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Relating eddy correlation sensible heat flux to horizontal sensor
separation in the unstable atmospheric surface layer
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Abstract. . Measurements of a scalar flux from an extended surface are frequently
made with the eddy correlation technique consisting of a vertical velocity sensor and a
sensor for the scalar of interest. In many cases the two sensors have to be mounted
with a significant horizontal separation to avoid flow interference. Consequently, the
technique will underestimate the scalar flux. This paper addresses the issue of flux
underestimation due to this separation. A model is developed in the framework of
Monin-Obukhov similarity for the spatial covariance of vertical velocity and air
temperature in the unstable surface layer. It allows the underestimation of sensible heat
flux to be assessed using information on separation orientation relative to wind
direction, atmospheric stability, measurement height, and separation distance. The
coefficient in the model is evaluated with observations made over a potato field and a
clover field. The principles established here should also be applicable to fluxes of

scalars other than sensible heat.

1. Introduction

Measurements of the vertical fluxes of atmospheric scalar
constituents are important in studies of processes controlling
the exchange of these scalars between land surfaces and the
atmosphere. Over an extensive and uniform surface on flat
terrain these measurements are frequently made with the
eddy correlation technique consisting of a fast response
velocity sensor for measuring the vertical velocity compo-
nent and a sensor for the scalar of interest. In many cases the
two sensors have to be mounted with a significant horizontal
separation to avoid flow interference because either the
scalar sensor is rather bulky or it has to be confined in a
weather-proof enclosure to allow long-term operation. As a
result of the separation this technique underestimates the
flux. Previously, a few workers have expressed concern
about this issue (see below). Their work appears to indicate
that the degree of flux underestimation depends on separa-
tion distance, measurement height, atmospheric stability and
separation orierntation relative to wind diréction. However,
as pointed out in the next section of this paper, there is no
theory that relates the underestimation to all these factors to
allow quantitative assessment.

The main purpose of this paper is to develop a model for
assessing the underestimation of eddy correlation sensible
heat flux due to horizontal sensor separation in the unstable
atmospheric surface layer. It is also hoped that the present
study will improve our understanding of the horizontal
turbulent structiure near the ground surface. We chose to
study sensible heat for the reason that measurements of
temperature fluctuations can be easily made at multiple
points with thermocouples. However, the principles estab-
lished here should also be applicable to scalars other than
sensible heat, based on the similarity of scalar transport
processes in the atmosphere [Hill, 1989].
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Prior to the analysis it is useful to review previous studies
relevant to this work, which is done in section 2. Section 3
then establishes a model in the framework of Monin-
Obukhov similarity theory for assessing the flux underesti-
mation due to spatial separation. Experimental methods are
described in section 4. In section 5 the constants that appear
in the model are evaluated from the observations. Finally, in
section 6 the implications of the model are briefly discussed.

2. Review

The eddy correlation technique measures the flux of
sensible heat by forming a covariance between vertical
velocity (w) and temperature (T), w' (21 (x + 7), where
w'(%) and T'(X + 7) are fluctuations of vertical velocity at a
horizontal position X and temperature at ¥ + 7 and the
overbar denotes temporal (Reynolds) averaging. Since hor-
izontally homogeneous surfaces are the concern of this
study, w/(X)T'(Xx + 7) is independent of ¥ and can be
denoted as H(7). Ideally w’ and T’ should be measured at
the same point (7 = 0), and the covariance (H(0)) is the
kinematic sensible heat flux density. Otherwise H(7) will be
different from H(0).

