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Ramp-like shapes in the turbulent scalar trace are the signature of coherent structures, and their charac-
teristics (i.e., amplitude and duration) are resolved via a structure-function model for use in the surface
renewal flux calculation. The potential for surface renewal to provide inexpensive sensible heat flux
measurements has not been fully realized because this method has required calibration against eddy
covariance or other more expensive flux measurement techniques. The calibration factor alpha is ideally
0.5, but a broad range of values have been reported in the surface renewal literature. Although it has
been hypothesized that the sensor size, and hence sensor frequency response characteristics, influence
alpha, no effort has been previously made to compensate the thermocouple signal in surface renewal
measurements. We evaluate methods for compensating the frequency response of a thermocouple in
the time domain and the frequency domain, and we present a novel method for compensation in the lag
domain (i.e., compensating the structure function directly). We evaluated the compensation procedure
as it affects the resolution of ramp characteristics at both the smallest and the second smallest scales
of ramp-like turbulent shapes. The surface renewal sensible heat flux estimates from the compensated
robust thermocouples (76 pm diameter wire) agree well with the estimates from the compensated frag-
ile thermocouples (13 wm diameter). Using both the data collected for the present experiment and a
meta-analysis of data in the surface renewal literature, we correct the surface renewal estimates for
thermocouple frequency response characteristics to obtain alpha calibrations that converge to close to
the predicted value of 0.5. We conclude that the frequency response characteristics of the thermocouple

are the prevailing influence on the alpha calibrations reported in the literature.

© 2014 Published by Elsevier B.V.

1. Introduction

Thermal inertia associated with thermocouple heat capacity
attenuates the high frequency components of a measured temper-
ature signal. The frequency response characteristics of fine-wire
thermocouples can be compensated using time constants (e.g.,
Scadron and Warshawsky, 1952; Ballantyne and Moss, 1977) based
on semi-empirical heat-transfer laws for cylindrical and spheri-
cal bodies immersed in turbulent fluid environments (King, 1914;
Collis and Williams, 1959). Eddy covariance methodology has
previously adopted the thermocouple frequency response com-
pensation (Moore, 1986), but the application of the compensation
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for surface renewal sensible heat flux estimation has not been
investigated.

Surface renewal is an inexpensive alternative to eddy covariance
for measuring sensible heat flux density because it requires only a
fast-response air temperature sensor (Paw U et al., 1995). Ramp-
like shapes in turbulent air temperature time series data are the
signature of the coherent structures that dominate surface-layer
energy and mass exchange (e.g., Gaoetal., 1989). The amplitude and
period of the ramps are resolved using the Van Atta (1977) structure
function procedure and can be used to calculate the sensible heat
flux density in the surface renewal paradigm (Paw U et al., 1995;
Spano et al., 1997a). Surface renewal flux measurements, however,
require calibration to account for the linear bias in the data (Paw U
et al., 1995). The calibration factor alpha is obtained from the slope
of the regression forced through the origin of a standard for sensi-
ble heat flux (generally taken as eddy covariance measurements)
versus un-calibrated surface renewal sensible heat flux measure-
ments. It is hypothesized that the alpha calibration accounts for
the uneven heating within the coherent structure that arises from
the non-uniform vertical distribution of heat sources in the plant
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canopy (Paw U et al., 1995). Assuming a linear decrease in heating
from the canopy top to the ground, where no heating occurs, Paw U
etal.(1995) predicted an alpha calibration of 0.5. However, a broad
range of alpha calibrations has been reported in the surface renewal
literature over a variety of surfaces, instrumentation, experimen-
tal design, and processing scheme (e.g., Paw U et al., 1995, 2005;
Snyder et al., 1996; Spano et al., 19974, 2000; Chen et al., 1997b).
As aresult, it has been hypothesized that the alpha calibration also
accounts for other physical processes, such as sensor frequency
response characteristics (Paw U et al.,, 1995), micro-scale advec-
tion (Paw U et al., 1995), the coherent structure microfront duration
and its impact on ramp resolution models (Chen et al., 1997a), effec-
tive coherent structure dimensions (Spano et al., 1997a; Chen et al.,
1997b), and embedded, multiple scales (Shapland et al., 2012a,b).

Compared to finer diameter (13 and 25 wm) thermocouples,
the relatively large 76 wm diameter sensors are more rugged, and
therefore are more convenient for field experiments despite their
slower response times. Duce et al. (1997) demonstrated a reduc-
tion in the magnitude of the surface renewal flux estimation when
the air temperature data were collected using 76 and 25 wm diam-
eter thermocouples compared to 13 wm diameter thermocouples.
The results of this study varied by structure function time lag and
the authors did not attempt to compensate the thermocouple sig-
nal. Even if Duce et al. (1997) had compensated the thermocouple
signal, the structure function time lag effect may have made it diffi-
cult to draw conclusions about the compensation procedure. Chen
et al. (1997a) identified the structure function time lag associated
with the coherent structure microfront duration as the appropri-
ate time lag for resolving ramp characteristics from data with a
single ramp scale, and Shapland et al. (2012a) identified the struc-
ture function time lags for resolving ramp characteristics from data
with two ramp scales. These developments have made it possible
to characterize and correct the underestimation of surface renewal
sensible heat flux density estimates due to high-frequency signal
attenuation.

We investigate in this paper the accuracy of different approaches
to determining the time constant and compensating the ther-
mocouple signal for the resolution of air temperature ramp
characteristics and estimation of surface renewal sensible heat flux.
Time constants based on the measured thermocouple wire diame-
ter and the mean wind velocity accurately compensate the signal,
yielding the dimensions of both the small-scale embedded ramps
(i.e., Scale One; Shapland et al., 2012a) and the larger scale ramps
(Scale Two). We develop new methods for compensating the struc-
ture function directly and for estimating the ramp signal to noise
ratio. Using data collected over bare soil and a sorghum canopy with
thermocouples of various sizes and by performing a meta-analysis
ofthe surface renewal literature, we demonstrate that the alpha cal-
ibration converges to close to its theoretically predicted value of 0.5
once the surface renewal measurements have been compensated
for thermocouple frequency response characteristics.

2. Theory
2.1. Surface renewal and structure function analysis

In the surface renewal paradigm, the amplitude and period of
the ramp-like patterns in scalar turbulence data are used to calcu-
late the scalar flux density (Paw U et al., 1995). For example, the
sensible heat flux density is calculated as follows:

a
Hsg = OfZPCpm (M
where Hgy is the surface renewal sensible heat flux (Wm™2), « is
the alpha calibration, z is the measurement height (m), p is the
density of air (kg m=3), C; is the specific heat of air (J K- kg~1), ramp
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Fig.1. Atwo-scale ramp model with an intermittent Scale One (smaller scale) ramp.

amplitude, ais the temperature ramp amplitude (K), d is the gradual
rise period (s) of the temperature ramp, s is the quiescent period (s)
of the temperature ramp, and the temperature ramp period (d + s)
(s) is the sum of the gradual rise period and the quiescent period.
Shapland et al. (2012a,b) expanded the original surface renewal
concept of only one scale of turbulent scalar ramps to more than
one scale (Fig. 1).

