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ABSTRACT

We present observations of turbulent heat, moisture, and
momentum transport made at two levels, approximately 5 and 10 m above
the Amazon rain forest canopy. Data acquired at 10 Hz included variances
and some mixed third moments of vertical velocity, temperature, and
humidity. Two features of the data appear to question the displacement
height hypothesis: 1) The characteristic dissipation length scale in the
near-canopy layer varied between 20 m in stable conditions to
approximately 150 m during afternoon convective conditions, generally
larger scales than would be expected; and 2) No appreciable difference in
dissipation scales was seen at the two observed levels. Observed peaks in
vertical velocity-temperature cospectra lead to similar length scale
estimates for dominant eddies. Heat budgets on selected days show that
frequent periods with negative heat flux concurrent with continuing
positive moisture flux occur in early afternoon, and this is believed to
indicate the patchy nature of canopy-atmosphere coupling. Vertical
velocity skewness was observed to be negative on three successive days
and exhibited a sharp positive gradient. We present time series of some
of the terms in the turbulence budgets46 of vertical velocity variance and
kinematic heat flux. ~



1. Introduction

Because of its extent, the Amazon rain forest is believed to
play an important role in the global budgets not only of heat and moisture,
but also of ozone, CO, COp natural hydrocarbons, and other compounds
[Harriss ef g/, 1987]. Understanding turbulent exchange processes that
couple the forest with the atmosphere is a necessary step in performing
budget analyses anywhere, but it has additional significance in regions in
which direct measurements are and will continue to be rare, such as the
tropical rain forest. Direct measurement of fluxes of many trace gases,
for example, is not currently feasible. Fluxes are frequently estimated
using flux-gradient relations originally developed for flow over smooth,
flat surfaces. The description of exchange of non-reactive substances
over such surfaces is well described using similarity hypotheses
[wWyngaard, 1973]. Because of the geometric complexity of forest
canopies, several different characteristic length scales could be
important, and this fact makes similarity analysis questionable. At the
same time, the practical need for simple parametric methods to
determine fluxes impells one to seek the limits to which the known
results suffice. It thus seems reasonable to ask in what ways does
turbulent exchange above forest canopies differ from that which occurs
above the plane surface.

Theoretical and practical needs for better understanding of
turbulent exchange processes between the atmosphere and tropical
forests led us to measure turbulent transport of moisture, heat, and
momentum above the tropical rain forest in the Amazon. Our second
motivation was to measure the surface buoyancy flux in support of a
paraliel study of the convective boundary layer growth. Work on this
subject will appear in a companion article [Martin ef 2/, 1987]. In Section
2 we discuss the observation site and the types of instruments used.
Correct interpretation of turbulence properties frequently depends
critically on the manner in which data were acquired and processed, and
how the instruments were exposed, topics discussed in Section 3.
Characteristic length scales are discussed in Section 4. In Section 5 we
consider heat and moisture budgets along with average diurnal properties
of the near-canopy layer. Case studies illustrate changes in turbulent
transport seen after rainfall and properties of nocturnal turbulence. We
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examine observed properties of the vertical velocity skewness and of
some components of the turbulent budget of vertical velocity variance in
Section 6 and present conclusions along with plans for future work in
Section 7.

2. Experimental site and instrumentation.

Data presented in this paper were taken at the Ducke Forest
Reserve (2° 57' S, 59° 57 W) during July and August 1985 on a 45 m tall
scaffolding tower as part of the ABLE-2a experiment. This tower,
currently the only pilatform available for performing turbulence
measurements in the Amazon rain forest, was erected in 1983 by
members of the Anglo-Brazilian micrometeorological program. Details of
the surrounding vegetation and a photograph of the tower are given in
Shuttleworth ef 2/ [1984, here referred to as S84l. The canopy reaches
approximately to 35 m height, with occasional isolated trees reaching up
to 40 m. In most directions, there is undisturbed forest surrounding the
site for several kilometers. The forest is somewhat disturbed west of
the tower, but the predominant wind direction in this season is easterly,
minimizing this problem.

where possible, we take advantage of supporting
measurements being done at the Ducke tower. This instrumentation,
described in S84, includes anemometers and thermometers at various
tower levels. At the 45 m level two Didcot Industries automatic weather
stations (AWS, described in S84) provided measurements of net and
incoming solar radiation, humidity, and temperature. The Hydra, a device
that measures eddy fluxes of heat, moisture, and momentum developed by
the Institute of Hydrology in the UK [S84], operated at 48.5 m. In this
paper, we take the degree of agreement of flux observations between the
Hydra and our instrumentation as one measure of data quality. Because
the profile data system was undergoing tests during the time when we
operated, we have turbulent moment information without support of the
more traditional gradients. This limits our ability to estimate stability
indices and prevents direct estimation of various production terms in
turbulence budgets but still allows a general description of turbulence
properties.

