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Abstract On the basis of measurements over different surfaces, an inertial sublayer (ISL), where
Monin-Obukhov Similarity Theory applies, exists above z = 3h, where h is canopy height. The roughness
sublayer is within h < z < 3h. Most studies of the surface layer above forests, however, are able to probe
only a narrow region above h. Therefore, direct verification of an ISL above tall forests is difficult. In this
study we conducted a systematic analysis of unstable turbulence characteristics at heights from 40 to

325 m, measured at an 80m, and the recently built 325-m Amazon Tall Tower Observatory towers over the
Amazon forest. Our analyses have revealed no indication of the existence of an ISL; instead, the roughness
sublayer directly merges with the convective mixed layer above. Implications for estimates of momentum
and scalar fluxes in numerical models and observational studies can be significant.

Plain Language Summary The Amazon forest interacts with the atmosphere by emitting and
absorbing many substances, such as carbon dioxide, methane, ozone, and organic compounds, produced
by the vegetation. These substances are very influential in both the regional and global climates, and

until now, the estimates of their emission and absorption rates are based on classical theories developed
originally over relatively short vegetation and valid for a region above the ground called the “inertial
sublayer.” In this work we present evidence, obtained with the help of measurements from a very tall tower
(325 m), that a classical inertial sublayer does not exist over the Amazon forest. New methods to quantify
the emission and absorption rates, therefore, will be needed to improve their estimates.

1. Introduction

Recent assessments of the roughness sublayer (RSL) in unstable conditions at the Amazon Tall Tower Obser-
vatory (ATTO; see Andreae et al., 2015) site over the Amazon forest have shown that it extends to at least
80 m, the highest level where measurements were previously made (Chor et al., 2017; Zahn et al., 2016). With
the completion of the 325-m-high ATTO main tower, it is now possible to measure considerably higher. A
first set of micrometeorological simultaneous measurements was made during October-November 2015 at
40, 55, 81, 150, and 325 m, which presents a unique opportunity to explore some key questions to understand
the exchanges between the forest and the atmosphere:

DIAS-JUNIOR ET AL.

5614


http://publications.agu.org/journals/
https://orcid.org/0000-0003-4783-4689
https://orcid.org/0000-0002-9770-8595
https://orcid.org/0000-0003-3824-9373
https://orcid.org/0000-0003-1045-4316
https://orcid.org/0000-0002-8243-1706
https://orcid.org/0000-0001-5129-7535
https://orcid.org/0000-0003-2606-4726
https://orcid.org/0000-0003-0854-3803
http://dx.doi.org/10.1029/2019GL083237
http://dx.doi.org/10.1029/2019GL083237
https://doi.org/10.1029/2019GL083237
https://doi.org/10.1029/2019GL083237

...........

Geophysical Research Letters 10.1029/2019GL083237

1. What height does the RSL reach?

2. Under unstable conditions, is there a typical inertial sublayer (ISL) above the RSL? Or does the RSL merge
directly into mixed layer (ML) characteristics? (In this work, the surface layer [SL] is considered to be
composed of the RSL and the ISL; Raupach & Thom, 1981).

If there is an ISL and measurements are made high enough, then Monin-Obukhov Similarity Theory
(MOST), or some extension of it, can be used for long-term monitoring of scalar fluxes above the forest with
methods like fluxgradient, scintillometric estimates, relaxed eddy accumulation, and Bowen ratio. Similar
arguments apply to fluxes in boundary conditions of numerical models. This is important, because many
studies regarding the estimation of scalar fluxes over the Amazon employ MOST although this is inappro-
priate (Kuhn et al., 2007; von Randow et al., 2006), because measurements are made inside the RSL (e.g.,
Alves et al., 2018; Chor et al., 2017). The impact on the errors in the estimated fluxes can be significant (see
section 4.1), as well as on Large-Eddy Simulations (LES) simulations (Basu & Lacser, 2017).

It is possible, however, that a classical ISL does not exist (see Figure 5.1 of Malhi et al., 2004). In this case,
efforts should be directed at developing theories both for the RSL and for the ML to provide the required
flux estimates.