Because H(¥) is a spatial covariance, in principle its
conservation equation can be constructed from the Navier-
Stokes and heat conservation equations, in a manner similar
to that of deriving the conservation equations of the spatial
covariances of velocity components or temperature [Hinze,
1975; Tatarskii, 1971]. Finding solutions to these conserva-
tion equations is difficult because of the closure problem
(there are more unknown variables than the governing
equations) and it is only possible in highly simplified situa-
tions. For example, provided that turbulence is isotropic,
analytical expressions have been derived for the spatial
covariances of velocity components and those of tempera-
ture [Hinze, 1975]. The assumption of isotropy, however,
leads to zero covariance between velocity and any of the
scalars [Tatarskii, 1971] and is not appropriate at all for w-T
covariance.
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Instead of assuming that the flow is completely isotropic,
Moore [1986] used the property of local isotropy in the
inertial subrange in the wavelength domain. He defined a
spectral transfer function, 7, associated with sensor sepa-
ration, in a similar manner as done to assess the effect of line
averaging [Silverman, 1968; Kristensen and Fitzjarrald,
1984]. He argued that if separation distance r (= |F|, m) is
small and only affects turbulence fluctuations in the inertial
subrange, the velocity cross spectra obtained for isotropic
turbulence can be used to define 7'y, which has the following
working description for lateral separation:

Ty(f) = exp (—9.9f'), (1

where f = nr/u, n being natural frequency (Hz) and « wind
speed (m/s). Hence

H(r) = H(0) j U Ty(f)S,pn) dn @
0

where §,,r is the cospectrum of sensible heat flux in the
surface layer.

For longitudinal separation, Taylor’s hypothesis of frozen
turbulence will result in unrealistic longitudinal coherence in
isotropic turbulence [Kristensen and Jensen, 1979]. Conse-
quently, the concept of eddy turnover time has to be
incorporated into spectral characteristics [Kristensen, 1979].
Assuming that r/u is small compared to eddy turnover time
and the quadrature spectrum is negligible, Moore [1986]
arrived at the following transfer function for longitudinal
separation:

T (f) = cos 2=f). (3)

(On the other hand, G. W. Thurtell [see Heikinheimo, 1986]
believed that (3) should represent the transfer function for
lateral separation.)

It can be shown from (1) (or (3)), (2), and the expression
for S,,7 in the neutral and unstable surface layer [Kaimal et
al., 1972; Kristensen and Fitzjarrald, 1984] that the ratio,
H(7)/H(0), is a function of r/z,,, where z,, = z — d, with z
the height above the ground surface and d the displacement
height, and is independent of wind speed. The r/z,, depen-
dence has somewhat been confirmed by a few experiments
[Heikinheimo, 1986; Koprov and Sokolov, 1973]. However,
there are three significant problems with the above transfer
function approach: it implies similarity between velocity
components and w-T spatial cospectra, which, for the rea-
son that will become clear later, is not valid; it is not
appropriate when separation r is large; and it does not relate
w-T covariance to separation orientation or stability.

Monin-Obukhov similarity, on the other hand, may pro-
vide a more promising tool than the above approaches for
predicting turbulence structure over horizontally homoge-
neous surfaces. For example, it has been used for studying
the behavior of the structure function, D,,, of a certain
quantity, g [Tatarskii, 1971], which is defined as

D, =[q(%) - q(x + M1~ )]

At separation distances of inertial subrange scale, the tem-
perature or humidity structure function has the form

D, = Cir™3, %)
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where the proportionality factor, C;I", called the structure
parameter, is independent of separation distance, r. The
velocity structure function also follows the 2/3 power law
expression, but the direction of separation is important
[Tatarskii, 1971]. It is well established now that C; can be
related to surface layer parameters in the framework of
Monin-Obukhov similarity. A good illustration of this is the
expression for the temperature structure parameter derived
from dimensional analysis

Ci =Tk, Pg(z,/L), (6)

where T, is a temperature scale defined as the ratio of the
kinematic sensible heat flux to the friction velocity (u)

Ty = — H(0)/uy, %)

and L is the Monin-Obukhov length scale [Wyngaard et al.,
1971]. With the assumption of horizontal homogeneity a little
manipulation of (4)—(7) yields an expression for the spatial
temperature covariance at small r

I_T#%.LZBZ_m
ZT_'iZm gL

where x = |%|. The function g was evaluated experimentally
by Wyngaard et al. [1971] and was derived by Panofsky and
Dutton [1984] from balance equations of turbulence kinetic
energy and temperature fluctuations. Since T2/T’2 is also a
function of z,,/L only, (8) reveals that temperature covari-
ance can be calculated from the measurements of L. It is
tempting to assume that spatial decays of T and w-T cova-
riances are identical so that

ng r 2/3 Zm
H(r) = H(O)[l - ZT———I—Z (a) g(f) .