we brought additional rapid-response instruments to measure
temperature, humidity, and vertical velocity at 39 and 45 m height, just
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above the approximate canopy top of 35 m. At the upper level we installed
a standard Gill propeller-vane anemometer. The rapid-response
instruments, all manufactured by Campbell Scientific Inc., included two
single-axis sonic anemometers, each with a fine-wire thermocouple, and
two krypton hygrometers. Tanner e¢ a/[1985) and Campbell and Tanner
[1985] describe these instruments in more detail. The krypton hygrometer
operates on the same principle of absorption of ultraviolet light by water
vapor as does the more familiar Lyman-a hygrometer [Buck, 1976]. The
principal advantages of the krypton device are low operating power and
long source tube life. It exhibits somewhat lower sensitivity than does
the Lyman-a device, but previous tests [Campbell and Tanner, 1985]
indicate that performance is adequate, especially in the high-humidity
environment of the Amazon. The hygrometer operated on battery power
when the main data system (described below) was disconnected. The
primary difficulty we found with our hygrometers was a tendency for the
signal strength to decrease with time. Cleaning the windows periodically
restored the signal to its original strength.

1t is difficult to operate this type of instrumentation in the
tropical rain forest. We often had to replace the fine-wire thermocouples
as they were broken by raindrops, and in one case the thermocouple was
incorporated overnight into a spider web. Heavy rain also damaged the
anemometer transducers, though the anemometers functioned properly
after light rain (see Section 5). We note that these instruments are
capable only of measuring fluctuations, not mean values, of the three
parameters w, T, and q. We have used the manufacturers’ calibrations
throughout.

At each level, an instrument set, consisting of an anemometer
and thermocouple assembly with the hygrometer = 0.3 m distant mounted
on a2 small transverse bar, was placed at the end of a guyed boom
extending 3 m from the tower. The top boom faced east and the bottom
one faced south. To minimize interference of the horiziontal wind with
the vertical wind measurement, we levelled each anemometer vertically
by adjusting the guy wires, observing the image of bubble levels through a
right-angle prism with a telescope. It is difficult to assess to what
precision we obtained level initially or how that level was maintained
with time. We believe that the anemometers were level initially to
within 0.3°. The instruments were serviced and levelled at least once a
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day, and usually more frequently. We are aware that the local vertical
may not necessarily be perpendicular to the local streamline. However,
since we operated only single-axis sonic anemometers, we felt that using
the local vertical to orient each instrument was a valid compromise.

We operated two separate data acquisition systems and three
data archiving systems in parallel. The main system consisted of a PDP
11/73 computer and floppy disk unit. We constructed a data acquisition
program for our computer incorporating many of the features of the
program in use at the Boulder Atmospheric Observatory (Kaimal and
Gaynor, 1983). Our aim was to calculate as many derived quantities as
possible in real time. Since we had very limited data storage capability,
no raw data were saved. Data were acquired at 10 Hz, and means, standard
deviations, higher moment quantities, certain block-averaged spectra and
cospectra, and ten-second averaged data (see Table 1) were obtained and
archived for twenty-minute periods. Block averaging of spectra and
cospectra was done in the manner described by Kaimal and Gaynor (1983).
All moment quantities were accumulated over the twenty-minute period.
Ten sets of 2-minute spectra and cospectra are included in the averages
saved at the end of each twenty-minute period. Two errors in the data
acquisition program caused us to lose some information. First, the
ten-second averaged data has thirty seconds of missing data each two
minutes. This has no effect on fluxes or estimates of the high-frequency
end of the spectra and cospectra, calculated in real time, but it means
that we cannot use the ten-second average data to make low-frequency
spectral estimates. Second, a scale factor was missing for the cospectral
and quadrature spectral calculations. This prevents us from estimating
the coherence or spectral correlation coefficient but does not affect
cospectral shapes. )