The Van Atta (1977) structure function procedure is used to
resolve the ramp characteristics for the surface renewal calcula-
tion (Spano et al., 1997a; Shapland et al., 2012a,b). The structure
function is the mean value of the time difference of a scalar taken
to some power.

L
=1 / [T(6)~ (¢ ~ )" e 2)
0

where S(r) is the nth-order structure function, L is the length of
the time series (s), Tis the air temperature (or any scalar), t is time
(s), and r is the time lag (s). Detailed descriptions of the Van Atta
(1977) procedure for resolving the ramp characteristics from struc-
ture function data can be found in Van Atta (1977), Spano et al.
(1997a), Chen et al. (1997a), and Shapland et al. (2012a).

2.2. Thermocouple frequency response

The response characteristics of a thermocouple are described by
a first-order differential equation, because a single form of energy
storage, i.e., the thermal inertia of the sensor, is dominant.

dT,
Yar

where Ty(t) is the output or the response of the system (i.e., sen-
sor temperature), T is the time constant (s), and T;(t) is the input
function (i.e., air temperature).

To(t) + = Ti(t) 3)

2.3. Time constant

The time constant is derived from concepts of conservation and
energy transfer between the sensor and the surrounding environ-
ment (McGee, 1988). Assuming the thermocouple sensor geometry
is best described as a cylindrical wire,

/)wcwd2

t= ykNu

(4)
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where py is calculated as the density of the wire, Gy is the specific
heat of the wire, d is the diameter of the wire (m), y is 4, k is the
molecular thermal conductivity of air at standard temperature and
pressure (2.53 x 102 Jm~1s~1K-1), and Nu is the Nusselt number.
The Nusselt number for a cylinder (Collis and Williams, 1959) is as
follows:

Nu = 0.24 + 0.56Re®#> (cylinder) (5a)

where Re is the Reynolds number, i.e., Re =ud/v (Reynolds,
1883), u is the mean wind speed (ms~!), and v the kinematic
molecular viscosity of air at standard temperature and pressure
(1.461 x 10> m2s~1).

The time constant calculation calls for the density and specific
heat of a wire, but a thermocouple is constructed of two wires of
different alloys. The physical and thermal properties at the junc-
tion of the two wires, where the air temperature influences the
sensor signal, are most relevant to the time constant, but the weld
of the two alloys makes these properties difficult to obtain. The
densities of the wires at the junction, therefore, are approximated
as the mean of the densities of the two wire types (8825 kgm~3;
McGee, 1988). Similarly, the specific heats of wires at the junction
are approximated as the mean of the specific heats of the two wire
types (420.49]kg=1 K-1; McGee, 1988).

The thermocouple geometry at the junction may be spherical
instead of cylindrical. In this case, py is also approximated as the
mean density of the two wires, C is approximated as the mean
specific heat of the two wires, d is the diameter of the spherical
junction (m), y is 8, and the Nusselt number according to Collis and
Williams (1959) is the following:

Nu = 2.00 + 0.18Re%57  (sphere) (5b)

Unless otherwise noted, the thermocouple geometry in this
study is assumed cylindrical, and the time constants are calculated
using measured wire diameters, constant values for molecular ther-
mal conductivity and kinematic molecular viscosity, and the mean
wind velocity.

2.4. Time-domain compensation

The thermocouple signal is compensated in the time domain by
substituting into Eq. (3) the thermocouple temperature for Ty(t), the
time constant for t, and differencing the thermocouple tempera-
ture at the shortest possible time step (i.e., the sampling interval)
for approximating dT,/dt.

2.5. Lag-domain compensation

The time-domain compensation in the surface renewal
paradigm is computationally expensive because each temperature
data point in the time series must be processed twice: first, to
compensate the signal; and second, to calculate the structure func-
tion from the compensated signal. In the interest of developing an
online processing system, it would be convenient to store only a
short range of structure function values and compensate these data
directly, avoiding the need to store, call, and process large amounts
of time series data with more than one pass.

To derive the direct compensation of the structure function
values, theright hand side of Eq. (3)is substituted for the air temper-
ature in the structure function Eq. (2), and the terms are rearranged.

L n
5”(r),=%/ {[To(t)—To(t—r)]-ktW} dt (6)
0

where S(r); is the air temperature structure function, i.e., the com-
pensated thermocouple structure function. Letting n=2, 3, and 5,

the compensated thermocouple second-, third-, and fifth-order
structure function are as follows:

(7a)
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The structure function of the time-domain compensated signal
is equivalent to the lag-domain compensation (data not shown).
The lag-domain compensation may be useful for other structure
function applications, such as the cascade of isotropic turbulence
from larger to smaller scales (Kolmogorov, 1941), the estimation
of sensible heat flux density using Monin—-Obukhov similarity the-
ory (Wyngaard et al., 1971) or scintillometry (Coulter and Wesely,
1980), and the analysis of radar, SODAR, and LIDAR to estimate
boundary-layer capping inversion characteristics (Wyngaard and
Lemone, 1980; Stull, 1988).

2.6. Frequency-domain compensation

Frequency-domain compensation is convenient for eddy covari-
ance flux estimation because transfer functions correct the
cospectrum for sensor frequency response characteristics and the
covariance is recovered from the integral of the cospectrum. The
transfer function for compensating the spectrum can be written as

_ 1
T 1-iwt

h(w)

where h(w) is the transfer function, w = 27f (f is the frequency
(s71),andi = +/—1.

In surface renewal signal processing, compensating the scalar
signal for thermal inertia attenuation in the frequency domain
offers no advantage in terms of computational expense and
processing convenience because the third- and fifth-order struc-
ture functions must be calculated from the time-domain signal;
only the second-order structure function is interchangeable with
the Fourier transform (Monin and Yaglom, 1975). It is more direct
and convenient to correct the signal in the time-domain or lag-
domain rather than taking the Fourier transform, compensating
the spectrum, and inverting it back into the time-domain to finally
calculate the structure function. In this paper, the time-domain
procedure is used to compensate the thermocouple signals. The
frequency-domain and time lag domain compensation are only
used to compare against the time-domain compensation.

(8)

2.7. Ramp signal to noise ratio

Because the ramp amplitude is cubed when calculating the
ramp period (Van Atta, 1977), errors in the estimation of the ramp
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amplitude are propagated in the ramp period term. A method for
estimating the ramp signal to noise ratio (RSNR) for both Scale One
and Scale Two is helpful for evaluating compensation performance
and for determining the error source.

Following the assumptions of the Van Atta (1977) procedure,
the turbulent (hence, measurable) second-order structure function
is the sum of the random and coherent ramp contributions.

S2(r) = S2(r)c + S2(r), 9)

where S2(r) is second-order structure function as calculated from
the time series data, S2(r), is the second-order structure function of
the coherent ramp part of the signal, and S2(r), is the second-order
structure function of the random part of the signal.

The third-order structure function is equal to the third-order
structure function of the coherent ramp signal, which for time lags
much shorter than the gradual rise period is written as follows:

I N (10)
- €7 (d+s)
Therefore, the second-order structure function of the coherent
ramp signal for time lags much shorter than the gradual rise period
is

ar S3(r)
(d+s)~ a

S2(r)e = (11)

Substituting Eq. (11) into the second-order structure function
Eq. (9), we arrive at the second-order structure of the noise signal
as proposed by Van Atta (1977).