This, however; will result in errors. In an unstable surface
layer, the decay of w spatial covariance with r is expected to
be faster than that of T covariance, as the energy-containing
range occurs at larger wavelengths for the T power spectrum
than for the w spectrum. This difference in the two decay
rates was observed by Koprov and Sokolov [1973], who also
showed that the decay of w-T covariance was in between the
two. But it is possible, as discussed in the next section, to
develop a model relating w-T covariance to L in a manner
similar to that done for T covariance.

In the past, several studies have addressed experimentally
the issue of w-T spatial covariance. Leuning et al. [1982]
observed that increasing the lateral separation distance
between the temperature and vertical velocity sensors of
their eddy correlation system from 0.05 to 0.45 m reduced
the measured sensible heat flux by about 6% at a height of 2
m in the daytime. Based on limited observations, Koprov
and Sokolov [1973] found that the dependence of w-T
covariance on lateral separation in slightly unstable condi-
tions (z/L = —0.02) could be described with the following
equation:

T'(x)T (x +r) = T %x)

(8

®

H(r)/H(0) = exp (—rlz,,). (10)

This equation was used by Heikinheimo [1986] as one of the
means for estimating the loss of eddy correlation fluxes due
to lateral sensor separation. The prediction of (10) appeared
to agree with his observations, although the stability during
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his éxperi'ment was probably not neutral (see section 6).
These experimental studies dealt with specific cases. The
question regarding the influence of wind direction and sta-
bility still remains unanswered. )

In next section, a model will be déveloped in the context
of Monin-Obukhov similarity to allow the assessment of the
spatial decay of w-T covariance from the measurements of
all controlling factors.

3. Model

3.1. Constraint at Small Separation Distance

Tatarskii [1971] derived a one-dimensional spectral den-
sity function from the structure function (4). By equating this
spectral density function to the inertial subrange spectra,
Wyngaard and colleagues [Wyngaard et al., 1971; Wyngaard
and Clifford, 1978; Wyngaard and LeMone, 1980] obtained
expressions for structure parameters of temperature, humid-
ity, and velocity in the atmospheric surface layer. Alterna-
tively, one can use similarity arguments to arrive at the same
results without knowing the details of the spectral dynamics
[Tatarskii, 1971; Hill, 1989].

By analogy with (4), let us define a cross-structure func-
tion for w-T as

D, =[w(X) —w(X+ ?)][T(?c) -T(x+M]. A

Apparently, the direction of separation is important for D,r.
Because turbulence is considered to be horizontally homo-
geneous, (11) can be written as

H(7) = H(0) = D,,7/2, (12)

where H(F) = H(—F) is assumed. Wyngaard and Cote [1972]
proposed a model for the w-T cospectrum in the inertial
subrange that is in excellent agreement with observations.
They postulated that the cospectrum depends on vertical
potential temperature gradient (86/dz), dissipation rate of
turbulent kinetic energy (&), and wavelength. It can be
deduced from this model that for r in the inertial subrange,
D, should depend on 96/dz, &, and r. Dimensional analysis
requires that

D,r=2k*3a(8)]06/0z|e *r?. (13)

Here k (= 0.4) is the von Karman constant and «(d) is a
wind direction dependent coefficient, with & defined such
that it varies between 0° when wind is parallel to the
direction of separation (longitudinal separation) and 90°
when wind is perpendicular to the direction of separation
(lateral separation). Thus D, does not follow the 2/3 power
law of (5) or the 1/1 power law as suggested by (10) at small
r.