in parallel, variances, fluxes, and some covariances (see Table
1) were calculated with a Campbell Scientific Datalogger. Grab samples
were taken at approximately two-second intervals with this system.
These data were recorded both by a small cassette tape and by a
Commodore microcomputer. All equipment were powered by a small
gasoline-powered electric generator. During periods when the generator
was disconnected and the site was unattended, the instruments operated
on battery power, with data processed by the Datalogger and recorded
only by the cassette recorder.
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At the end of the experiment we fitted the inertial subrange
portion of the power spectra with a least-squares line of slope -5/3 to
determine the dissipation rate € of turbulent kinetic energy and the
estimates of the rate of destruction of temperature and specific humidity
variance, as detailed in Panofsky and Dutton [1983). The fits were quite
good (Fig. 1), and this gives us confidence in the high-frequency response
of the instruments. We did not observe significant power in the wT and
wq cospectra above 0.5 Hz (Fig. 1b). It appears that fluxes can be obtained
with instruments with a sampling interval of two seconds. Peaks in the
cospectra present in Fig. 1b occur at too low a frequency to be considered
significant; we will estimate characteristic length scales from
cospectral data using data from a subsequent experiment in a subsequent
publication. We return to the discussion minimum sampling interval
requirements in Section 3.

It proved essential that there was redundancy in the data
processing and recording systems. Some periods when the cassette
recorder was turned off accidentally were covered by data recorded on
the microcomputer. _Until the first week of August, the computers
operated at ambient temperature and humidity at the forest floor. As a
result, mold growing in the PDP disk drive caused that system to fail on |
August. Thus, this study focusses on turbulence budgets and higher
moments during the last week in July when the main data system worked,
and deals more with fluxes, covariances, and the heat budget during the
first week in August.

3. Instrument and data acquisition system intercomparisons

In this section we discuss errors commonly associated with
the eddy correlation method and assess the quality of our measurements.
We operated single-axis sonic anemometers to measure vertical velocity
fluctuations, the simplest observational equipment adequate for doing
eddy correlation measurements. We compare results obtained using
different instruments and/or data anaiysis techniques and take agreement
among the systems to be a valid empirical measure of reliability of our
measurements. A daunting number of possible sources of error in making
eddy correlation flux estimates have been identified. These include
introduction of the horizontal velocity component into the vertical
measurement because of inappropriate sensor alignment, usually
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overcome during operation of three-component anemometers by rotating
the coordinate system to minimize the w component [Wesely, 1970]. In the
case of the Reynolds stress this problem is particularly serious. McMillen
[1986] notes that errors estimated by a number of researchers range
from 8% to 100% per degree of misalignment. He shows sample data in
which the unrotated estimates of the momentum flux were positive, with
more plausible negative results obtained with rotations. There is also the
problem of flow around the obstacle of the tower itself [Wieringa, 1980],
believed to affect surface-layer flux measurements. Path-length
averaging over the distance between the sonic anemometer transducers
(here, 20 cm) can add from S to 10%® error to estimates of heat and
moisture fluxes and is believed to lead to even greater errors for
estimates of the momentum flux [Moore, 1986]. This error depends on the
size of eddies carrying the flux and may not be a serious factor here.
Interference due to flow around the framework of the sensor itself may
result in errors in scalar flux measurements done with sonic
anemometers that canl reach 25% {wyngaard, 1981] . To make matters
worse, the eddy correlation flux itself is a statistical quantity. Each flux -
estimate can be viewed as a sample from an ensemble of measurements.
We expect run-to-run variability in a surface layer of at least 10% in
ideal conditions [Wesely and Hart, 1985}, with the amount varying
according to the dominant scale of the turbulence and the variance of the
measured variable [Lenschow and Kristensen, 1985].

Faced with such an imposing array of possible objections to
the validity of our measurements, we would have been terminally
discouraged from attempting the analyses presented here were it not for
the results of a series of intercomparisons between different
instruments and data processing systems. Before the experiment, we
compared the two sensor systems in a disturbed surface layer, finding a
SR average difference in gy, and this difference magnified disagreements
in higher moments to 308. Since our instruments faced in different
directions on the tower, we assess the importance of the obstacle effect
of the tower on the measurements by comparing heat flux measurements
according to the quadrant of the prevailing wind. The results (Fig. 2) do
not show any identifiable difference in flux when one or the other
instrument is poorly exposed. To address the problem of the inherent
variability of the eddy flux related to uncertainties in the ensemble
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average, we compare fluxes at the top level calculated using the
Micrologger and the PDP system, respectively. On 25 July (Fig. 3a) the 20
minute averaging period for each system began on the same minute, and
the fluxes agree quite well. Recall that we compare samples taken at 10
Hz by the PDP system with grab samples each 2 seconds by the Datalogger.
On 26 July (Fig. 3b), the data averaging periods were 10 minutes displaced,
and one sees that there is variability of =20-30% at times in the
twenty-minute averages, though the cumulative transport was calculated
to converge and hourly averages agreed quite well. Finally, we compare
our measured heat flux with that obtained by the independent Hydra
system (Fig. 3b, marked by H), and see good agreement. We do not think
that the various types of error lead to very large ( > 20%) absolute errors
in our data. Comparison of fluxes measured at the two levels (see below)
is good, and this indicates that the relative error between the two
instrument packages was smaller. This is probably because the daytime
heat flux is accomplished by rather large convective eddies (see below).
Since we were interested only in q fluctuations, we calculated only the
percentage deviation of the hygrometer signal from its mean [e.g., Tanner
et a/, 1985]. The mean used was the two-minute average just prior to
observations for the PDP system. This mean was a two-minute running
mean for the Datalogger system. Differences in the estimated moisture
flux derived from the same signals as large as 20% between the systems
were observed. This may have occurred because of the difference in the
definition of the mean hygrometer output from which the deviation
quantity was calculated. When data from the two levels are compared,
only data from one acquisition system are used.

