphere and is thus sensitive to the wind
direction and the intermittent nature of turbulence.  There is a footprint associated with
the lidar measurements.  Early in the morning of the 27th, there was sufficient near
surface soil moisture so that evapotranspiration was at or near the potential rate.  By 10
am, the surface moisture was significantly depleted, but in small local areas, it was
possible to have evapotranspiration rates higher than the average.  By noon, the
evapotranspiration in the soybean area is appreciably lower than that in the corn. 
Because the leaf area index (LAI) of the soybeans is small (~0.3), it is reasonable to
assume that the spatial evapotranspiration rates are dominated by soil moisture
considerations.

C.  Uncertainty in Evapotranspiration Estimates.  The fractional uncertainty of the
latent heat flux measurements can be estimated using:
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(6)

where u*, M, , , and q are the uncertainties in the u*, slope, air density, and water
vapor concentration measurements respectively (Bevington and Robinson, 1992).  The
last term on the right is a contribution from a systematic uncertainty (or bias error) in the
lidar measurement of water vapor.  While an individual measurement may be uncertain to
the three to four percent level (a measure of the precision error), the determination of the
mean concentration from a number of measurements (a measure of the bias error) is more
accurate.  The bias error in the mean value is taken to be less than 2 %.   The value of the
slope, M, can be estimated with high certainty due to the large number of measurements
used in fitting Eq. 4.  The nominal uncertainty in the value of the slope is one to two
percent.  The air density is obtained from local measurements of temperature and air
pressure.   The uncertainty in the value of the air density is much less than two percent. 
The value of the friction velocity, u*, is normally the primary source of uncertainty. 
While there are no reported estimates of the absolute accuracy of u* estimates from eddy
correlation, it is reasonable to assume that the accuracy will be similar to those for eddy
correlation flux measurements which  normally range from 5 to 25 percent (Wilson et al.,
2002).  Here, we will assume that the typical uncertainty in u* is 15 %.  The contribution
of u* to the total uncertainty is a function not only of the uncertainty in the measurements
of u* at a given point, but also a contribution from the assumption that a measurement at
one point may be applied to a similar surface some distance away (the magnitude of this
contribution is highly site specific).  For a typical measurement of the evaporative flux,
the total uncertainty is determined almost entirely by the uncertainty in u* and leads us to
estimate an overall uncertainty on the order of 15 %.  For areas far from u*

measurements, the uncertainty is potentially as much as twice as large. While we use
different values of u* for different canopy types, it is assumed that one value of u* is
representative for an entire area covered by that canopy.  Using a limited number of
tower measurements, Katul et al. (1999) showed that u* is the parameter most likely to
be uniform above a canopy.  This lends support for the assumption of that one value can
be used over a relatively uniform crop canopy.  However, the fractional uncertainty in the
evapotranspiration estimate is directly proportional to the fractional uncertainty in u*.  
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Figure 6.  A comparison of eddy correlation evapotranspiration
rates over a salt cedar canopy with lidar estimated
evapotranspiration rates made in the same 25m lidar pixel. 
The agreement is generally good and along the 1:1 line.  The
six point excursion was from an afternoon with  exceptionally
high winds in which the eddy correlation instruments may
have been above the inner region.

Figure 6 is a comparison
of the latent heat flux estimates
from eddy correlation
measurements with lidar
measurements made in the same
25 m region.  These measurements
represent half-hour averages.  The
differences between the two
instruments are smaller when
more data are available from the
lidar for either temporal or spatial
averaging.  The lidar coordinate
system is spherical, so that near
the lidar, more data are available
with which to determine the vertical profile.  The smaller the area to be covered, the
faster the lidar can revisit the same locations, providing more data for analysis.  The
calculated values of the latent heat flux were found to be well correlated (R2 = 0.84, with
a slope of 0.98) when compared to eddy correlation measurements in the area.  The
standard error of the flux estimates was 36.5 W/m2 (14% RMS difference between this
method and surface measurements), in keeping with the predicted uncertainty of ~15%.