3
), =520 + ) (12)
The ramp amplitude term is squared to derive a dimensionless
RSNR as follows:
2 2
RSNR = &+ — a (13)
S2(r),  SAr)+(S3(r)/a)

For a two-scale ramp model, a similar procedure can be fol-
lowed in conjunction with the assumptions and derivations from
Shapland et al. (2012a) to arrive at an equation for the RSNR for
Scale One (the smaller scale) and Scale Two, although the stepwise
details of the derivation are omitted here for the sake of brevity.
The RSNR for a one-scale ramp model and the RSNR for Scale One
of a two-scale ramp model are nearly equivalent.

RSNR = RSNR; (14a)

where RSNR; is the Scale One RSNR. The time lag is increased so that
the second- and third-order structure functions of the ramp signal
represent only the larger ramp scale, the Scale Two ramp amplitude
isresolved, and the structure function and ramp amplitude are used
to determine the Scale Two RSNR.
2 2

RSNR; = B _ )

S2(r),  S(r)+(S3(r)/az)

where RSNR; is the Scale Two RSNR.

(14b)

3. Materials and methods
3.1. Site and instrumentation

Data were collected over a bare soil field from September 16,
2010 to September 24, 2010 and a sorghum (Sorghum bicolor) field
from July 22, 2010 to July 30, 2010. Both fields were located on the
Campbell Tract (38°32’N, 121°46’ W) at the University of California,
Davis, CA, U.S.A. Fetch in the prevailing wind direction (South) was

200 m for the bare soil field and 100 m for the sorghum field, and
the sorghum canopy was 0.6 m tall.

Tri-axial sonic anemometers (CSAT3, Campbell Scientific Inc.,
Logan, UT, U.S.A.) were installed at 1 m over the bare soil and at
1.4 m above ground over the sorghum canopy. At the bare soil and
sorghum field sites, there were three sets of three cross-welded
type E thermocouples. Each thermocouple set had a different nom-
inal wire diameter: 13, 25, or 76 pm diameter wire (FW05, FW1,
FW3, respectively, Campbell Scientific Inc., Logan, UT, U.S.A.). The
exposed thermocouple junctions were positioned in a row 0.1 m
posterior and 0.05-0.15 m lateral to the anemometer sampling vol-
ume relative to the prevailing wind. Each experimental site had one
row of exposed thermocouple junctions that was approximately
0.1 minlength and ran laterally away from the anemometer samp-
ling volume. Each thermocouple junction in the row was about
0.01-0.02 m laterally from the adjacent thermocouple junction. All
sensors were sampled at 20 Hz.

Prior to deployment in the field, the thermocouple wire and
junction diameters were measured. A stage micrometer (Micro-
master Microscope Stage Micrometer, Fisher Scientific Company
LLC, Pittsburg, PA, U.S.A.) was used to calibrate a light microscope
(Micromaster Microscope, Fisher Scientific Company LLC, Pittsburg,
PA, U.S.A.), and an image of the stage micrometer was taken using
a digital camera (Leica Microsystems Inc., Buffalo Grove, IL, U.S.A.).
Each thermocouple was placed under the microscope, a photograph
was taken, and the scale from the stage micrometer was used to
measure both the wire diameter and the thermocouple junction
at three cross-sections. The wire and junction diameters were cal-
culated from the mean of the three measurements. The nominal
13 wm diameter thermocouples had measured wire diameters of
16, 14, and 14 pum and 13, 13, and 13 wm for the bare soil and
sorghum sites, respectively. The nominal 25 wm diameter thermo-
couples had measured wire diameters of 29, 27, and 27 wm and
27,25, and 25 pm for the bare soil and sorghum sites, respectively.
The nominal 76 pm diameter thermocouples had measured wire
diameters of 83, 81, and 86 wm and 92, 84, and 79 pm for the bare
soil and sorghum sites, respectively. The thermocouples are here-
after referred to by their nominal wire diameter, e.g., the 13 pum
thermocouple.

3.2. Surface renewal processing scheme

The second-, third-, and fifth-order structure function were cal-
culated for each thermocouple over the 30 min sampling interval.
The structure function time lag was set to the time lag associ-
ated with the microfront duration (r), as described in Chen et al.
(1997a), and the Van Atta (1977) procedure was used to resolve the
Scale One (smaller scale) ramp amplitude, a; (K), and ramp period,
(d +5); (s) (see Fig. 1). The Scale Two (larger scale) ramp ampli-
tude, a; (K), and ramp period, (d + s); (s), were resolved by setting
the structure function time lag to either the Scale One gradual rise
period, d; (s), or one half of the Scale One ramp period, (d +5);/2,
depending on the smaller-scale ramp intermittency (see Shapland
etal., 2012a for more details). The mean of each ramp characteristic
resolved from the three thermocouples of a given size was com-
pared against the mean of the same ramp characteristic resolved
from the three thermocouples of another size. This process was
repeated for each ramp characteristic: the Scale One ramp ampli-
tude, aq, the Scale One ramp period, (d + s);, the Scale Two ramp
amplitude, a;, and the Scale Two ramp period, (d + s),.

The surface renewal flux for Scale One is calculated using the
Scale One ramp characteristics.

a
Hgg, = oqucpm (15)
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Site, instrumentation, and processing parameters for the studies included in the meta-analysis. In some studies, the time lag was set to r, the time lag at which occurs the
maximum absolute value of the third-order structure function divided by the time lag.

Author Surface Canopy height Measurement height Thermocouple Time lag
diameter

Snyder et al. (1996) Grass 0.1 0.3,0.6,0.9,1.2 76 0.25,0.5,0.75,1.0

Spano et al. (1997a) Wheat 0.7 0.7,1.0,1.3 76 0.25,0.5,0.75, 1.0

Spano et al. (1997a) Sorghum 0.7 0.7,1.0,1.3 76 0.25,0.5,0.75,1.0

Spano et al. (1997b) Vineyard 2.0 2.0,2.3,2.6,2.9 76 0.25,0.5

Spano et al. (1997b) Avocado orchard 5.2 5.2,5.8,6.1 76 0.25,0.5

Spano et al. (2000) Vineyard 21 2.1,24,2.7 76 0.25,0.5

Spano et al. (2000) Vineyard 2.2 2.2 76 0.25,0.5

Zapata and Martinez-Cob (2001) Lagoon 0.0 09,1.1,14 76 0.25,0.375,0.5,0.75

Snyder et al. (2006) Grassland 0.25 1.0 76 0.25,0.5

Snyder et al. (1997) Citrus orchard 42 4.5 76 0.5,1.0

Moratiel and Martinez-Cob (2011)  Rice 0.05,0.16,0.44,0.68 0.3,0.6,0.7,0.8,0.9,1.0,1.4,1.45,1.55,1.7 76 0.75

Shapland et al. (2012b) Bare soil 0.0 0.5,1.0,1.5,2.0 13 T'm

Shapland et al. (2012b) Sorghum 0.8 14 13,25 'm

Shapland et al. (2012c¢) Vineyard 2 213 76 0.25,0.5

Shapland et al. (2012d) Wheat 0.9 1.35 76 0.5

where Hgg, is the Scale One surface renewal sensible heat flux
(Wm=2), a; is the alpha calibration for Scale One, z is the mea-
surement height (m), p is the density of air (kgm~3), and C, is the
specific heat of air (JK-'kg=1). The surface renewal flux for Scale
Two is calculated using the Scale Two ramp characteristics.
H, = azzpCp(diizs)z (16)
where Hgpg, is the Scale Two surface renewal sensible heat flux
(Wm~2) and «;, is the alpha calibration for Scale Two.

