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An experiment was carried out over a mature orange orchard to evaluate the reliability of two methods
based on surface renewal, SR, analysis, SR1 and SR2, to estimate sensible heat flux, H. After calibration, the
method SR1 only requires as input the air temperature measured at high frequency. However, method
SR2 requires air temperature measurements taken at high frequency, the mean and turbulent standard
deviation of the horizontal wind speed, the leaf area index, the canopy height and the vertical extent (m)
of the foliage. Methods SR1 and SR2 operated at the canopy top, z=4m. The H measured using the eddy
covariance, EC, method operating at height slightly higher than twice the canopy height, z=8 m, was taken
as areference, Hec g m. For completeness, because the method SR1 may also operate well above the canopy,
its performance was also analyzed at z=8 m, and another EC system was deployed close to the canopy top
at z=4m, Hgc am. For calibration, three periods of 15 days were selected. For method SR1, regardless the
height at which operated, it is shown that calibration was dependent on weather conditions, including
daily and seasonal patterns. Therefore, in contrast to other experiments that recommended application
of method SR1, this study questions its reliability. For method SR2, calibration was the same for each
calibration period. Validation was made for three periods of three months each. In relation to Hgc.gm,
regardless of the validation period SR2 was closer than SR1 and it was less biased than Hgc 4m. Because
reliability is mandatory for method selection SR2 is recommended over SR1 and it could be considered
to fill gaps of the EC method for samples affected by flow distortion.
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1. Introduction been recommended for more than a decade (Anandakumar, 1999;

Anderson et al., 2003; Consoli et al., 2006; Drexler et al., 2004, 2008;

Acquisition and maintenance of the instrumentation required
to directly measure scalar surface fluxes (i.e., the eddy covariance,
EC, system) are expensive. Therefore, alternative methods are of
interest and, if proven reliable, they may also be implemented to
overcome routinely problems in direct measurements, such as gap
filling (Dias et al., 2009; Guo et al., 2009). Alternative methods are
especially useful when they are affordable, and when operating
simultaneously with direct methods they do not share shortcom-
ings. The surface renewal, SR, analysis method to estimate the flux
of a scalar (pioneered by Paw U et al., 1995) is appropriate because
the theoretical grounds invoked are different from the EC method.
As a consequence, to apply the SR method the three dimensional
sonic anemometer is not required and it can operate either in the
roughness and inertial sublayers. SR studies mostly centred on sen-
sible heat flux, H, estimation, and the earlier SR method, SR1, has
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Katul et al., 1996; Mengistu and Savage, 2010; Paw U et al., 2005;
Snyder et al., 1996, 1997; Spano et al., 1997; Zapata and Martinez-
Cob, 2001, 2002).

Method SR1 requires calibration of one parameter, the so-called
parameter « (see Eq. (1)). However, the assumption to take o
as a constant appeared stringent because earlier studies shown
dependency on stability cases, canopy architecture and measure-
ment height (Castellvi, 2004). The parameter « has been a matter
of research which may be summarized as follows. An expres-
sion to estimate « (half-hourly) was derived that was capable
to explain the performance observed in previous experiments
(Castellvi, 2004). Therefore, the SR method using half-hourly o esti-
mates, method SR2, became exempt of calibration, provided the
input required is available.

When measurements are taken in the inertial sublayer over a
rather homogeneous surface, there is evidence that the method
SR2 is superior to SR1 (Castellvi, 2004), and that SR2 may be con-
sidered as an independent method for estimating scalar fluxes
(Castellvi, 2004, 2010; Castellvi and Snyder, 2009a, 2010a; Castellvi
et al., 2008). When measurements are taken in the roughness
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sublayer, the performance of method SR2 only has been analyzed
for H (according to our knowledge). Earlier studies consisting on
short datasets mainly gathered under unstable cases (Castellvi,
2004; Castellvi et al., 2006) and at a windy site regardless of the sta-
bility case (Castellvi and Martinez-Cob, 2005) shown that method
SR2 performed close to the EC method using estimations of the
roughness sublayer depth (from the ground), z*, and the zero-
plane displacement, d, as a portion of the canopy height, h.. Over
grapevines it was shown that portions of multiple pairs (z*/h, d/h¢),
can provide reliable H estimates (Castellvi and Snyder, 2010b) and
an objective method was derived to determine a reliable pair for
near neutral cases over homogeneous and moderately heteroge-
neous canopies. For these experiments, relationships to account
for the variability of z* were not required because the H estimates
were close to the determined using the EC method. However, over
rice (Castellvi and Snyder, 2009b) and peach orchard (Castellvi and
Snyder, 2009c), methods SR2 and EC were close when it was cou-
pled with semi-empirical relationships to estimate z* half-hourly.
It was recommended to check these relationships and a set of equa-
tions were derived to facilitate this task (Castellvi and Snyder,
2009b). Therefore, in the roughness sublayer there is a need to
establish a general procedure for estimating « in SR2, valid for dif-
ferent surfaces and weather conditions. For field applications, the
latter will state which is the input required to apply SR2.

For sensible heat flux, two earlier studies (133 and 43 half-
hourly samples gathered under unstable cases over grapevines
and wheat, respectively) shown that using reasonable scaling for
(z*[h¢, d/h¢) SR2 performed superior to SR1 (Castellvi, 2004). Likely,
because there is not a unique a-procedure to apply SR2 and meth-
ods SR1 and EC are highly correlated for unstable cases recent
studies have recommended SR1 without analyzing the perfor-
mance of SR2 (Drexler et al., 2008; Mengistu and Savage, 2010).
This study was motivated in light to compare SR1 and SR2 using a
procedure to estimate « that accounts for variability of z* depend-
ing on weather conditions and canopy characteristics (Castellvi and
Snyder, 2009c¢). Therefore, differences in input requirements and
performance between the SR methods can be compared. An exper-
iment (from February to October 2010) was carried out to estimate
H over a mature orange orchard. The experiment offers the optimal
conditions for our purpose because the morphology of a mature
orange tree is fairly constant through the year. Thus, calibration
and validation depend on weather conditions.