D.  Effects of Advection.  The flux estimation method used assumes that in some region,
which is generally taken to be 25 m in size,  the slope of the water vapor concentration in
the z direction can be determined from a curve fit using all of the measurements of the
water vapor concentration above that region.  This assumes horizontal homogeneity
inside the region and with the region immediately upwind, that the aggregate of the
values constitutes a measurement of the average condition over the region,  and that the
slope in water vapor concentration is the result of conditions inside that region.  Clearly
in transition areas where the canopy type or groundwater availability changes
dramatically, these conditions will not apply. 
  The flux estimation method is not suitable for use near areas with sharp
transitions in which moist areas upwind alter the water vapor concentration near the
canopy top so that it is not logarithmic with height.  When this occurs, the methodology
described here cannot be used.  When the concentrations are not logarithmic with height,
the flux estimation method does not always produce evapotranspiration estimates that are
unreasonable and thus this condition can be found only by visual examination of the
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 vertical scans.   In complex terrain, changes in the canopy and elevation lead to changes
in the evapotranspiration rate which lead to changes in the water vapor concentration
along the surface.  The conservation of water vapor equation can be used to estimate the
magnitude of the effects.

Under most circumstances, the diffusion term (the last term on the right), and terms

involving , , and are small enough to be ignored.  Because of advection,

changes in evapotranspiration rates may result in flux divergence, particularly in the

vertical direction,  .   The size of this term can be estimated from the  and

 terms in the conservation of water vapor equation.   It is not uncommon to find

horizontal gradients in water vapor concentration on the order of 8 x 10-6 kg water/kg air
- m between adjacent 25 m by 25 m analysis regions downwind of the riparian area.  
This can lead to a divergence of about 50 W/m2 per meter of height above ground.   At
this time, the effect of advection on the Monin Obukov flux method is unknown, but is a
subject of current research.   We have found that the corrections due to nonstationarity
are, in general, small.  The changes in water vapor concentration over a ten minute period
are on the order of  3-4 x 10-4 kg water/kg air  or less.  This results in a correction of less
than 5 W/m2.

Related to the question of advection is the question of the location of the source
(also known as the footprint) for a measurement at a given height.  As noted in the
discussion of fig. 6, there is often a systematic offset between the lidar evapotranspiration
estimates and likely location of the source.  This is a subject of considerable current
interest (for example, Leclerc and  Thurtell, 1990; Horst and Weil, 1994;  Finn et. al,
1996; Horst, 1999).   More than two-thirds of the measurements used in any given profile
are below 8 m.  On more than half of the profiles, the maximum height used is 8 m or
less.  The greatest curvature in the profile is found at heights less than 4 m, and it is those
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measurements from less than 4 m above the canopy that play the greatest role in
determining the slope of the line.  Using the methodology outlined by Horst and Weil
(1994), one can estimate the upwind distance contributing to the flux at a given height. 
For a height of 8 m and an L value of -20 m, the upwind distance past which less than
twenty percent of the flux is generated, is a factor of approximately five to ten times  the
measurement height, or about 40 to 80 m.  This would tend to indicate that the bulk of the
flux in a given 25 m section is generated inside that section and the section immediately
upwind.  Thus it would be prudent to recognize that the flux locations as given by the
methodology are not exact, but rather are somewhat diffuse in the upwind direction. 

There is also the question of how well the measurements averaged over distances
as short as 25 m and less than a minute in time can represent the average conditions.  It is
noted that in a half-hour estimate, as many as six scans may contribute to the estimate. 
An individual scan will often show structure near the canopy top.   In most cases, this
will produce deviations both above and below the average value of the water vapor
concentration, but which average to profiles that are logarithmic.  Occasionally there are
plumes that contain water vapor concentrations that are significantly higher than normal. 
In such cases, the profiles are significantly altered and may no longer be logarithmic.  At
present, when such events are found, the evapotranspiration estimate from that 25 m
section is discarded.  No analysis method has been found which can incorporate such
structures to produce an evapotranspiration estimate.  A more detailed analysis of the
structure of the water vapor concentrations and fluxes is presented in Cooper et al.,
(2000).

While limitations of the method exist, the amount and type of data provided by
the lidar allows one to visually  determine what is happening at a particular location that
causes the estimates to be anomalous.  The existence of visual two dimensional
information that allows one to correct for unusual circumstances is a very powerful asset
and offers the potential for improved algorithms which may overcome the deficiencies in
the current formulation.  At present, these conditions require the intervention of a human
analyst to determine the proper method of analysis to be made.  However, because of the
sheer volume of data that must be processed to use this methodology, it must be highly
automated if it is to be truly efficacious.  