Data were not accepted: (1) if the Scale One (smaller scale) grad-
ual rise period was longer than the Scale One ramp period; (2) if the
Scale One ramp period was longer than the Scale Two (larger scale)
ramp period; (3) if the absolute value of the Scale One ramp ampli-
tude was less than 0.05K; and (4) in the few near-neutral stability
cases when the Scale Two ramp periods were orders of magnitude
longer than the length of the time series. Data were sorted by stabil-
ity according to the sign of the air temperature third-order structure
function (Van Atta, 1977).

3.3. Eddy covariance processing scheme

A 2-dimensional coordinate rotation was performed on each
30 min interval of sonic anemometer data. For each thermocouple
regardless of wire diameter and relative position with respect to
the other thermocouples, the lag between the vertical wind speed
and the thermocouple signal was removed by maximizing the cor-
relation coefficient prior to the eddy covariance calculations. The
thermocouple air temperature measurements (and not the sonic
temperature) were used as the scalar in the eddy covariance sen-
sible heat flux density calculation unless otherwise noted. Analysis
was performed only on data intervals with a mean wind direction
within 45° of the prevailing wind direction (the anemometer direc-
tion), for which the momentum flux density was less than zero, and
with a horizontal wind speed greater than 0.05ms™1.

Atboth experimental sites, the sonic anemometer was relatively
close to the underlying surfaces, so eddies that contributed the
most to the flux may have been large relative to the path length of
the sonic anemometer. Therefore, spatial averaging over the sonic
anemometer path length may have resulted in an underestimation
of the flux from the smaller eddies. Using EddyPro (LI-COR, Inc.,
Lincoln, NE, U.S.A.), sensible heat flux density estimations without
a correction for spatial averaging along the horizontal, crosswind
or vertical components were compared against sensible heat flux
estimations with the correction. The sensible heat flux estimations
with the correction were 5% greater over both the bare soil and
the sorghum. The relatively small differences signify that there

was not gross flux underestimation due to the sensor installation
heights. Except for the EddyPro analysis of path length averaging,
data processing, analysis, and graphics generation were performed
with R Statistical Software (R Development Core Team, 2012) using
scripts written by the authors.

4. Meta-analysis procedures

The surface renewal literature was searched for reported alpha
calibrations used in sensible heat flux density measurements from
thermocouple signals. Only studies that relied on the Van Atta
(1977) procedure to resolve the temperature ramps were used in
the meta-analysis to eliminate uncertainties associated with dis-
crepancies in ramp resolution methods. Alpha calibrations based
on the combined surface renewal and similarity theory approach
(Castellvi, 2004) were omitted because the transfer coefficients
used in this scheme were derived for longer time scales (Stull, 1988)
than those associated with coherent structures (e.g., Paw U et al.,
1992) and therefore are not valid for describing transfer within the
coherent structures. Studies that did not report the alpha calibra-
tion or its coefficient of determination, the thermocouple size, and
the sensor height were omitted from the meta-analysis. If the aver-
aging interval for the structure function and eddy covariance were
not the same, then the alpha calibrations were discarded. The ther-
mocouple had to be located at the canopy top or higher for inclusion
of the corresponding alpha calibration in the meta-analysis. A low
coefficient of determination in the alpha calibration regression
analysis indicates poor slope estimation and hence a compromised
estimation of the alpha calibration. Alpha calibrations in the litera-
ture with coefficients of determination less than 0.6 were therefore
omitted. This value was chosen as a compromise between culling so
many data points that the meta-analysis is weakened and keeping
too many data points of questionable fidelity. The 77 alpha calibra-
tions from 11 articles that met these criteria include a broad range
of surface architecture, canopy heights, thermocouple heights, and
structure function time lags (Table 1). Because the conventional
Van Atta (1977) procedure identifies the smaller scale ramps (Scale
One), the alpha calibrations from these studies are the Scale One
alpha calibration. The majority of this paper therefore focuses on
Scale One, allowing for the correction of the alpha calibrations in
the literature for thermocouple frequency response effects, even
though Shapland et al. (2012b) showed that Scale Two is responsi-
ble for the flux.

Separate alpha calibrations for unstable and stable thermal
stratification regimes are infrequently reported, so all the data
regardless of the stability were used in deriving the coefficient
to correct the reported alpha calibrations in the literature for
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Fig.2. Time series of (a) air temperature from 13 and 76 pwm diameter thermocouples, and (b) time- or frequency-domain compensated 13 and 76 pum diameter thermocouples.

frequency response characteristics. In the few cases where the
alpha calibrations were reported by stability, only the unstable
alpha calibration is used in the meta-analysis because the absolute
value of the heat fluxes for unstable conditions were assumed
greater compared to those from stable conditions and therefore
more strongly influenced the alpha calibration regression analysis.
No attempt was made to account for frequency response character-
istics on eddy covariance estimations because the eddy covariance
temperature scalar (i.e., air temperature or sonic temperature)
was not always clearly defined in the individual studies and the
sensor frequency response influences eddy covariance minimally
compared to its influence on surface renewal.

To justify our approach to the meta-analysis and these data
quality control procedures, we establish: (1) that the sensor fre-
quency response attenuates the Scale One (i.e., conventional)
surface renewal flux estimation (Sections 5.1 and 5.2); (2) that the
Scale One surface renewal flux estimation decreases with increas-
ing sensor diameter and response time (Section 5.2); (3) that the
relationship between the Scale One surface renewal flux estima-
tions using raw and compensated thermocouple signals is linear
(Section 5.2); (4) that the compensation procedures described in
this paper correct for the effects of frequency response with suf-
ficient accuracy (Sections 5.2 and 5.3); and (5) that the errors
associated with frequency response compensation are much less
influential for eddy covariance flux estimation compared to Scale
One surface renewal flux estimation (Section 5.3).

Once the meta-analysis has been performed (Section 5.4), then
the effect of the compensation procedure on the Scale Two surface
renewal flux estimation is examined (Section 5.5), and the sources
of errors in the compensation procedure are addressed (Sections
5.6 and 5.7).