2. Theory

SR analysis for estimating scalar surface fluxes uses SR the-
ory (pioneered by Higbie, 1935) in conjunction with the analysis
of the scalar trace to extract the mean ramp dimensions (ampli-
tude and period) of the ramp like (or asymmetric triangle shape)
pattern observed in the trace (typically, half-hourly). Ramp dimen-
sions identify a coherent structure which can be defined as an eddy
capable to provide organization within the turbulent motion and
responsible for the main vertical turbulent mixing (Hongyan et al.,
2004; Paw Uetal., 1995). The SR method is based on a solution of the
scalar conservation equation for an incompressible steady and pla-
nar homogeneous turbulent flow. For sensible heat flux, assuming
that the air parcel renewed (i.e., the associated with the coherent
structure) is uniformly heated (cooled) with no heat lost through
the parcel top while it remains in contact with the sources (sinks),
it can be estimated as (Paw U et al., 1995; Castellvi, 2004):

(z —d) (1)

72

method SR1; a=constant forh; <z
Hsp=pCp(cz) =

1/2
method SR2; a= {]E{ T, 45;1(;)} forh, <z <z*

where p and C, are the density and specific heat at constant pres-
sure of air, respectively, z, is the measurement height of the air

temperature trace which represents the volume, V, per unit area,
S, of the parcel (i.e., z=V/S), the parameter « is included to cor-
rect the volume for the unequal heating within the air parcel, and
A and t are the mean amplitude and period of the ramp pattern
observed in the temperature trace. Because method SR1 assumed
parameter « as a constant to be calibrated against the EC method,
the implication was sound because the only input required is the
measurement of the air temperature trace at one height above the
source. Method SR2 estimates « (half-hourly) and in Eq. (1) k=0.4
is the Von Karman constant, u- is the friction velocity which can be
estimated as, u-=0.50, where oy is the turbulent standard devi-
ation of the horizontal wind speed measured at the canopy top
(Kaimal and Finningan, 1994), ¢,(¢) is the flux-gradient stability
function and ¢ is a stability parameter, ¢ =(z — d)/L,, where L, is the
Obukhov length, L, = —(u,3/kg(w'T;))T, [T, and g are the air tem-
perature (virtual) and acceleration due to gravity, respectively, and
w'T}, is the kinematic buoyant sensible heat flux]. In practice, when
T, is not available it is replaced by the air temperature. Regardless,
awidely accepted formulation for ¢,(¢) is (Foken, 2006; Hogstrom,
1988):

(0.95 +7.8¢)
(&) = { 0.95(1 - 11.6¢)"'/?

0<¢=1

-2=<¢=<0 @

Castellvi and Snyder (2009c) combined a model based on a
mixing-length theory for momentum (Harman and Finnigan,
2007), mixing-layer analogy (Raupach et al., 1996), semi-empirical
canopy-relationships (Graefe, 2004) and the relationship u-~ 0.50y,
to estimate z* half-hourly:

(he —h.)? 12
(he —d) (cqLAD)

where h- is the height from the ground to the bottom of the canopy,
cqistheleaf drag coefficient, LAl is the leaf area index, and I, = (o, [u)
is the turbulent intensity where u is the horizontal mean wind
speed at the canopy top.

The zero-plane displacement can be estimated as a portion
of the canopy height where an intermediate scaling is d=0.75 h,
(Brutsaert, 1988). Estimation of the mean drag coefficient at the
leaf scale is a compromise. It depends on the shape and orienta-
tion of the leaves and, in principle, it may depend on the velocity
field within the canopy through the Reynolds number, Re, though
such relationship is not still clear (Brutsaert, 1988; Pingtong and
Takahashi, 2000). Models of transfer of momentum of different
order support that c; can be taken as a constant, that is not depend-
ing on Re (Pingtong and Takahashi, 2000).

Ramp dimensions. They were determined as described in Van
Atta (1977) using structure functions, S?r) [r denotes time lag] of
order, n=2, 3 and 5. For solving the ramp period, several time lags
were used to linearize the following relationship that holds for r
much smaller than the warming (cooling) period, L, while the air
parcel to be renewed remains in contact with the surface; A3 =
—(S?r)/r)r. According to Chen et al. (1997), the shortest time lag to
be used for linearization, ryg, is that which produces the first global
maximum of S3(r)/r. To estimate the maximum time lag, r.,q to be
used for linearization so that r « L, the second global maximum
of 53(r)/r was determined. The second global maximum occurs at a
time lag, ryc, giving rog ~%t. Based on Qiu et al. (1995) that showed
(t —Ly)~0.257, it follows that ryc ~L;. Accordingly, the last time
lag used for linearization was determined as 1% of r,g to insure
Tend < Lr.

The H estimates. For method SR1, once « is known, determination
of H is immediate from measurements taken with a fine-wire ther-
mocouple. For method SR2, provided cy, d, h- and LAI are known
(or estimated), z* is determined half-hourly and H can be iter-
ated. Starting at neutral case, ¢,(¢)=0.95, o is determined which

z¥ =he + 3)
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