2. Site and Data

The study area is located at Reserva de Desenvolvimento Sustentivel Uatumd, in the counties of Sio
Sebastido do Uatuma and Itapiranga, in Amazonas State, Brazil. The site is 150km northeast of the state
capital Manaus, between 2° 27 -2° 4'S and 54° 10'-58° 4 W. Since 2011, an 80-m scaffolding tower at the
site has been used for measurements inside and above the canopy. During 2015, the main 325-m steel lat-
tice tower was erected. They are 670 m apart. Tree height is in the range 30-40 m, with occasional patches
of fallen trees.

A first intensive observation period at the tall tower during the dry season (IOP-1) was conducted during 25
October to 25 November 2015. Sonic anemometers were positioned at 40, 55, and 81 m (CSAT3, Campbell
Scientific Inc.) on the 80-m tower. On the tall tower, anemometers were positioned at 150 (CSAT3) and 325 m
(IRGASON, Campbell Scientific Inc.). Measurements at the 80-m tower were already in place before the
IOP; this arrangement also avoids local effects from a clearing around the tall tower. It was not possible
to intercompare the sonic anemometers, but they are considered to be accurate enough to allow estimates
of velocity gradients (Chor et al., 2017). The 30-min measurement periods (“blocks”) when the wind was
coming from behind the tower were discarded, avoiding flow distortion errors. Quality control procedures
(Mauder & Foken, 2004; Vickers & Mahrt, 1997) were applied using EddyPro© (LI-COR Inc., Lincoln, USA).
Details on the data processing and data used are given in Supporting Information S1. Radiosoundings were
launched (GRAW DFMO09) at a clearing 5km south, and a ceilometer (Jenoptik CHM15k) operated 400m
southeast, of the ATTO tower.

3. The Approach to Identify the RSL, the ISL, and the ML

We evaluated data at the five levels of measurement and tested them both for MOST and for ML scaling.
We expect both scalings to fail in the RSL. Analyses are of two types: (i) At each level z, we test turbulent
standard deviations, horizontal heat fluxes, and dissipation rates for different scalings, and (ii) we test several
statistics against z/z;, where z; is the height of the Atmospheric Boundary Layer (ABL).

From type-i analyses, we expect that for the lower levels, MOST should fail, because we are in the RSL;
for intermediate levels, the success of MOST should increase (as we are approaching, or are inside, the
ISL); finally, for the upper levels, MOST scaling should again fail as we are in the ML. Conversely, ML
scaling should fail at the lower levels and produce increasingly better results at higher levels. In all cases, as
Z increases, three different patterns should emerge if there is an ISL but just two if only the RSL and the ML
are present.

From type-ii analyses, a comprehensive view of the whole ABL should emerge: A three-tiered structure
should be discernible if an ISL is present and a two-tiered one if only the RSL and the ML exist. Type-ii has
difficulties, however, because (1) we are not aware of observational studies comprising the three layers; (2)
separate identification of the RSL and the ISL is difficult in z/z; coordinates; and (3) turbulence measure-
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Table 1
Error Statistics for Flux-Gradient Estimates at the Amazonas Tall Tower Observatory Site
Flux Unit Overall mean Absolute RMSE Relative RMSE BIAS r
LE W/m? 211.70 201.58 1.34 —46.87 0.39
F pmol - m~2 . 71 —-0.357 0.615 65.21 0.033 0.16

Note. RMSE = root mean square error.

ments are scarce above the ISL, usually coming from aircraft and laboratory studies. Moreover, as the height
of the ABL extends beyond 325 m in the middle of the day, there are fewer data at z/z; ~ 1.

Friction velocity and virtual temperature turbulent scale are calculated from

5 __ __
u; = —u'w'|y, u,0,, =woll,, 1)

* V%

where the subscript 0 indicates the 40-m level. In (1), u is the horizontal velocity (rotated into the mean
wind), w the vertical velocity, and 6,, is the virtual temperature; overbars and primes have the usual meaning.

The ML scales wx and 8, are

1/3
w, = [eéw’dﬂozi] s w9, =w'ol|,, 2)

v

where g = 9.81 m/s? and 0_v is measured at 40 m. The Obukhov length and stability parameter are

u%0, —d
__Vs C = _z s (3)
ngv* LO

Ly =

where k = 0.40, with the displacement height d = 0.75h = 30 m, where h = 40 m is the canopy height.