5. Results and discussion
5.1. Time series of raw and compensated thermocouple signals

The 76 wm thermocouple does not respond as rapidly to temper-
ature fluctuations as the 13 wm thermocouple, so the signal from
the larger sensor appears smoother in the time series trace (Fig. 2a).
The thermal inertia of the sensor acts as a low-pass filter (McGee,
1988), dampening the apparently random air temperature fluc-
tuations superimposed on the ramps. Ramp amplitudes from the

76 pm thermocouple are attenuated relative to those from to the
13 wm thermocouple signal and occur over a longer period of time,
prolonging the apparent microfront duration (e.g., the ramp ampli-
tudes at approximately 6, 8, and 9.5 seconds in Fig. 2a). The time-
and frequency-domain compensated 76 pm sensor signals align
closely with one another and with the time-domain compensated
13 pwm thermocouple signal, tracking the random fluctuations, the
microfront durations, and the ramp amplitudes (Fig. 2b). Because
the frequency response characteristics of the 13 wm thermocouple
more or less include the highest appreciable air temperature fluctu-
ations, the differences between the raw and compensated 13 pm
thermocouple signals are minimal (Fig. 2a and b). The data pre-
sented in Fig. 2a and b were collected over the bare soil at one
meter height from September 21, 2010 from 12:00 to 12:30 during
unstable conditions, and raw and compensated temperature traces
from varying thermal stability regimes over both the bare soil and
the sorghum have similar relationships (data not shown).

The time- and lag-domain compensated signals are equivalent,
but they differ slightly from the frequency-domain compensated
signals. Even though all three compensation procedures should the-
oretically produce the same results, the particulars of the Fourier
transform can produce a compensated signal that is slightly dif-
ferent from the time-domain (Bloomfield, 2000), and therefore
lag-domain, compensated signals. The discrepancies between the
compensated signals are minimal (Fig. 2a and b), so the choice of
domain for the compensation depends on which is most convenient
for a given application. In the case for this paper, the time-domain
compensation was performed on the data collected in the bare
soil and sorghum experiments, because it was both convenient
for processing stored data sets and equivalent to the lag-domain
compensation, which is convenient for online processing.

5.2. Scale One surface renewal from raw and compensated
thermocouple signals

The ratio of the ramp amplitude to the ramp period is impor-
tant in surface renewal flux estimation (Paw U et al., 1995, see Eqs.
(15)and (16)). For time lags less than rp, the Van Atta (1977) proce-
dure attenuates the ratio of the ramp amplitude to ramp period for
Scale One (Shapland et al., 2012a), and ry; increases with measure-
ment height and canopy height (Chen et al., 1997a,b). Consistent
with the prolonged microfront durations observed in the larger
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Fig. 3. Probability density of the third-order structure function divided by the time
lag plotted against the time lag from the 13, 25, and 76 um diameter thermocouples
for the bare soil experiment during unstable conditions.

diameter thermocouple signal (Fig. 2a), ry; also increases with ther-
mocouple size (Fig. 3). For online measurement systems, a longer
range of structure function time lags therefore must be calculated
and stored in a data logger if the more robust thermocouples are
deployed. Alternatively, direct compensation of the structure func-
tion values reduces the range of required time lags. Although only
data from the bare soil experiment during unstable conditions were
included in Fig. 3 for the sake of clarity, the relationships for rp
among the three thermocouple sizes are the same for both unstable
and stable conditions at both sites (data not shown).

Once the appropriate r; has been determined, the structure
function values are passed into the Van Atta (1977) procedure to
determine the ratio of the ramp amplitude to the ramp period. The
ratio of the ramp amplitude to the ramp period from the raw 25 pm
thermocouples underestimates the ratio from the raw 13 pm ther-
mocouples (Table 2). The mean of the regression slopes from the
bare soil and sorghum surfaces is 1.18, and the coefficients of
determination are high. When the 13 wm and 25 wm thermocouple
signals have been compensated, the mean of the regression slopes is
1.02 (Table 2). Because the compensation procedure produces accu-
rate results for the 25 um thermocouple and the thermocouples of
this size are only modestly more rugged than the 13 wm sensors,
further evaluation of the compensation for the 25 wm thermocou-
ple is omitted throughout this paper for the sake of brevity.

The raw 76 wm thermocouple signal also underestimates the
ratio of the ramp characteristics compared to the same ratio from
the raw 13 wm thermocouple signal (Table 2 and Fig. 4). The under-
estimation is consistent with the observation of attenuated ramp

Table 2

Regression coefficients for estimated Scale One (the smaller embedded scale) ratio
of the ramp amplitude to ramp period, as measured using the 13 wm diameter ther-
mocouple, against the same ratio measured with the 25 wm diameter thermocouple
and the 76 wm diameter thermocouple. The slope of the regression analysis is indi-
cated by ‘m’. The asterisk indicates that the time constants were calculated using
the nominal, rather than measured, wire diameters.

a/(d +s),

Diameter (um) 25 76

Surface Signals m R? m R?
Bare soil Raw 1.17 1.00 2.38 0.99
Sorghum Raw 1.19 1.00 1.93 0.98
Bare soil Compensated 1.00 1.00 1.19 0.97
Sorghum Compensated 1.02 0.99 1.05 0.98
Bare soil Compensated* 1.00 1.00 1.28 0.99
Sorghum Compensated* 1.04 0.99 117 0.98
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Fig.4. Regression plots for estimated ratio of the ramp amplitude to ramp period, as
measured using the 13 wm diameter thermocouple, against the same ratio measured
with the 76 pm diameter thermocouple. The subscripts 1 and 2 correspond to Scale
One (the smaller embedded scale) and Scale Two (the larger scale), respectively.

amplitudes from the raw 76 wm sensor in Fig. 1., the ratio of the
ramp characteristics from the raw 13 pwm thermocouple sensor are
2.38 and 1.93 times the ratios from the raw 76 um thermocouple
(Table 2 and Fig. 4) for the bare soil and sorghum, respectively. The
coefficients of determination are high, indicating that the ratio of
the ramp characteristics from each sensor size is linearly related
to each other. Therefore, the ratio from the 13 wm diameter sen-
sor can be estimated by applying the regression slope coefficient to
the ratio from the 76 wm diameter sensor. Using data collected over
bare soil and the Van Atta (1977) procedure (i.e., Scale One ramp
characteristics), Duce et al. (1997) also reported a decrease in the
estimated surface renewal sensible heat flux, and hence a decrease
in the ratio of the ramp amplitude to ramp period, with increasing
thermocouple diameter.

When the signals from the 76 pwm and 13 pm thermocouple are
compensated, the ratios from each sensor more closely agree with
one another (Table 2 and Fig. 4). The mean of the two regression
slopes from the bare soil and sorghum surfaces is 1.12. This is within
the expected range of error for micrometeorological measurements
such as eddy covariance (e.g., Massman and Lee, 2002; Mauder
et al., 2007; Kochendorfer et al., 2012). For both surfaces, the com-
pensated 76 wm thermocouple tends to slightly underestimate the
ratio and the coefficients of determination are greater than 0.90.

The time constant used in the compensation procedure is a
function of the thermocouple geometry, so it is of interest to
compare results using time constants based on the nominal wire
diameter, the measured wire diameter, and the measured wire
junction to determine the most appropriate sensor dimension
for the time constant calculation. If the nominal wire diameter is
used instead of the measured wire diameter, the regression slopes
and coefficients of determination are almost always further from
unity (Table 2). Other approaches to calculating the time constant,
such as using the measured thermocouple junction diameter and
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Table 3

Regression coefficients for eddy covariance as measured with the 13 wm diameter
thermocouple against eddy covariance measured with the 76 pum diameter thermo-
couple. The slope of the regression analysis is indicated by ‘m’.