VI.  ESTIMATES OF VIRTUAL POTENTIAL HEAT FLUX FROM ELASTIC
LIDAR MEASUREMENTS

A.  Elastic Lidar Method.  Elastic lidars take advantage of the light backscattered from
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Figure 7.  A photograph of the vertically
staring elastic lidar.  This system is highly
compact and portable and requires no operator
input once started.

molecules and aerosols in the atmosphere.  Because of the ubiquity of aerosols and the
large amount of scattering from them, the magnitude of the return signals are large.  This
enables small systems with high spatial and
temporal resolution.  The basic parameters of the
transmitter and receiver of the LANL/UI
vertically staring lidar system are given in Table
1.  The system (Fig. 7 uses a Nd:YAG laser
operating at 1.064 microns with a 10 ns laser
pulse and a beam divergence of approximately
three milliradians. The laser pulse energy is a
maximum of 100 mJ with a repetition rate of 50
Hz.  The receiver telescope is 25 cm, f/10,
commercial Cassegrain telescope.  The light is focused to the rear of the telescope where
it passes through a 3 nm wide interference filter and two lenses which focus the light onto
a 3 mm, IR-enhanced, silicon avalanche photodiode (APD). An iris, located just before
the APD serves as a stop to limit the field of view of the telescope.  

The laser beam is emitted parallel to the axis of the receiving telescope at a
distance of 24 cm from the center of the telescope.  There is a minimum distance for
which the lidar produces useful data.  This is the distance at which the telescope images
the entire laser  beam, approximately 125 m for this lidar.  Only that portion of the lidar
signal that comes from the area of complete overlap between the field of view of the
telescope and the laser beam can be reliably used for analysis.

A high bandwidth (60 MHz) amplifier is located inside the detector housing. The
signal is amplified as part of the detector system and fed to a 100 MHz, 12 bit digitizer
on an IBM PC compatible data bus.  A computer is used to control the system and to take
the data. The computer controls the system using high speed data transfer to various
cards mounted on the PC bus.  This same multipurpose card is used to both set and
measure the high voltage applied to the APD. The digitizers on the PC data bus are set up
for data collection by the host computer and start data collection on receipt of the start
pulse.
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    (8)

Table 1.  Operating Characteristics of the Vertically Staring Lidar System 

LANL/UI  Vertically Staring Lidar 
Transmitter Receiver
Wavelength 1064 or 532 nm Type Schmidt-Cassegrain
Pulse Length ~ 10 ns Diameter 0.254 m
Pulse Repetition
Rate

50 Hz Focal Length 2.5 m

Pulse Energy 125 mJ maximum Filter Bandwidth 3.0 nm
Beam Divergence ~ 3 mrad Field of View 1.0 to 4.0 mrad adj.

Range Resolution 1.5, 2.5, 5.0, 7.5 m

B.  Virtual Potential Heat Fluxes from Boundary Layer Heights.  The height of the
boundary layer is a strong function of the heat flux at the surface.  The Batchvarova-
Gryning model (1991,1994) is based on a one-dimensional approach for the growth of an
inversion capped ABL originally developed by Betts (1973), Carson (1973), Tennekes
(1973) and Zilitinkevich (1974) (Fig. 8).  The Carson and Tennekes model and its more
simplified forms have been the basis for nearly all of the boundary layer height models
that have been developed.  The Batchvarova-Gryning model uses a parameterization of
the turbulent kinetic energy budget within the mixed-layer, and of the temperature jump
at the mixed-layer top. According to the model, the relationship between the virtual

potential heat flux at the surface, , the height of the boundary layer, h, and

the other surface parameters is:

where dh/dt is the growth rate of the boundary layer; t is time; L is the Obukhov length; k
is the von Karman constant; g is the acceleration due to gravity; u* is the friction
velocity;  T is the temperature of the mixed layer;   is the potential temperature gradient
above the boundary layer and ws is the subsidence velocity.  B, and C are normally taken
to be parameterization constants with commonly accepted values:  B = 2.5, and C = 8
(Melas and Kambezidis, 1992; Gryning and Batchvarova, 1996; Kiillstrand and
Smedman, 1997; Steyn et al., 1999).   A is the ratio of the entrainment of virtual potential
heat flux (from the entrainment of warm air above the inversion into the boundary layer)
to the surface virtual potential heat flux (Stull, 1988) as:
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The parameter A can be obtained directly from the lidar data.  Knowing that the
virtual heat flux is zero near the bottom of the entrainment zone and that the entrainment
flux is a maximum at the average height of the boundary layer, and assuming linear
changes in the heat fluxes with height (Fig. 8), A can be expressed in terms of the
dimensions of the boundary layer (Davies et al., 1997).   This relationship is written as:

where hbottom is the height of the bottom of the entrainment zone and EZT is the thickness. 
There have been many studies that have attempted to measure the entrainment parameter,
A.   Laboratory experiments and some observational studies have shown the ratio to be
approximately A  0.2 for thermally-driven, dry, convective boundary layers (Stull, 1976,
1988; Nicholls and LeMone, 1980).  More complicated models that include the
mechanical generation of turbulence, or forced convection, (Mahrt and Lenschow, 1976;
Zeman and Tennekes, 1977; Smeda, 1979; Driedonks, 1982) and more recent studies
(Betts et al., 1990, 1992; Culf, 1992; Betts and Ball, 1994, 1995, 1998; Betts and Barr,
1996; Davies et al., 1997; Angevine, 1999; Margulis and Entekhabi, 2004) have found
values of this entrainment parameter to be significantly larger (A  0.4) for windy

Figure 8.  A traditional thermodynamic model of an unstable atmospheric boundary layer. A logarithmic layer
near the surface blends into a constant temperature mixed layer that extends to the top of the boundary layer.
A stable atmosphere with a temperature inversion acts as a lid to the vertical motions of the air below. A lidar
signal showing the height of the boundary layer with time is shown on the right. Reds are highest particulate
concentrations and  blues are lowest.  The thermodynamic diagram is shown to the left scaled to the lidar
signal.
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Figure 10.  A plot of the lidar data for June 27th from 1040 through 1240. The data is shown as altitude vs
time with color showing the relative aerosol content (reds are highest concentrations with blues being the
lowest). The blue color above the boundary layer is the residual layer from the previous day. White areas
are regions of low aerosol content, generally indicating air from the free troposphere.

conditions.  The value of this parameter is
dependent on the existing weather
conditions.  Because of the key role that the
entrainment parameter plays, it is fortunate
that it can be expressed in terms of the
physical size and shape of the top of the
boundary layer (Eq. 15), parameters which
can be measured directly by the lidar.  Figure
9 is a plot of the value of A as a function of
the potential temperature gradient, .  Note
that the often assumed value A  0.2 occurs
only for relatively strong gradients. 

The first term on the right hand side of Eq. (13) represents the growth of the
boundary layer due to sensible heat flux from the surface and to the entrainment of warm
air from above the boundary layer.  The second term is the Zilitinkevich correction which
incorporates the contribution to mixed layer growth due to mechanical mixing of the air

Figure 9.  A plot showing the values of A
determined for the 25th, 27th, and 29th of June as a
function of the potential temperature gradient, .
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near the surface (Zilitinkevich, 1974).  Early in the morning when the atmosphere is near
neutral and buoyancy is not important, the growth rate of the shallow mixed-layer is
proportional to the friction velocity.  As the boundary layer grows, buoyancy becomes
increasingly important.  Mechanical turbulence at the surface ceases to be important
when the boundary layer has grown to a height of approximately  -1.4L (Gryning and
Batchvarova, 1990).  Because the lidar, as presently configured, has a minimum altitude
of 120m, the only conditions that can be observed are those in which the Zilitinkevich
correction is small (less than two percent contribution). Accordingly, the second term has
been ignored.  Thus, this method is not appropriate for use in the very early morning,
when mechanical turbulence is important.  The method is useful only during that period
when the boundary layer is growing (until approximately the solar noon), since dh/dt is
the primary measure used to estimate the energy added to the boundary layer.  Once the
boundary layer has grown to its maximum height, or has risen to the height of the
cumulus cloud bottom, the method cannot be applied.  