It is known that [Panofsky and Dutton, 1984]

0z ke, b 7 ) (14)
3
U Zm
=— —, 15
€ iz du( L) (15)
where the similarity functions have the forms (L < 0)
¢,=(1—16z,/L) 12, (16)
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Substituting (14)—(17) into (13) and using (7) and (12) yields
H(7) = HO)[1 - B(3, zn/L)(r/z,)**],  (18)

where
B(8, z,/L) = a(8)(1 — 162,/L) "V2(1 - z,/L)'3.  (19)

This completes the derivation of the constraint of w-T
covariance at small r. The coefficient a(8) will be determined
experimentally (section 5.2).

3.2. Constraint at Large Separation Distance

The w-T covariance should approach zero as separation
distance increases

HF)/H(0)—0 as (20)

r—> o,

The exact form of H at large r is not clear. Here we choose
to use the following exponential function:

H(?) = H(0) exp [—B(8, z,,/L)(rlz,)*?1. (1)

The advantage of this function lies in its simplicity and its
ability to match constraints for both small and large separa-
tion distances (equations (18) and (20)). As discussed in
section 5, (21) fits rather well with the observed behavior of
w-T covariance. With a separation distance in the inertial
subrange, (21) differs only slightly from (18) (section 6).

4. Experimental Methods
4.1.

The experiments were conducted in a potato field and a
clover field located on level delta land at the mouth of the
Fraser River in Delta, British Columbia, Canada, in the
summer of 1992. The potato crop was planted on E-W
running ridges 0.20 m high, 0.41 m wide, and spaced 0.84 m
apart. The crop was near maturity. The canopy was very
dense and the height of the stand, measured from the bottom
of the ridges, was 0.76 m. An open-lattice triangular instru-
ment tower 0.25 m wide was positioned near the SE corner
of the field, which was very extensive. The roughness
length, estimated from wind speed measured at two heights
near-neutral stability, was about 6 cm.

The clover field was 500 m (N-S) X 200 m (E-W). To the
east of the clover field was a potato field, to the west a bare
field, to the north a field of beans in the early stages of
development, and to the south a farmhouse and a paved
road. The clover canopy was 10 cm tall and covered about
10% of the ground surface. The rest of the surface was
covered by dry plant residue from the harvest of the previ-
ous pea crop, resulting in a significant mulching effect. The
instrument tower was positioned at the center of the field.
The estimated roughness length was about 3 cm.

Site Descriptions

4.2. Instrumentation

The same apparatus was used for both field €éxperiments.
The key instrumentation included a one-dimensional (verti-
cal) sonic anemometer/thermocouple (Campbell Scientific,
Incorporated, model CA27, Logan, Utah; unit 1138) and two
linear arrays of thermocouples oriented perpendicular to
each other, called TX and TY, each consisting of five
sensors at various distances from the sonic path (Figure 1).



18,548

D

favorable wind
1143 directions

) wind vector

<

Figure 1. Plan view of the instrument layout for the exper-
iments in the potato and clover fields in Delta, 1992: one-
dimensional. sonic anemometer/thermocouple (solid circle),
thermocouple (crosses), cup anemometer (bow tie), fast
response hygrometer (open circle), and wind vane (open
triangle). Also shown are the angle between horizontal wind
vector and each of the two thermocouple arrays (TX and
TY). Refer to Table 1 for instrument heights and Table 2 for
array separation distances.

All thermocouples were made by cross-welding chromel and
constantan wires. The diameter of the wires used for the
arrays was 26 um and that for the sonic anemometer was 13
wm. The distance between the center of the sonic anemom-
eter path and the thermocouple of unit 1138 (ry) was 3.5 cm
and was in the direction of TY. Both arrays were mounted at
the height of the center of the sonic path. They were
operated at one height (3.35 m) over the potato field and two
heights (1.54 and 3.01 m) over the clover field (Table 1). The
array thermocouples were supported on two 0.6-cm-
diameter stainless steel rods. Their measurement junctions
were about 15 cm above the rods so the effect of flow
interference on the measurements was minimal.