We have estimated the covariance uw directly using w from
the top sonic anemometer and u from the Gill propeller vane. These
instruments were at 45 m height, separated by about 4 m. Hicks [1972]
showed the frequency limits to which propeller anemometers may be used
in eddy correlation measurements. We expect acceptable results if the
bulk of the momentum flux is contained in frequencies lower than a cutoff
frequency determined by the Gill response characteristic. This appears to
have been the case during this experiment, as is demonstrated by noting
that the frequency above which the uw cospectral values are near zero
occurs at much lower frequency than the frequency at which the Gill
anemometer loses sensitivity, departing from the inertial subrange
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prediction (Fig. 1b). The second and third techniques are simply to
associate ux with the vertical velocity standard deviation o, at each
level, relying on the surface-layer analogy [Panofsky and Dutton, 1984, p.
161] oy = 1.25ux F[(z-d))/L, where F is an empirical function and L is the
Monin-Obukhov length. Since the function F is not strongly dependent on
(z-d)/L (a one-third power law that comes from matching the free
convection similarity prediction), and since we observe the daytime range
of (z-d)/L at Ducke to be confined to the range 0. to -0.5, we take the
stability effect to be constant and hypothesize simply that ux = a,,/1.25.
Results of the intercomparison of this indirect estimate with the direct
calculation ¥(-uw) were surprisingly good. Furthermore, these estimates
are in good agreement with ux obtained by the independent Hydra system
(Fig.4). Busch [1973] despaired of estimating u= from oy, in the surface
layer to better than 50%, but this appears to be overly pessimistic in this
case. In S84 and Moore [1986], the authors cautioned that the Hydra ux
estimates could not be trusted to within a factor of two. In our opinion,
it is unlikely that these three nearly independent estimates of ux would
- agree to within 20% if errors as large as the most pessimistic estimates
were present. We are not suggesting that the sources of error discussed
by the various authors above are not real. Rather, it is possible that the
scale of the flux-containing eddies for our particular case is so large that
the eddies can be resolved with our crude instrumentation.

4. Characteristic length scales just above the canopy

We search for the limits of applicability of plane surface layer
similarity theory to the layer just above the forest canopy by asking a
simple basic question: What is the characteristic turbulent length scale
in this layer? It is customary above forest canopies to associate the
characteristic turbulent length scale with the height above an assumed
displacement height d, above which features of the plane surface layer
are supposed to obtain. The displacement height is frequently estimated
by attempting to identify logarthmic wind profiles just above canopy or
(more commonly) taken to be some fraction of the mean canopy height
[Jarvis, et a/,1976]

One way to check the validity of the displacement height
hypothesis is to identify the characteristic turbulent length scale with
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the dissipation length scale £ for turbulence in the region just above the
canopy:
E=ux3/K L (n

where € is the dissipation rate obtained from the slope of the w power
spectra in the inertial subrange and k is the von Karman constant. Recall
that 2 is simply the height above the ground in the case of the plane
surface lagyer. If the layer just above canopy top were similar to a plane
surface layer displaced up d meters in all respects, we would expect to
find £ = k(z - d) to be a characteristic length in neutral conditions,
increasing with increasing (z-d)/L. We would expect to see a different
characteristic scale at each of the two levels, and that this scale would
be approximately 5 - 10 m, according to the estimates of d above. Our
results (Fig. Sa,b, using two different estimates of ux) show that the
characteristic scales are much larger than this, but they do show the
expected decrease as the layer became less convective. A similar plot
obtained using ux=0,,/1.25 at the 39 m level (because we do not have
direct estimates of uw at this level) did not show any significant
difference. Wyngaard [1982] noted that largest eddies feel the strongest
buoyancy effects, and we see that conditions only need to be slightly
convective for the dissipation length scale to increase greatly. wWe did not
plot this scale length versus (z-d)/L because we are not certain that z-d
is the appropriate length scale.