Given the thermodynamic model in Eq. (13), ignoring the contribution of
mechanical turbulence, and assuming a convective boundary layer (L is small), the
following equation may be used to relate the virtual potential heat flux to the
characteristics of the boundary layer:

where Hv is the virtual potential heat flux,  is the air density, and cp is the specific heat
for air.  The last term in parenthesis, when multiplied by (  cp ), represents the amount of
energy that must be added to the boundary layer in order for the boundary layer to grow
one meter.  Thus the rate at which the boundary layer grows is a measure of the rate at
which energy is added to the boundary layer.  This also implies that for a given
temperature profile, there is a one to one relationship between the height of the boundary
layer and the total amount of energy that has been added to the boundary layer. 

To use Eq. 16, some estimate of the subsidence velocity, ws, must be found. 
Vertical motion at the top of the boundary layer is caused by convergence or divergence
in the mesoscale flow and is difficult to determine from meteorological measurements. 
Fortunately, the boundary layer grows into the residual layer from the day before, whose
height can be examined to obtain an estimate of the magnitude of the subsidence velocity. 
Figure 10 contains a plot of a typical lidar return during a convective morning period. 
The top of the residual layer in this case corresponds to the bottom of the cloud layer at
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about 2150 m.  For this day, the altitude of the residual layer / bottom of the cloud layer
stayed approximately constant until later in the afternoon. .  Because the subsidence
velocity must be zero at the surface, we assume that the subsidence velocity decreases
linearly with height so that:

The height of the residual layer can be found from the same routines used to
determine the height of the boundary layer.  A review of the various methods that may be
used to determine the heights of the boundary layer and entrainment zone and
entrainment depth can be found in Kovalev and Eichinger (2004).    The residual layer is
a region in which the particulate concentration is higher than in the free troposphere
above, but less than that in the boundary layer below.  In both cases, the routines
(discussed below) detect the abrupt drop in particulate concentration that characterizes
the boundary between the regions.

The one variable that cannot be obtained in its entirety from lidar data is the
Monin Obukhov length, L.  To determine L requires values for the air density, , and
temperature.  The air temperature is easily measured and density can be obtained from
local temperature and pressure measurements.   The friction velocity, u*, is normally
obtained from high speed sonic anemometers that are not normally co-located with lidar
systems.  This value could be estimated from measurements of the mean wind velocity
that could be made from a simple cup anemometer.  At worst, if no information is
available, constant values for u*,  typical of values in the area, could be used (in essence,
an educated guess).  In such a case, the uncertainty of the estimates of the sensible heat
flux would be increased, but since the term containing L is less than 15% of the (1 +
2A)h term, even large errors in u* or L will not have a large effect on the determination
of Hv.

C.  Uncertainty Analysis.  A conventional uncertainty analysis begins with the
expression for the virtual potential heat flux expressed in Eq. 16.  Standard error
propagation methods (Coleman and Steele, 1989; Taylor, 1982) allow estimation of the
maximum likely uncertainty of the method as well as indicating those areas that most
significantly affect the estimate.  Using Eq. 16 to define the heat flux estimate and 
assuming the measurements are independent, the contributions to the fractional
uncertainty in the heat flux from each of the input variables can be found (Table 3).  
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To estimate the uncertainty, the conditions commonly found at 10:00 am were
used as typical input variables (Table 2).  The uncertainty estimate for h is, in part, a
function of the range resolution of the lidar, which in this case was 2.5m.  While the
height changes dramatically with time, when averaged over 1800 samples, the likely
error is far less than the 5 m estimate made here.  For this example, the boundary layer
height rose by 97 m in a 30 minute period.  The uncertainty in this value is taken to be
5%, which implies the estimate would be in error by 5 m, a value considered to be large. 
As is seen below, as long as convective conditions exist, the contributions of L to the
uncertainty will be relatively small.  The fractional uncertainty of a typical value of A of
0.2 is taken to be 10%.  Since the manner of estimating this value is still a subject for
research, and since A may become as large as 1, the possible uncertainty for this variable
may be considered an underestimate.  The uncertainty estimate for ws is made from a 5 m
error in estimating the height of the residual layer over a 30 minute period.  The value of
 corresponds to a 0.3 degree change in temperature over 53 m.  While this value was

determined as the slope over that distance, since the data is recorded only to 0.1 degree,
the uncertainty could be even higher than the 10% estimate.