4. Results

4.1. Errors in the Flux-Gradient Method

Flux-gradient methods have been assessed in a few studies over forests such as Molder et al. (1999). For
the Amazon, MOST dimensionless gradients have been obtained by Viswanadham et al. (1990) and more
recently by Chor et al. (2017). Interestingly, however, results are not reported in terms of errors in the flux
estimates. Therefore, we calculated error statistics using Chor et al.'s (2017) data to provide a quantitative
estimate of the magnitude of the errors incurred by application of MOST in the RSL. Table 1 shows the
absolute and relative root mean square errors, the bias, and the correlation coefficient r for the latent heat
(LE) and CO, (F) fluxes by MOST. Note that the dimensionless gradients have been corrected for the forest
site. As it can be seen, the errors are substantial.

4.2. Height of the ABL

Reliable estimates of the height of the ABL (the height of the potential temperature inversion) are essential
for ML scaling. Potential temperature profiles were measured in the first 6 days of IOP-1 with radiosondes.
However, a ceilometer operated continuously, allowing simultaneously available data to be used to obtain a
relationship between radiosonde and ceilometer-derived z;.

The ceilometer measured mean 30-s backscatter profiles up to 4,500 m with 15-m resolution. An automati-
cally calculated z;, based on the vertical gradient of backscattered energy (Steyn et al., 1999), was used. The
aerosol concentration is usually higher in the ML: a maximum in the gradient indicates z;. This is a common
method to calculate z; from both ground-based and aircraft-borne instruments (Brooks, 2003; Melfi et al.,
1985; Steyn et al., 1999; Sawyer & Li, 2013; Wang et al., 2012).

The results of the method were visually confirmed: In spite of the typical scatter in boundary-layer height
estimates (Freire & Dias, 2013), the agreement was very good (see Supporting Information S1). The mean
ABL heights are close to those found by Fisch et al. (2004) in Ronddnia, Brazil. After that, a lag between the
ceilometer and the radiosonde z; was found, with the radiosonde values lagging 1 hr behind. Consequently,
the ceilometer values were shifted back 1 hr to agree with the radiosonde. From here on, the z; values used
for the whole campaign are 30-min means from the ceilometer.
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Figure 1. 0,,/u+ and o, /0, from measurements at 40 (a,b), 55 (c,d), 81 (e,f), 150 (g,h), and 325 m (i,j). The black lines
show the Monin-Obukhov Similarity Theory functions from the literature.

4.3. Type-i Analysis: MOST Scaling

Figure 1 shows the nondimensional standard deviations ¢,, = ¢,,/u. and ¢, = o, /6, as functions of .
There is low scatter in o, /u. and good agreement with the standard function for the ISL reported in the
literature (equation (11), Chor et al., 2017) for the levels 40 m, 55 m, and slightly less so for 81 m (Figures 1a,
1c, and 1e). These results confirm the findings of Zahn et al. (2016) and Chor et al. (2017) for the same
site. At the 150- and 325-m levels, the scatter is considerably larger than that observed at the lower levels
(Figures 1g-1i). Note that the dimensionless velocity gradients ¢, found by Chor et al. (2017) in the RSL are
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Figure 2. ¢,, versus u: and w+ at 40 (a,b), 55 (c,d), 81 (e,f), 150 (g,h), and 325 m (i,j).

very close to MOST functions found in the literature. Therefore, neither ¢, nor ¢,, are good discriminators
between the RSL and the ISL for the ATTO site.

The failure of MOST for scalars in the RSL, on the other hand, is evident. A large scatter and deviation from
MOST is observed in the values of 6, /0, (Figure 1, rightside), as also noted by Dias et al. (2009), and by Zahn
etal. (2016) and Chor et al. (2017) for the same site. Moreover, the scatter increases continuously with height,
with no improvement at an intermediate level that could indicate the presence of an ISL. Other dimension-
less statistics, u’_eé/w’_e‘/)lo, k(z — d)e,/u, and k(z — d)eg o,/ (U, 62,), for the horizontal virtual heat flux u’_el’)