Surface Signals m R?

Bare soil Raw 1.11 1.00
Sorghum Raw 1.12 1.00
Bare soil Compensated 1.00 1.00
Sorghum Compensated 0.98 1.00

the Nusselt number for a sphere (not shown) and instantaneous
time constants based on fluctuating wind speed (not shown), also
produce inferior results. It is therefore recommended that time
constants are based on measured wire diameters, constant values
for molecular thermal conductivity and kinematic molecular
viscosity, and the mean wind velocity.

5.3. Eddy covariance from raw and compensated thermocouple
signals

The frequency response characteristics of the raw 76 um ther-
mocouple do not affect the eddy covariance data (Table 3) as much
as the ratio of the ramp amplitude to ramp period for surface
renewal (Table 2). The eddy covariance calculation with the raw
76 wm thermocouple differs by an average of 12% from the eddy
covariance calculation with the raw 13 wm thermocouple, and the
coefficients of determination are perfect (Table 3). For surface-
layer energy and mass transport, relatively low frequency spectral
coefficients contribute to the majority of the total flux, while high
frequency spectral coefficients contribute marginally (Monin and
Obukhov, 1954). As a result, high frequency attenuation does not
dramatically reduce the total flux measured via eddy covariance
unless the sensors are located so close to short-canopy surfaces
that the very high frequency portion of the spectrum, coinciding
with the frequency range of signal attenuation, is responsible for
the flux (McBean, 1972).In the surface renewal paradigm, relatively
large eddies are also responsible for the majority of the flux, how-
ever, the terminus of the temperature ramp, i.e., the sudden rise
or fall portion of the ramp signal that determines the ramp ampli-
tude regardless of scale, corresponds to the high-frequency signal
components that are affected by the thermal inertia of the sensors.
Thus, high-frequency attenuation of the scalar (temperature) sig-
nal has a greater impact on surface renewal estimation than eddy
covariance estimation.

Another consequence of the higher frequency components
being less important for estimating the eddy covariance flux
compared to surface renewal is that errors associated with thermo-
couple frequency response compensation are not as deleterious to
the eddy covariance flux estimates (Table 3). The regression statis-
tics from the compensated 76 wm thermocouple eddy covariance
estimates are closer to unity than those from the raw 76 pm ther-
mocouple eddy covariance estimates (Table 3). Some uncertainty
is expected in frequency response corrections for eddy covari-
ance (Massman and Clement, 2004), and the compensated eddy
covariance estimates differ by only about 2% (Table 3), which
is well within the range of expected error for eddy covariance
flux estimates (e.g., Massman and Lee, 2002; Mauder et al., 2007;
Kochendorfer et al., 2012). The accuracy of the compensated eddy
covariance data shows that the time constant calculation and com-
pensation procedures used in this paper are sufficient and solar
loading has a negligible effect, so the errors in the surface renewal
compensation must stem from another source, such as the particu-
lars of ramp resolution and surface renewal signal processing. This
will be investigated further in Sections 5.6 and 5.7.

5.4. The alpha calibration

The alpha calibration values for the bare soil and sorghum exper-
iments using the raw and compensated thermocouple signals are
listed in Table 4. For data that have not been screened for stability
conditions, the raw thermocouple signals yield alpha calibrations
ranging from 0.32 to 0.88. The alpha calibrations from the compen-
sated signals span a smaller range from 0.28 to 0.38. The frequency
response characteristics of the thermocouple apparently have a
greater influence on the alpha calibration compared to the differ-
ences in surface architecture and measurement height between the
bare soil and sorghum experiments. Assuming that the air parcels
are uniformly heated or cooled at the bare soil site because there
was no plant canopy to induce vertically heterogeneous energy
exchange (Paw U et al., 1995), the convergence of the alpha cal-
ibration at both the bare soil and sorghum sites suggests that other
physical processes cause its departure from unity, such as effective
air parcel dimensions (Spano et al., 1997a), micro-advection pro-
cesses within the coherent structure (Paw U et al., 1995, 2005), or
embedded scales (Shapland et al., 2012b).

The coefficients of determination in the alpha calibrations
from the 13 and 25 um diameter raw thermocouple signals are
only marginally lower than those from the 76 pum diameter raw
thermocouple signals (Table 4). Furthermore, the coefficients of
determination from the compensated thermocouple signals of all
sizes are equal or marginally higher than those from the raw ther-
mocouple signals (Table 4). Thus, neither the 13 or 25 pm diameter
sensors nor compensated 76 wm diameter sensors compromise the
precision of surface renewal sensible heat flux measurements. Duce
et al. (1997), however, obtained higher coefficients of determina-
tion in the alpha calibration regression from raw 76 p.m diameter
thermocouples compared to raw 13 wm diameter thermocouples,
but their results are less reliable because the coefficients of deter-
mination were less than 0.6 even for the largest thermocouple. The
alpha calibration values for the unstable data set (Table 4) are sim-
ilar to those for the data that have not been separated by stability,
but the calibration was less for the stable data set. Lower alpha cal-
ibrations for stable data sets have been reported in other surface
renewal studies such as Paw U et al. (1995), but that study did not
use structure function analysis. For the stable data in the bare soil
experiment, the coefficients of determination for the alpha calibra-
tion are so low that they do not meet the minimum coefficient of
determination criterium for the meta-analysis. This is likely due to
the small range of negative heat flux density values at this site, cou-
pled with errors in the eddy covariance data associated with low
turbulence conditions (Fig. 4).

A meta-analysis of surface renewal studies over other sur-
face types and measurement heights is useful to test whether
the convergence of the alpha calibration values at the bare soil
and sorghum site was coincidental. Since it has been established
here that the frequency response characteristics cause 76 wm and
25 pm diameter thermocouples to underestimate the ratio of the
ramp amplitude to ramp period linearly, it is possible to correct
the reported alpha calibrations in the surface renewal literature.
The reported alpha calibrations from studies using 76 wm diameter
thermocouples were divided by the slope coefficient, 2.16, from the
regression analysis for the raw 13 wm thermocouple data against
the raw 76 pm thermocouple data. For the study that used a 25 pm
diameter thermocouple, the reported alpha calibration was divided
by the corresponding regression slope coefficient, 1.18.