5. Diurnal cycles

Mean temperature and humidity time series at the top of the
tower (Fig. 6a,b) illustrate the rapid morning temperature rise and the
nearly constant specific humidity. The small bulge in specific humidity
appearing in the mean at approximately 0900 LST is believed to be
related to the morning convergence of turbulent moisture flux into the
boundary layer. The vapor is temporarily trapped in 3 shallow boundary
layer that persists until the remains of the nocturnal stable layer are
eroded by the surface heat flux [Martin, ef g/, 1987]). The temperature
and humidity standard deviations (Fig. 7a) throughout the day are nearly
the same at the two levels, but the vertical velocity standard deviation at
the top level is appreciably larger than that at the bottom level. it is
frequently assumed that heat and moisture or other scalars are
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transported in a similar manner. While the diurnal course of the w-T
correlation coefficient (Fig. 7b) runs from +0.5 to -0.4, similar to that
seen in the surface layer during the Kansas experiments [Haugen et 2/,
1971], we note that the w-q correlation coefficient is always positive and
does not exceed approximately 0.3. Moreover, the T-gq correlation
coefficient never exceeds 0.5. The low T-q correlation could be explained
simply by presence of high frequency noise in the q signal, but power
spectra do not show this to have been a problem during the daytime. The
precipitous drop in the hourly-averaged T-q correlation near noon is a
reflection of reduced heat fluxes seen at that time on several of the days
included in the average (Fig. 8). We observed rain showers at or near the
tower on these days. Water on the leaves led to transient stable periods
in the canopy layer (see below).

The heat budget for the canopy can be written approximately
as:

Ry=LE+H+G+S, (2)

where Ry is the net radiation, LE the latent heat flux, H the sensible heat
flux, G the heat storage within the canopy (both in the air and in the
biomass) and S the heat flux from the soil. The plot of the mean heat
budget (Fig. 7c) is similar to those presented in S84, but the residual
(LE + H - Ry) is larger.

We see that the layer just above the Amazon forest can be
confirmed to be a constant flux layer. This feature of the smooth plane
surface layer obtains. We cannot easily explain the large residual term
seen in the heat and moisture fluxes. In 5S84 the authors note that there is
very little solar radiation that penetrates to the forest floor in the
Amazon, and we can probably ignore the soil heat flux term. We estimated
the heat storage in the canopy air on selected days and found that it did
not exceed 20 W/m2. Fisch [1986] estimated the biomass heat storage
from measurements of temperature changes within trees at the Ducke
site using data from previous field experiments. He found that midday
maxima of biomass heat storage to be in the range of 60-80 w/m2. It is
puzzling that our heat budget does not balance as well as it does for
previous experiments at the same site. Since intercomparison with the
Hydra measurements of the latent and sensible heat fluxes was good, we
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would obtain a similar residual with that system. 584 report scatter in
the hourly values of two automatic weather station net radiation
estimates of 10 to 15%, and perhaps the imbalance in the average heat
budgets can be ascribed at least partially to this measurements. We note
that vVerma e/ 2/ [1986] had similar difficulty in achieving heat budget
balance to better than 30%, but their residual was not consistently of the
same sign.

what the averages do not show is the large day-to-day
variability. One of the surprising features of the Amazon surface layer is
that one frequently observes very small or negative heat fluxes in the
early afternoon. (See Fig. 8, 26 July, and 1,2,3, and 5 August). They are all
associated with reduced incoming solar radiation, as clouds built up. it
was common to see isolated storms in the early afternoon during the first
week in August. We observed cool, relatively dry gusts to pass over the
tower during this time of day and presume them to have been the result of
downdrafts penetrating from convective clouds. Note that the latent heat
flux remained high on most of these days even as the heat flux (and
frequently also the virtual heat flux) vanished. The surface layer can be
thrust for a time into a curious daytime state in which mixing must be
accomplished by mechanical eddies. it is clear that horizontal advection
must also play a role in balancing the heat budget at this time.