Table 2.   Typical Conditions used in the Uncertainty
Analysis.

Variable Value Uncertainty
h 340 m 5 m
dh/dt 0.054 m/s 0.0027 m/s
A 0.2 0.02
L -30 m 5 m
u* 0.2 m/s 0.04 m/s

0.00567 /m 0.00057 /m
ws 0 0.00278 m/s

Table 3.   Contribution to the Fractional Uncertainties from Input Variables  
Variable Fractional Uncertainty Due to Variable

h
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(12)

dh/dt

A

L

dh/dt

ws

The total expected fractional uncertainty of 16% is obtained by summing the
contributions of the uncertainties in the various measured variables in quadrature:

This uncertainty estimate is substantially smaller than a root-mean-square comparison
with the eddy correlation instruments (31%) shown in Fig. 11. What is striking about this
analysis is that most of the uncertainty comes from the estimate for , with the remaining
coming from the uncertainties in dh/dt, ws, and h in that order.  Using the variables in
Table 2, the contribution to the uncertainty in the heat flux by ignoring the Zilitinkevich
correction is less than 1%, but results in a consistent overestimate of Hv.

D.  Results.  The virtual potential heat fluxes were calculated for morning hours when
both lidar and radiosonde data were available for six days during the SMEX experimental
period.  Virtual heat fluxes were converted to sensible heat fluxes using the method
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Figure 11.  A comparison of virtual potential heat flux
estimates from the lidar with virtual potential heat flux
estimates from eddy correlation instruments. The data are
from five mornings during the SMEX experiment. The
crosses are the data for June 27th and correspond to the
lidar data shown in Figure 10.

suggested by Stull (1988).  A
comparison was made to the average
of the two eddy correlation sensors
(stations 161 and 162) that were
located in the soybean field upwind of
the lidar and two eddy correlation
sensors (stations 151 and 152) that
were located in the corn field
downwind of the lidar.  While the
cornfield was downwind of the lidar,
the two fields were typical of the
alternating corn/soybean fields found
in Iowa.  The results are shown in
Figure 11.  The data agree fairly well
with sensible heat flux estimates from
eddy correlation instruments in nearby
fields.  The error bars shown reflect the uncertainty estimate of 16% as calculated above. 
The calculated values of the sensible heat flux were well correlated with the measured
fluxes (R2 = 0 .79) with a least squares slope of 0.95.  However, the standard error of the
flux estimates was 21.4 W/m2, (a root-mean-square difference of 31 percent) a larger
value than the predicted uncertainty.  The data appears to overestimate the fluxes by a
few percent.  This suggests that the values for A may be underestimated.  

VII.  SUMMARY AND FUTURE RESEARCH

Maps of the spatial distribution of evapotranspiration can be produced using
spatial water vapor concentration data from a scanning Raman lidar.  The estimates of
evapotranspiration rates from the lidar compare favorably with other estimates made
using the eddy correlation method.  The method described allows estimates of the
evapotranspiration rate to be made with relatively small (25 m) spatial resolution over an
area approaching a square kilometer.  Because of the amount of data (25 to 40 Mbytes )
and time required to perform the analysis, methods and criteria are currently under
development to automate the entire analysis process over all of the azimuthal angles for a
given averaging time period.  Criteria are being developed to flag and ignore data that do
not converge to a logarithmic profile and to not include data above the internal boundary
region in the analysis.  Automation of the analysis will allow near real time determination
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of the evapotranspiration estimates.  
While there are significant limitations to the method, it remains a relatively direct

method of estimating the fluxes in situations where conventional methods fail or when
the topography makes it difficult to site instruments or field enough of them to achieve an
areal average.  A major limitation is related to changes in the topography, and how much
of the atmosphere above a given site can be considered to be influenced by the surface
and thus used to estimate the flux in that region.  An advantage of this method is that the
spatial water vapor measurements themselves can be used to determine the regions in
which these problems may occur.  The large number of water vapor measurements used
to determine the slope also make it possible to determine where the slopes change and
thus limit the maximum height of the water vapor measurements used to determine the
slope.