Signals from unit 1138 and the arrays were sampled at 5
Hz with a data logger (Campbell Scientific, Incorporated,
model 21X with extended software II). The reference junc-
tions for the array thermocouples were at the terminal strip
of the data logger. Statistics were calculated on line over

Table 1. Instrument Heights for the Experiments in the
Potato and Clover Fields in Delta, 1992
Ri
X, TY _—

Field Date 1138 1143 z4 22 Dir
Potato  July 20-26 3.35 350 1.57 291 3.35
Clover July 28 to Aug. 1 1.54 337 137 272 3.62

Aug. 1-4 3.01

Heights are given for one-dimensional sonic anemometer/
thermocouple units (1138 and 1143), thermocouple arrays (TX and
TY), wind speed and temperature sensors for measuring Richardson
number (Ri), and wind vane (Dir). For the potato field all heights
were measured from the bottom of the ridge. Heights are in meters.
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30-min intervals. These were the variances of and covari-
ance between vertical velocity and air temperature from unit
1138 and covariances between each of the two signals from
unit 1138 and those of the array thermocouples.

A second eddy correlation unit was mounted at a level
above unit 1138 (Table 1). It consisted of a one-dimensional
sonic anemometer/thermocouple (1143) of the same type as
unit 1138 and a fast response krypton hygrometer (Campbell
Scientific, Incorporated, model K20). A second 21X data
logger sampled signals from this unit at 5 Hz and calculated
fluxes of sensible and latent heat over 30-min intervals.
These measurements served as, among other things, a check
of the performance of unit 1138. Air temperature and wind
speed were measured at two levels with thermocouples of
the same type as those of the arrays and sensitive cup
anemometers (Thornthwaite Associates, Centerton, New
Jersey, model 901-LED), for the purpose of determining the
gradient Richardson number. Wind direction was monitored
with a wind vane (Met-One, Incorporated, Grants Pass,
Oregon, model 024A). Supplementary measurements in-
cluded net radiation flux, heat flux into the soil, and wet and
dry bulb temperature.

After the completion of the two experiments, a three-
dimensional sonic anemometer/thermometer (Applied Tech-
nologies, Incorporated, Boulder, Colorado, model SWS-211/
3V) was operated at a height of 1.42 over the clover field
from August 18-20, 1992, with the two-level thermocouples
and cup anemometers still in operation. The Monin-
Obukhov length scale, L, was calculated from the fluxes of
momentum and sensible heat measured with this unit after
the momentum flux was corrected for the shadow effect of
the three-dimensional anemometer probe [Lee, 1992].

4.3.

In the potato field the range of favorable wind directions
was 250°-300°, with fetches of 400-700 m. In the clover field
the range was 120°-270° when the arrays were at the 1.54-m
height and 150°-210° when they were at the 3.01-m height.
The corresponding fetches were 100-270 and 250-270 m.
Tower interference with the measurements was minimal
when wind direction was in these ranges (Figure 1). Only
runs with favorable wind direction were selected for the
following analysis:

The gradient Richardson number (Ri) was calculated from

Data Processing

0,— 86,
M1)2 (ZZ z1)9

Ri
(uy —

1

g
7 (22)
where g is the acceleration due to gravity, T is the air
temperature averaged over heights z; and z, (Table 1), and
0; and u; (i = 1, 2) are the potential temperature and wind
speed at height z;. Ri calculated from (22) is for the geometric
mean height above the displacement height (d) for the two
measurement levels (z; and z,), z, = [(z; — d)(z — D]*’.
(One reviewer brought the work of Arya [1991] to our atten-
tion. Arya implied that Ri at height z, be calculated as Ri =
(9/D(6, — 0)/(uy — Ml)zzg In [(z — d)(z; — d)], which is
consistent with Sellers [1965, p. 153]. For our height config-
uration (Table 1) the difference between this formula and (22)
is insignificant.) Since Ri is proportional to height in the
surface layer under unstable conditions [Businger, 1966;
Pandolfo, 1966], the following equation is used to obtain Ri
for the height of the arrays, z,,:
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. Zm .
Ri, = — Ri.
Zg

(23)

Ri, is then related to the Monin-Obukhov length scale as
[Businger, 1966; Pandolfo, 1966]

Zm

- = Ri,. (24)

Thus the parameter, z,,/L, which appears in the similarity
functions, can be replaced by Ri,.