Water deposited on leaves and returned immediately to the
atmosphere during transient episodes represents moisture transfer not
‘properly understood by surface resistance models, in which stomatal
control is important [Shuttleworth and Calder, 1979). Between 1200 and
1215 on 24 July, we observed a light shower at the Ducke tower. Rainfall
amounts were not large enough to be registered by the recording
raingauge at the top of the tower, but there was a remarkable disruption
of the diurnal heat budget (Fig. 9a). Note the drastic reduction in heat and
moisture fluxes just after the shower, followed by a huge latent heat flux
at 1300 LST. Two independent measurements of this latent heat flux show
it to exceed even the measured incoming solar radiative flux. We surmise
that during this time there must be appreciable sensible heat flux
advection from nearby areas which the rain shaft did not cross. With
cooling of the canopy surface layer, there was lowered momentum flux, as
indicated by the drop in the drag coefficient at midday on 24 July (Fig. 9b).
Time series of ten-second average data between 1221 and 1321 (Fig. 9c-d)
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illustrate the stages of the recovery. During the first twenty minutes
variation in w, q, and T was suppressed. Then wide excursions ingand T
with little vertical motion occurred during the second twenty minutes.
These we suppose to correspond to the time when weak plumes can rise
from the forest, recondense and become visible. Finally, after 1300,
vigorous vertical motion returned and the water on the leaves was
returned to the atmosphere. These small rain showers were seen
frequently from the top of the tower. Often we observed fog forming in
low-lying areas in the wake of the passing showers similar to this case.
Later, plumes rose from the forest, and on some occasions new convective
clouds formed. We see that a limited, decoupled area with a very low drag
coefficient was created in the middie of the forest. We suggest that
these “wet, slick spots™ may provide a convergent location downwind for
preferential development of new convection, providing that the sky clears
again and the storm does not occur too late in the day.

it might be argued that the tropical oceans and the tropical
rain forests perform similar roles in providing latent heat to large
scales of atmospheric motions. The maximum latent heat fluxes reported
here ( = 650 W/m2 ) are much larger that those reported over the
tropical ocean (= 100 W/m2, undisturbed conditions and = 200 W/m2
during disturbed conditions during GATE, Barnes [1980] ). Maximum
sensible heat fluxes are five to ten times larger than those seen over the
tropical ocean, but the total daily transport of moisture is comparable in
each case, as the oceanic fluxes occur all day. The large diurnal amplitude
of the sensible heat and latent heat fluxes are known to lead to much
deeper rapid cloud formation, with transient effects penetrating to
higher 1atitudes [Silva Dias ef 3/, 1983]. Hence, the tropical rain forest
is very much a continental environment, not at all a "continental ocean".

6. Higher turbulent moments

We found the skewness of the vertical velocity, Sk(w), to be
negative, decreasing sharply from the 39 m level to the 45 m level (Fig.
10). Our observed negative vertical velocity skewness and steep vertical
gradient is in accord with previous studies of turbulence above model
plant canopies [Raupach and Thom, 1981], but contrasts with positive
skewness seen in the convective plane surface layer [Chiba, 1978). Raupach
and Thom [1981] and Denmead and Bradley [ 1985] relate negative negative
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vertical velocity skewness to the presence of gusts that intermittently
penetrate deep into the canopy. Raupach and Thom show that the skewness
of the vertical velocity, Sk{w), decreases rapidly with distance above
obstacles of height h in the wind tunnel. The wind-tunnel results show
Sk(w) of -0.4 and -0.2, at z/h = 1.2 and 2, respectively, where h is the
obstacle height. IT we take h to be the mean canopy height, we observe
similar values of skewness (Fig. 2) over the Amazon during the day, at z/h
= 1.1 and 1.3. Raupach and Thom note that Sk(w) < 0.2 may be a condition
for inertial sublayer flux-gradient relations to hold.

We use data from the two instrumented levels to form the
turbulent balance of aw2 on 24-26 July, 1985. We are aware of the large
errors that can arise not only in estimating third moment quantities and
but also from differencing two such estimates. However, the reasonable
results obtained from the skewness study indicates that the signal may be
large enought to detect, and we intend only to look for qualitative
features of these budgets. For simplicity, we consider the horizontally
homogeneous situation, and the relevant budget equations are [Businger,
1982}

(1/2) 30,,2/2t = (9/8,) WT - (1/2) dw3/32 - (1/ pg) W 2p/az - €/3 (3)
b t p d

Mean and eddy terms are given by upper- and lower-case symbols,
respectively. Symbois t, p, b, and d denote terms of turbulent transport,
pressure gradient covariance transport, buoyant production, and
dissipation, respectively. Any residual found with in the budget analysis
includes unmeasured terms as well as the sum of errors. In a conventional
surface layer, wWyngaard [1973] noted that increased buoyant production is
offset by increased transport as the layer becomes more convective. Our
budget results (Fig. 11) show there to be consistent anticorrelation
between these terms. The local time change terms (not plotted) were
negligible. Note that a near balance of the buoyant production and
transport terms would occur in a normal surface layer for convective
conditions, z/-L > 1 or so. Assuming d = 26 m, we find typical daytime
values of (z-d)/-L = 05 over the forest at Ducke, somewhat less
convective conditions. Our measurements indicate that local dissipation
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does not play as dominant a role in the near-canopy layer as has been
observed in plane surface layers.