the rate of dissipation of turbulence kinetic energy ¢,, and the rate of dissipation of virtual temperature semi-
variance €, , were calculated and compared with standard functions for the ISL (Wyngaard & Coté, 1971;
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1 Wyngaard, 2010) as well as the predictions of Zilitinkevich (1973) and
a) b) Kader and Yaglom (1990) with similar results and are shown in Support-
0.8 ing Information S1.
e Clearly, MOST scaling does not yield good adjustments at heights 150 and
_ 06 . e . "L . 325m, as these levels are evidently above the ISL, suggesting a verification
% et ' of ML scaling. Before that, we note that the plots in Figure 1 may suf-
0.4 : . :.:"i ﬁg. : . fer from self-correlation (Hicks, 1981), and further testing of this effect is
"' ! % " often required (Andreas & Hicks, 2002; Cava et al., 2008). Because this has
0.2 . ; ‘@ already been done at the same site (Chor et al., 2017; Zahn et al., 2016),
’ Y K\ R we are confident that our results are not contaminated by self-correlation.
0 Still, an analysis that is both immune to self-correlation and able to com-
0 0.5 150 5 10 15 pare SL and ML scaling is the dimensional plots of Figure 2, which shows
0/ We o, 10, o, versus u. and w.. A similar figure for virtual temperature is given in
] ! Supporting Information S1.
c) d) In Figure 2, the gradual loss of influence of the SL scale u. along with the
08 increasing influence of the ML scale w., is clearly visible. o, is very well
correlated to u. at the two lowest levels (r > 0.9), and the correlation coef-
06 ficient decreases monotonically to 0.65 at 325 m. The opposite trend is
NT observed between o, and w., with r now increasing monotonically from
N 0.4 0.71 to 0.85. For temperature (see Supporting Information S1), the corre-
sponding comparison indicates that both scalings perform equally well at
0.2 the lower levels but that ML scaling is better at the two upper levels.
4.4. Type-ii Analysis: ML Scaling
0_1 1 05 0 05 A The standard deviations o,, and o, divided by w. and 9,. are plotted
against z/z; in Figures 3a and 3b. Similar analyses are available from wind
Sk SWW tunnel and numerical simulations (Amir & Castro, 2011; Johansson et al.,
2001; Keirsbulck et al., 2002; Raupach et al., 1980; Zhang et al., 2009) but
1 ] as far as we know not over the Amazon. In Figures 3a and 3b, the dark
0.8 €) N gray line indicates the ML similarity functions (Lenschow et al., 1980)
o, Z 1/3 z
06 il =1.34<—> <1—0.8—>, )
N w, Z; %
N
0.4
69‘, z -1/3
0.2 9. = 1.34<Zi> . )
01 5 o5 45 15 25 35 45 The light gray circles indicate measurements made at 40 and 55 m, and

K

Figure 3. Profiles of 6, /w: (a) and oy /9, (b): light gray dots from 40 and
55 m; black dots from 81, 150, and 325 m (the dark gray lines show
similarity functions obtained in the mixed layer), and average profiles of
Sk, (c), Sk, (d), K,, (e), and K, (f). The shaded area represents 1 standard
deviation around the mean.

black circles measurements at 81, 150, and 325 m. Except for the two
w lower levels, (4) fits the data reasonably well (the scatter, although large,
is typical of ML measurements; Druilhet et al., 1983; Hogan et al., 2009;
Johansson et al., 2001; Kaimal et al., 1976 and numerical simulations;
Deardorff, 1974; Ghannam et al., 2017; Moeng, 1984; Yang et al., 2006).
At 40 and 55 m, however, the agreement is poor, evidently because ML
scaling does not take u. into account.

K

For o /9,., agreement with (5) is poor at least up to z/z; = 0.1; the increased variance in this region is
typical of scalar behavior in the RSL. Closer to z/z; = 1, the scatter increases due to entrainment (Lenschow
et al., 1980).

An analysis (not shown) of ¢, /u. and o,,/u. shows that the average o, /u. for z/z; < 0.07 never attains the
neutral value of 2.5 in the ISL (Garratt, 1994). For the same z range, both statistics have average values (2.0
and 1.25) that agree with previous measurements in the RSL above the Amazon forest (Dias-Junior et al.,
2015; Kruijt et al., 2000; Santos et al., 2016; Santana et al., 2018). Correlation coefficients between w and u,
and between w and 6,,, were also plotted against z/z;, but it was not possible to discriminate between the RSL
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Figure 4. The difference A4S, between sweep and ejection stress contributions for momentum (a), transport term (b),
and production term (c) in the turbulence kinetic energy equation. The shaded area represents 1 standard deviation
around the mean.

and the ISL. A clear change in the gradient of the correlation coefficients with height, however, again was
visible around z/z; = 0.07, reinforcing the identification of the top of the SL (see Supporting Information S1
for details).