Efforts are currently underway to improve the range of the lidar system by
increasing the photon efficiency of the system.  This will make it possible to scan faster
so that more scans can be repeated over a larger area.  Efforts are also being made to add
the ability to measure spatially resolved temperature using a Raman technique
(Nedeljkovic, et al., 1993).   The addition of temperature will allow determination of the
partitioning of solar energy between sensible and latent heat fluxes using similar
methods.  The ability to estimate these fluxes in a spatial manner will enable progress in
a number of fields which examine the role that the canopy plays in partitioning solar
energy. Improvements to the inversion algorithms are being made so that auxiliary
measurements are not required and which will eliminate issues relating to advection.  The
ideal inversion method would not require assumptions of homogeneity, would correctly
identify the fluxes and the source locations, and not require external meteorological
measurements.  Therefore, methods of inverting the advection-diffusion equations, Eq 7,
to obtain spatially resolved evaporation rates directly are being investigated. 

The method used here can provide reliable estimates of the evapotranspiration
rate over a relatively large area with relatively fine spatial resolution.  The method is a
more direct method of estimating the fluxes than most remote sensing techniques that
estimate the evapotranspiration rate as a residual.  It is however limited in that it assumes
a single measurement of the friction velocity is representative of the value over a large
region.  It also provides regular estimates throughout the day as opposed to intermittent
satellite or aircraft measurements.  This information can be used in a wide variety of
ways to study the spatial variations in evapotranspiration caused by changes in soil type
and moisture content, canopy type and topography.  Because of the extensive nature of
the estimates in space and time, evaluation of the relative contributions of each of these
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can be determined.  The type of measurements provided also provide the opportunity to
span the scales between the footprint of point measurements and the kilometer scale
measurements made by satellites. 

A method has been presented to estimate the regional virtual potential heat flux
from vertically-staring, elastic lidar measurements using the Batchvarova-Gryning model
for energy balance in the boundary layer.  To use the method, auxiliary measurements of
the potential temperature gradient with height from balloons or radiosondes and surface
temperature are required.  Three variables are obtained from the lidar data; the average
boundary layer height, h, the time rate of change in this height, dh/dt, and the ratio of the
downward sensible heat flux at the top of the boundary layer to the surface sensible heat
flux, A.  All three variables are derived from measurements of instantaneous boundary
layer heights (here approximately one second apart) over some averaging period.       

Comparisons of the sensible heat fluxes from the lidar with eddy correlation
measurements are favorable, but with larger errors than expected.  A portion of this
discrepancy is  likely the result of the point nature of the measurements.  Both an analysis
of the causes of large errors in the estimates and the uncertainty analysis show the
importance of accurate measures of , the vertical potential temperature gradient. It is
important not only to measure the gradient accurately, but also to accurately measure the
altitude at which the measured changes occur.   

The goal of the effort is to provide information of use to meteorologists and
agronomists that is less restrictive than that from conventional point sensors.  The use of
data from point sensors has required assumptions of heterogeneity in order to be used.  It
is now increasingly recognized that the world is not uniform, and requires a new world-
view that includes the heterogeneity found there.
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APPENDIX 1: SMEX Data Set

University of Iowa
Data Set

All times are local (DST) except Balloon (GMT) and sodar (CST)

Date file type
start
time

end time volume # data quality notes

14-Jun NWater 13:06 17:45 69 calibrations
Mini 9:00 13:18 47 calibrations, gap: 9:22-12:03
Balloon none
Sodar 8:00 17:00 gap  8:30-10:30

15-Jun NWater 9:40 17:46 69 calibrations
Mini 10:31 13:41 47 calibrations
Balloon 1528, 1742, 2028, 2107 GMT
Sodar 8:15 16:45

16-Jun NWater 6:46 17:35 69, 70
Balloon 1140, 2022  GMT
Sodar 5:30 16:45

17-Jun NWater 9:58 17:12 71 calibrations
Mini 9:19 5:24 47 calibrations
Sounder 10:52 17:18 2 good         calibrations
Balloon 1427  GMT
Sodar 8:15 16:45