Transport terms are known to be important in second-moment
budgets above vegetation [Raupach, 1987]. The horizontally homogeneous
heat flux budget is [Businger, 1982}

awe/at = (g/8,) 0g2 - dw20/2z - 8dp/ oz - 0,228/ 2z  (2)
b t p G

Symbols are as in (1) and G represents the gradient production term. We
estimated the heat flux budget using hourly averages of the moments w26
at 39 m and 45 m to calculate the transport terms. Though we do not have
direct measurements of the temperature gradient, we estimated the
gradient production term G using the observed range of a,, with
characteristic afternoon temperature gradients measured at Ducke tower
during an earlier experiment {Shuttleworth ef 4/, 1985} The resuits on
two days (Fig. 11) indicate that the buoyant production term over the
Amazon, comparable in magnitude to the transport term, cannot be
ignored. During periods of transient daytime stabilization, buoyant
production may by a dominant term in this balance. For example, at
approximately 1300 LST on 26 July, we observed the heat flux to become
negative and presumably the temperature gradient inverted. We
estimated the gradient term in this case using the observed g, and the
temperature gradient report from the earlier experiment just after an
afternoon rain shower (marked G’ on the figure). Although the result can
hardly be considered conclusive, it indicates that is is plausible that the
gradient term and the buoyant production terms made the budget balance
during this period. These preliminary budget analyses emphasize the
importance of transport and buoyant production terms in the flux budget.
Future work is needed to quantify these terms, in particular as part of an
assessment of the validity of flux-gradient relations in the near-canopy
layer.

7. Conclusions and future plans

Three general conclusions may be made: First, the length scale
of turbulence just above the Amazon forest is large enough, and the
correlations between vertical velocity fluctuations and other parameters
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strong enough that heat, moisture, and momentum fluxes can probably be
estimated to within 20% with single-axis sonic anemometers, despite the
many possibilities for error. Moreover, sampling at 0.5 Hz probably is
sufficient to measure daytime eddy fluxes of heat and moisture. Second,
the displacement height analogy between the smooth plane surface layer
and the layer just above a forest canopy is limited. We found the
dissipation length scale not to increase with height just above the forest
and confirmed that the skewness of the vertical velocity is negative, both
exceptions to the plane surface layer similarity hypotheses. Third, there
is considerable patchiness to transports above the rain forest due to the
occurrence of intermittent stabilization associated with convective
storm outflows and rainwater deposited on leaves. Parameterizations of
the coupling between the rain forest canopy and the atmosphere based
primarily on data obtained on undisturbed days (when instruments tend to
be operating) may estimate total transports of heat and moisture poorly.
it is clear that future work should be done not only to confirm
results here for the near-canopy layer, but the mechanism of gust
penetration into the canopy itself must also be understood. We have
conducted a further field experiment to study these mechanisms,
instrumenting more levels between the canopy top and the surface in the
Amazon, and this will be reported in due course. We note in conclusion
that it may be more practical to measure turbulent fluxes directly or to
use parameterizations that require measurements only at a single level,
such as one based on temperature skewness [Tillman, 1972], than to
search for "universal” fiux-gradient relations in the near-canopy layer.
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TABLE 1.

Yariables archived by the data acquisition systems

PDP 1 1/73 system:

Archived at the both top (45 m) and bottom (39 m) levels

dw O O WT wg wiT w2q wT? wg? w3 Tq

____ Archived at top (=1) and bottom (=2)
Wiugin  WiW2 T2 a3  Ugin @i

Note: Power spectra were archived
for w, T, and q at each level. Cospectra and quadrature spectra were
archived for all second moment quantities.

Campb__gl 1 Data_li_gggr §g_§t_em
Ow OT oq wT wq Tq at each level.
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FIGURE CAPTIONS

Figure 1.  a) Typical examples of power spectra calculated and archived
each twenty minutes for instruments at the 45 m level: vertical velocity
(w), temperature (T), humidity (@), and horizontal wind speed as measured
by the Gill anemometer (Gill). The dashed line represents a least-squares
fit to the higher frequency data with the slope predicted for an inertiai
subrange.

b) Typical examples of hourly-averaged cospectra. The linear

abscissa is arbitrary; horizontal line marks zero.

Figure 2. Comparison of the measured sensible heat fluxes at 39 m and at
45 m over twenty-minute periods. The plotted number represents the
quadrant from which the wind came during each period (meteorological
coordinates): [0°-90°] = 1; [91°-180°} = 2; [181°-270°] = 3; [271°-359°] =
4. Note that the instrument at 45 m faces toward the east; the one at 39

m faces toward the south.