The reported alpha calibrations in the literature converge once
they have been corrected for thermocouple frequency response
characteristics (Fig. 5a). The uncorrected alpha calibrations have
a mean value of 0.83 and a standard deviation of 0.33, whereas the
corrected alpha calibrations have a mean value 0.41 and standard
deviation 0.14. Assuming the distributions of calibration values are
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Table 4
Regression coefficients for the eddy covariance sensible heat flux and the Scale One (the smaller scale) surface renewal sensible heat flux. Alpha is the slope of the regression.
Stability Unstable Stable All
Surface Signals Diameter (pm) Alpha R? Alpha R? Alpha R?
Bare soil Raw 13 0.36 0.94 0.12 0.57 0.36 0.94
25 0.43 0.94 0.14 0.57 0.43 0.94
76 0.88 0.95 0.26 0.54 0.88 0.95
Sorghum Raw 13 0.36 0.96 0.21 0.96 0.32 0.91
25 0.43 0.97 0.27 0.95 0.38 0.92
76 0.70 0.98 0.43 0.91 0.63 0.93
Bare soil Compensated 13 0.31 0.94 0.10 0.53 0.31 0.94
25 0.31 0.94 0.09 0.52 0.31 0.94
76 0.38 0.95 0.07 0.48 0.38 0.94
Sorghum Compensated 13 0.31 0.96 0.20 0.96 0.28 0.93
25 0.32 0.97 0.23 0.93 0.29 0.94
76 0.32 0.98 0.24 0.94 0.31 0.96

normal, 95% of the uncorrected alpha values are within the range of
1.17-0.51, while 95% of the corrected alpha values are within the
range of 0.55-0.27. The mean and variability of the uncorrected
and corrected alpha calibrations are similar to those observed in
the bare soil and sorghum experiments, so the findings from those
two experiments were not coincidental. Although variations in site,
installation, and turbulence may also affect the alpha calibration, as
previously hypothesized, it is clear from Fig. 5a that the frequency
response characteristics of the thermocouple are the prevailing
influence on the alpha calibrations reported in the literature.

The mean value from the corrected alpha calibrations is similar
to the value predicted by Paw U et al. (1995) to account for uneven
heating of the air parcel. It is also similar to the relative size of
the smaller, embedded scale (Scale One) to the larger, flux-bearing
scale (see Fig. 7a and b in Shapland et al., 2012b), which also led
to an alpha calibration of about 0.5 for conventional Scale One sur-
face renewal flux. The compensation procedure and meta-analysis
provide an alpha calibration for obtaining more accurate sensible
heat flux measurements via surface renewal than were previ-
ously possible without calibration against eddy covariance, but it is
important to emphasize that the alpha calibration from the meta-
analysis is empirical in nature. It does not provide an explanation of
the theoretical underpinnings of the alpha calibration. More work is
needed to reconcile the various existing theories about the physics
of the alpha calibration, and in these future studies the frequency
response characteristics of the sensor must be compensated.

Similar to observations from individual surface renewal studies
in the literature, the corrected alpha calibrations in the meta-
analysis decrease linearly with height (Fig. 5b). It may therefore be
possible to obtain even closer empirical alpha calibrations by cor-
recting for the measurement height using the line fit to the linear
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Fig. 5. (a) Probability density of the reported alpha calibrations reported in the
literature and the alpha calibrations corrected for thermocouple frequency response
characteristics, and (b) the reported and corrected alpha calibrations plotted against
measurement height.

decrease in the alpha calibration. The decrease in the alpha calibra-
tion with measurement height may be due to the same reasons as
suggested in the individual surface renewal studies that observed
the same phenomenon, such as the sensor placement relative to
the coherent structure height (Spano et al., 1997a). Also, a fixed
structure function time lag, rather than ry,;, was used in most of
the studies. The r;; parameter increases with taller canopies (Chen
et al.,, 1997a,b) and therefore higher measurement heights, so the
high-frequency signal attenuation may not affect ramp signals as
much from taller canopies compared to smaller canopies. Both the
linear decrease with height and the scatter about the fitted line
may also be a vestige of correcting the reported alpha calibrations
by a constant value for each sensor size, rather than compensat-
ing the thermocouple signals with measured time constants, which
is impossible without access to the raw turbulence data from the
experiments reported in the literature.

The variability in the corrected alpha calibrations also may be
the result of the site-specific conditions and experimental design
that influence the physical processes of the alpha calibration, as
well as the mismatch of scalars used in surface renewal and eddy
covariance (i.e., air temperature and sonic temperature) and the
tendency in the literature to report only one alpha calibration for
all stability regimes (e.g., Spano et al., 1997a,b; Snyder et al., 2006).
Flux density calculations based on the sonic temperature approxi-
mate the buoyancy flux, but calculations based on air temperature
yield the sensible heat flux. For measurements over surfaces with
high rates of latent heat flux density, the buoyancy flux is some-
what greater than the sensible heat flux. Under these conditions,
if the sonic temperature was used in the eddy covariance esti-
mates but the air temperature was used in the surface renewal
estimates, then the alpha calibration would be overestimated. Fur-
thermore, in the few studies that have reported alpha calibrations
by stability regime, the stable alpha calibration is generally less
than the unstable alpha calibration. There is uncertainty in the
reported alpha calibrations if they are not separated by stability,
and therefore the corrected alpha calibrations in the meta-analysis
are affected by the same uncertainty. Also, errors in the eddy
covariance measurements and varying approaches to eddy covari-
ance post-processing corrections by individual investigators may
have contributed to the variability in the meta-analysis. Due to
these potential sources of variability in the reported alpha calibra-
tions, it may be possible to refine the empirical alpha calibration
by performing an analysis of turbulence data from multiple sites,
ensuring the time lag parameter is set to r,,, the same scalar for eddy
covariance is used for surface renewal, a uniform approach to the
eddy covariance post-processing procedures are applied, and the
alpha calibration is computed separately for unstable and stable
conditions.
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Table 5

Regression coefficients for estimated Scale Two (the larger scale) ratio of the ramp
amplitude to ramp period, as measured using the 13 wm diameter thermocouple,
against the same ratio measured with the 25 um diameter thermocouple and the
76 wm diameter thermocouple. The slope of the regression analysis is indicated by
‘m’. The asterisk indicates that the time constants were calculated using the nominal,
rather than measured, wire diameters.

Table 6

Regression coefficients for estimated ramp amplitude and ramp period for Scale
One and Scale Two, as measured using the compensated 13 wm diameter thermo-
couple, against the same terms measured with the compensated 76 um diameter
thermocouple. The slope of the regression analysis is indicated by ‘m’. The subscripts
1 and 2 correspond to Scale One (the smaller scale) and Scale Two (the larger scale),
respectively.

a/(d+5),

Diameter (m) 25 76

Surface Signals m R? m R?
Bare soil Raw 1.08 0.97 1.39 0.80
Sorghum Raw 1.07 0.80 0.86 0.48
Bare soil Compensated 1.14 0.98 1.17 0.90
Sorghum Compensated 0.96 0.89 0.92 0.87
Bare soil Compensated* 1.07 0.94 1.35 0.96
Sorghum Compensated* 1.00 0.90 1.09 0.84

5.5. Scale Two surface renewal from raw and compensated
thermocouple signals

Scale Two has been shown to account for the surface renewal
sensible heat flux over bare soil and short canopies under unstable
conditions (Shapland et al., 2012b), and more work is needed to
determine if Scale Two is the flux-bearing scale for taller canopies
and under all stability regimes. In future investigations into surface
renewal theory, it would be convenient to use the robust 76 pm
diameter thermocouples rather than the more fragile sensors, so it
is important to investigate the compensation procedure for Scale
Two ramp resolution. In comparing the ratio of the ramp amplitude
to the ramp period for the larger scale, Scale Two, from the raw
76 p.m thermocouple and the raw 13 pm thermocouples, the mean
of the two regression slopes from the two surfaces is 1.13 (Table 5).
The coefficients of determination for Scale Two (Table 5) are rel-
atively low compared to those from Scale One (Table 2), implying
that the frequency response characteristics of the 76 wm thermo-
couple signal interfere with the procedure for determining the Scale
Two ramp characteristics.