18-Jun NWater 6:46 17:59 71, 72
Mini 6:59 18:04 48
Sounder 7:24 18:08 2,3 fair
Balloon none
Sodar 5:30 15:45

19-Jun NWater 10:44 13:40 73 calibrations
Mini 10:51 17:41 48
Sounder 10:58 17:17 3 fair
Balloon none
Sodar 9:45 16:30 poor

20-Jun Mini 6:44 18:03 49
Sounder 7:06 17:53 3, 4
Balloon none
Sodar 5:45 17:00

21-Jun Mini 6:46 17:59 49 calibrations
Sounder 7:00 15:02 4 poor
Balloon 1817  GMT
Sodar 5:45 17:15

22-Jun Mini 6:53 17:00 49, 50 calibrations
Sounder 8:25 16:59 5 good
Balloon 1745  GMT
Sodar 6:00 16:00

23-Jun NWater 6:45 14:13 73, 74 calibrations
Mini 6:43 18:19 50 calibrations
Sounder 6:54 18:18 5, 6 good calibrations
Balloon 1752  GMT
Sodar 5:45 17:30
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24-Jun Mini 6:33 17:56 50
Sounder 6:43 17:10 6 good calibrations
Balloon 1153, 1458, 1755, 2112  GMT
Sodar 5:30 17:00

25-Jun NWater 14:41 18:03 74
Mini 6:39 13:59 51 calibrations
Sounder 6:56 18:05 6, 7
Balloon 1158, 1527, 1811  GMT
Sodar 5:45 17:00

26-Jun NWater 11:06 22:24 75 lidar
Mini 9:51 22:32 51 calibrations
Sounder 10:22 22:25 7 good
Balloon 1502,  1934  GMT
Sodar 8:45 21:30

27-Jun NWater 7:14 17:18 76 lidar
Mini 7:17 18:16 51, 52 gap: 13:25-17:28
Sounder 7:35 18:19 7,8 calibrations
Balloon 1201, 1503, 1913, 2122  GMT
Sodar 5:30 17:30

28-Jun NWater 7:45 18:00 77 calibrations
Mini 6:46 18:33 52
Sounder 6:49 18:35 8 1208, 1602, 1832  GMT
Balloon
Sodar 5:30 17:45

29-Jun NWater 7:12 18:00 77, 78
Mini 6:58 18:08 53
Sounder 6:59 18:21 9 good
Balloon 1207, 1652, 1917  GMT
Sodar 6:00 17:00

30-Jun NWater 7:04 14:46 78, 79
Mini 6:44 15:27 54
Sounder 12:55 14:58 9
Balloon 1200, 1556, 1834  GMT
Sodar 5:45 14:15

1-Jul NWater 6:59 18:04 79 calibrations
Mini 6:49 18:16 54, 55 calibrations
Sounder 8:18 18:14 9,10 calibrations
Balloon 1202, 1607, 1840  GMT
Sodar 5:45 17:45 poor

2-Jul NWater 7:06 17:40 80
Mini 6:44 18:02 55 calibrations
Sounder 6:53 18:39 10
Balloon 1158, 1603, 1837 GMT
Sodar 5:45 15:30 poor

3-Jul NWater 6:46 11:49 80
Mini 6:33 11:48 55 calibrations
Sounder 6:40 11:42 10
Balloon 1148  GMT
Sodar 10:45 11:45

6-Jul NWater 6:55 13:31 80 gap:8:01-13:31
Mini 6:47 13:42 56
Sounder 7:02 13:53 11 gap 8:46-13:35 
Balloon 1216, 1535 GMT
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Sodar 5:45 13:00
7-Jul NWater 12:54 14:49 80

Mini     
Sounder 11:06  20:02 11
Balloon none
Sodar 10:00 19:30 moderate

8-Jul NWater 6:46 11:49 80
Mini 7:05 16:58 56 calibrations
Sounder 6:57 16:57 11
Balloon 1252, 1513, 1853  GMT
Sodar

9-Jul NWater 6:46 11:49 80
Mini 7:16 11:16 56 calibrations
Sounder 6:52 13:50 11
Balloon 1215, 1603, 1836   GMT
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