Figure 3. Values of sensible heat flux calculated using the PDP data
acquisition system (0) and with the Datalogger system (X). Values from
the Hydra are marked with 'H: a) July 26; b) July 25.

Figure 4. Hourly averages of the momentum flux obtained with the top

sonic anemometer and the Gill propeller vane ( 4 -uw, m/s) compared with

the scaled standard deviation of w at that level (ow/l.25). The number
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plotted indicates the date when the hourly average was obtained (S =

7/25, etc.). Data from the Hydra are marked with ‘H'.

Figure 5. Estimates of the characteristic length scale calculated using

the relation £ = U,3/K€ as a function of the buoyant production rate at the

45 m level, (g/8,) wT, for
- a) u, estimated using the sonic anemometer w and Gill

anemometer u covariance and b) U, = Ow/1.25.

The number plotted indicates the date when the hourly average was
obtained (5 = 7/25, etc.).

Figure 6. Hourly values of a) temperature and b) specific humidity (solid)
with saturation specific humidity (+) averaged over the period 30 July
through 5 August 1985 at the 45 m level of the tower.

Figure 7. a) Hourly averages of 0g. 07, @nd 0y, at the 45 m level (solid)

and the 39 m level (dashed) for the period 30 July through S August 1985.

b) Hourly averages of the correlation coefficients between T

and q ( Ryq), between w and g (Ry,o), and between w and T (R,,7) at the 45

m level (solid) and the 39 m level (dashed) for the period 30 July through
5 August 1985.
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c) Hourly averaged heat budget for the period 30 July through S

August 1985: Incoming solar radiation, S, (dotted), net radiation, R

(dash-dot with +), latent, LE, and sensible heat fluxes, H, at the 45 m
level (solid), 1atent heat flux at the 39 m level (solid with +), with the

residual (H+ LE - R,) shown dashed for the 45 m level, dashed with + for

the 39 m level.

Figure 8. Heat budgets for a) 7/25, b) 7/26, c) 7/30, d) 7/31, e) 8/1,
f) 8/2,9)8/3,h)8/4, and i) 8/5. Legend is the same as for Figure 7c.

Figure 9. a)Heat budget for 7/24 Legend is the same as for Figure 7c.
b) Time series of the drag coefficient ( Cd = ux2/ U2 ) for July

26 (symbol 6) and for July 24 (symbol 4).

c) Time series of detrended deviation ten-second average data
for temperature (T°), humidity (q), and vertical velocity (w') for the
twenty minute period beginning at 1221.

d) Time series of detrended deviation ten-second average data
for temperature (T°), humidity (q'), and vertical velocity (w') for the
twenty minute period beginning at 1241.

e) Time series of deviation ten-second average data from the
twenty-minute linear trend for temperature (T'), humidity (q), and

vertical velocity (w’) for the twenty minute period beginning at 1301.

Figure 10. Time series of the vertical velocity skewness on a) July 24,

b) July 25, and ¢) July 26 at the 45 m level (symbol 1) and the 39 m level
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(symbol 2).

Figure 11. Budget of aowzlat shown for a) 24 July, b) 25 July and c) 26

July. Terms (as defined in the text) are: buoyant production (b); transport

(t); dissipation (d); and the residual (r=10b + t + d).

Figure 12. Budget of dw8/at for a) 25 July and b) 26 July. Terms are:
buoyant production (b) and transport (t). Estimated value of the gradient
production term for typical convective conditions is marked G. The
estimated value of this term during a trasnient stable period on 26 July is

marked with G', as discussed in the text.
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APPENDIX B

Abstract

Measurements of turbulent heat, moisture, and momentum transport
in a ten meter layer above the Amazon forest canopy have been made in July
and August of 1985. The main objective of this thesis is obtain a better
understanding of the forest-atmosphere interaction by gaining knowledge
of the transport processes and the reievant scales of turbulence. Turbulent
scales estimated using calculated dissipation rates and a surface layer
similarity hypothesis are on the order of 100 m during convective
conditions and approximately 20 m during stable periods. Detailed forest
energy budgets are computed along with variance and fiux budgets. This
includes time series of the production, transport, and dissipation terms in
the turbulence budgets of vertical velocity variance, sensibie heat flux, and
latent heat flux. Observations following rainfall shows disruption of the
diurnal heat budget. Drastic reduction of the heat and moisture fiuxes are
experienced immediately after the rainfall, followed by a large latent heat
flux. Passing showers create "wet, slick spots” along which convergence,

and hence convection, may occur.