Figures 3c and 3d show the vertical profiles of the skewnesses Sk, and Sk,, and Figures 3e and 3f the kurtoses
K, and K,, of u" and w', respectively, against z/z;. The results confirm previous findings that Sk, > 0 and
Sk,, < 0 above the canopy (Baldocchi & Meyers, 1988; Kruijt et al., 2000; Launiainen et al., 2007; Raupach
et al., 1996; Santana et al., 2018). Note that the same signs for these variables are found in the ISL (Katul
etal., 1997; Keirsbulck et al., 2002; LeMone, 1990; Schultz & Flack, 2005). In Figures 3c and 3d, the skewness
reaches a value of 0 at z/z; = 0.07, confirming, again, the extent of the SL. For both u' and w', the kurtosis is
less than the Gaussian value of 3 up to z/z; = 0.07 as well. Only a two-tiered pattern is evident in the figure.

Quadrant analysis, subsumed by the AS, statistics (the contribution to the momentum flux by sweeps minus
ejections; Raupach, 1981), is shown in Figure 4a, where A4S, > 0in z/z; < 0.07 is typical of the RSL (Poggi
et al., 2004; Raupach, 1981; this tendency is also reflected in the signs of Sk, and Sk,,). In Raupach (1981),
AS, =~ 0for 0.1 < n < 0.3 (n is roughly equivalent to our z/z;) and becomes markedly negative in the
outer region of the boundary layer. Raupach and Thom (1981) consider 4S, = 0 to indicate the ISL. For
ATTO's I0P-1, A4S, is mildly negative from z/z; = 0.07 to the top of the ML. Finally, in Figures 4b and
4c, we show the dimensionless production and transport terms of the turbulence kinetic energy equation,
—ziWau /0z/u3, and —z;0w’ u’ku;( /0z/(2u?). The results agree qualitatively with Figure 5 of Raupach and
Thom (1981; from a second-order closure model) and Figure 17 of Finnigan (2000; from observational data)
for the RSL, where there are strong mechanical production and negative transport. Again, only a two-tiered
structure throughout the ABL is evident.

5. Conclusions

An analysis of turbulence statistics from 40 to 325 m was conducted in the Amazon forest, in an attempt to
identify an ISL, which usually begins at z/h ~ 2.5-3 (see Cellier & Brunet, 1992, and references therein).
For the Amazon rain forest, h ~ 40 m, and the ISL would not be expected to exist below approximately
100-120 m.

For unstable conditions only, MOST scaling has been tested for ¢,,/u., oy /0,., W0, k(z — d)e,/ u?, and
Kz — d)ey o /,62,), and worsens monotonically from 40 to 325 m, indicating no sign of an ISL between

the RSL and the convective ML. In an analysis that does not employ ¢, the correlation between ¢, and u.
worsens, and the correlation between o, and w. improves, monotonically, from 40 to 325 m.
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Finally, z/z; profiles of several statistics have been analyzed. In all of them, only a two-tiered structure is
identifiable, with the lower part z/z; < 0.07 always displaying the signature of the RSL, and the remaining
upper region showing a behavior that is typical of the ML.

We infer from these analyses that the presence of an ISL is unlikely at the ATTO site. As always, further
testing is advisable. In the future, more refined and continuously measured turbulence profiles will be avail-
able at the same site, allowing to verify our results more thoroughly: It is still possible that an ISL exist in a
narrow region above 100 m; seasonal effects in different periods different may also exist.

The disclosed nonexistence of the ISL in this work has profound implications for the parameterization of
scalar fluxes over the Amazon (and possibly other tall forests), since virtually all estimates in use in LES
(Basu & Lacser, 2017), weather, and climate models, as well as in studies regarding scalars not easily mea-
sured with the eddy covariance method, use MOST in one way or another. Other model estimates, such as
precipitation, which is poorly represented in the tropics and is strongly dependent on the latent heat flux,
can be impacted as well. This poses new challenges, calling for the development of turbulence theories and
methods of flux estimation that are able to cope with this two-layered structure of the Amazonian ABL.
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