When the signals from the thermocouples are compensated, the
Scale Two ratios from each sensor tend to more closely agree with
one another (Table 5 and Fig. 4). For the compensated 76 pm diame-
ter thermocouple signal, the mean of the regression slopes from the
bare soil and sorghum surfaces for Scale Two is 1.05. This is within
the expected range of error for micrometeorological measurements
such as eddy covariance (e.g., Massman and Lee, 2002; Mauder
et al., 2007). The coefficients of determination are greater than
0.85 for both thermocouple sizes (Table 5), representing a marked
improvement compared to the ratio from the raw signals. Thus, the
compensation procedure reduces the interference in resolving the
Scale Two ramp characteristics from the raw 76 pm sensor due to
signal attenuation.

5.6. Compensation exaggerates signal noise

Given the similar appearance of the compensated signals from
both sensor sizes in the time domain (Fig. 2b), it is surprising that
the regression statistics for the ratio of ramp amplitude to ramp
period for Scale One (Table 2) and Scale Two (Table 5) are not closer
to unity. For nearly every surface type and scale (Scale One and
Scale Two), the ramp amplitude from the compensated 76 p.m sen-
sor is overestimated compared to the ramp amplitude from the
13 wm diameter sensor (Table 6), and the overestimation is to be
worse for the ramp period (Table 6). The coefficients of determi-
nation from the ramp amplitude regressions are better than the
coefficients of determination from the ramp period regressions
regardless of scale. In the Van Atta (1977) procedure, the estimated
ramp amplitude is cubed to determine the ramp period, so any

Surface @ a (d+s); (d+5s),

m R? m R? m R? m R?

Bare soil 0.94 0.98 0.97 0.99 0.82 0.85 0.74 0.81
Sorghum 0.90 0.99 1.02 0.96 0.87 0.92 0.84 0.73

error in the ramp amplitude is propagated in the ramp period. As
a result, the ratio of the ramp amplitude to the ramp period is
underestimated. The propagation of error applies to the estima-
tion of both the smaller scale (Scale One) and the larger scale (Scale
Two), because both scales are resolved with a similar procedure
(Shapland et al., 2012a,b).

The median RSNR is greater for the compensated 13 wm diame-
ter sensor than for the compensated 76 um diameter sensor for
each surface, stability, and ramp scale (Table 7). Ramp forma-
tion, and hence RSNR, depends on the site characteristics, such
as canopy height, shear, and measurement height (Paw U et al,,
1992). For a given RSNR, the compensation procedure produces
more noise in the compensated 76 p.m thermocouple compared to
the compensated 13 wm thermocouple. Thus, while the compen-
sation procedure presented in this paper is broadly applicable, its
accuracy depends on the aspects of the site that influence coherent
structure and ramp development.

5.7. Ramp signal to noise ratio by stability and scale

For unstable conditions, the bare soil has a lower RSNR; and
RSNR; than the sorghum (Table 7), implying that the ramps are
better formed over the plant canopy. It is expected that the RSNR
is higher over the sorghum where canopy drag and shear create an
inflexion point in the wind profile, promoting coherent structure
generation (Antonia et al., 1979; Raupach et al., 1989). This is con-
sistent with the observation by Paw U et al. (1992) that the relative
strength of the ramp signal in the time series compared to back-
ground noise apparently increases when measurements are taken
above taller canopies. For stable conditions, however, RSNR; and
RSNR; are lower over the sorghum compared to the bare soil, and
the mechanism behind this phenomenon is unclear. More inves-
tigation into the utility and limitations of the RSNR parameter is
necessary and may lead to insights into coherent structure for-
mation and new protocols for quality control of surface renewal
measurements.

Regardless of surface and stability, RSNR; is consistently lower
than the RSNR; (Table 7). The ramp characteristics of the Scale
Two are resolved using a longer structure function lag compared
to the lag used for resolving Scale One (Shapland et al., 2012a).
The second-order structure function of turbulent noise increases
with time lag because the energy associated with larger eddies

Table 7

Median ramp signal to noise ratio (RSNR) for the compensated 13 and 76 pwm diam-
eter thermocouples. The subscripts 1 and 2 correspond to Scale One (the smaller
scale) and Scale Two (the larger scale), respectively.

Surface Wire diameter (j.m) RSNR; RSNR,

Unstable  Stable  Unstable  Stable
Bare soil 13 26.3 29.6 6.49 15.82
Bare soil 76 193 15.1 4.95 8.41
Sorghum 13 38.3 15.6 8.95 3.06
Sorghum 76 31.8 12.3 6.87 3.03
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is greater (Kolmogorov, 1941). The increasing noise with increas-
ing lag means the denominator in Eq. (14b) increases, resulting in
a relatively low RSNR, compared to RSNR;. This also may help
explain the relatively low coefficients of determination observed
in regressions comparing the Scale Two surface renewal flux to
eddy covariance in contrast to the coefficients of determination in
regressions comparing the Scale One surface renewal flux to eddy
covariance (Shapland et al., 2012b). Alternative methods for esti-
mating the ramp period at more than one scale that do not rely
on ramp amplitude estimates may be helpful for improving surface
renewal accuracy.

6. Conclusions

The alpha calibration converges to near to the theoretically
predicted value of 0.5 once the frequency response characteris-
tics of the thermocouple have been compensated. The convergent
alpha calibration allows more accurate surface renewal sensible
heat flux than previously possible without calibration against eddy
covariance or other micrometeorological techniques. The findings
in this paper represent a significant advance in the understanding
of the surface renewal alpha calibration and the development of
surface renewal as an inexpensive method for sensible heat flux
density measurements. This paper also provides further support
for the hypothesis that coherent structures are largely responsible
for surface-layer fluxes.

Frequency response compensation is required for 76 and 25 pum
thermocouples used in surface renewal sensible heat flux density
measurements. The procedures described in this paper accurately
compensate the frequency response limitations of 25 and 76 pm
thermocouple signals. The compensation procedure enables the
use of the more rugged thermocouples in surface renewal field
experiments with both applied and theoretical objectives. For sur-
face renewal flux estimates of other scalars such as carbon dioxide,
the signal also should be corrected for the attenuation of the high
frequency components prior to resolving the ramp characteristics.

The compensation procedure exaggerates the noise component
of the signal. Regardless of ramp scale, the additional noise causes
an overestimation of the ramp amplitude, an even greater over-
estimation of the ramp period, and therefore an underestimation
in the ratio of the ramp amplitude to ramp period. Hence, the
compensation procedure is broadly applicable for correcting ther-
mocouple signals for both the surface renewal and eddy covariance
flux measurements, but its accuracy for surface renewal measure-
ments depends on the aspects of the site that influence coherent
structure development and ramp formation. Nevertheless, the error
stemming from the compensation procedure is within the range of
error associated with micrometeorological measurements.
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