Kinematic sensible heat flux was calculated from the
gradient measurements (Panofsky and Dutton [1984], com-
bination of their equations 6.8.4, 6.9.3, and 6.10.2),

k*(z—d)?* du 36

MO R 5z 0z

or
K (uy — up)(6,~ 6y)
[¢n(R)] [In (25— d) — In (z; — d)]*’

where ¢,, is the similarity function for momentum flux and
is related to ¢, as

H(0) = (25)

Sm= 1"

Because of the sparseness of the canopy, d was set to zero
for the clover field. For the potato field it was estimated to be
0.76 m (section 5.1). The calculations using (25) were com-
pared with w-T covariance directly measured with eddy
correlation unit 1138 to check the consistency among mea-
surements.

Let B, and B, be the decay coefficients for TX and TY,
respectively. It follows from (21) that

In [H(r)/H(ro)) = =B,[(rlzm) * = (ro/z,)*’1,

(26)

(27)

for array TY, where H(rg) is the w-T covariance measured
with unit 1138 with a slight separation distance, ry, (= 3.5
cm) in the direction of TY, and H(r) was measured with the

0 T
2 05 1:1 . ]
-1.0 : ' :
-1.0 -0.5 0
z,/L

Figure 2. Comparison of the gradient Richardson number
(Ri) and Monin-Obukhov parameter (z4/L) over the clover
field in Delta, 1992.
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Figure 3. Comparison of w-T covariance (°C m/s) mea-
sured with the one-dimensional sonic anemometer/thermo-
couple units 1138 and 1143 over the clover (1138 at height
z = 1.54 (open squares) and 3.01 m (solid squares) and
potato field in Delta, 1992.

sonic anemometer of unit 1138 and the thermocouple of TY
at separation r from the anemometer. Similarly for array TX

In [H(r)/H(rg)] = = B(rlz)*? + B, (ro/zm) ¥?

=- Bx[(r/zm)4/3 - (rO/Zm)4/3]'

Therefore B, and B, were evaluated by linearly regressing In
[H(r)/H(ry)] against (r/z,,)** — (ro/z,,)** for individual
runs using measurements from each of the two arrays.

(28)

5. Results
5.1.

There was good agreement between Ri calculated from
(22) and z,/L from the three-dimensional sonic unit (Figure
2). This confirmed (24) and indicated that our technique for
determining Ri was reliable. Good agreement was also
achieved between the values of w-T covariance (H(rg))
measured with the two one-dimensional units over both
fields. The scatter in the plot was mostly within 10% of the
1:1 line (Figure 3).

The kinematic sensible heat flux, H(0), calculated from
the gradient measurements (equation (25)) was compared
with w-T covariance, H(ry), measured directly with eddy
correlation unit 1138 (Figure 4). This comparison provides a
rigorous check of our measurement system. No correction
was made to H(r,) to account for the separation distance ry.
Our calculation based on the model of w-T covariance
indicated that this would only cause a very small error,
typically 0.5%. As shown in Figure 4, the scatter for the
clover field was rather large but overall was about 1:1 line.

The situation for the potato field was rather complex

Comparison of Measurements
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Figure 4. Comparison of the kinematic sensible heat flux (°C
m/s), calculated from gradient measurements, and w-T covari-
ance measured with the eddy correlation technique using unit
1138 over the potato and over the clover field (1138 at z = 1.54
(open squares) and 3.01 m (solid squares)) in Delta, 1992. The
displacement height d was 0 for the clover field and was
determined to be 0.76 m for the potato field.

because of the unknown parameter, d. Using the conven-
tional value of the ratio, d/h = 0.7 [Jarvis et al., 1976],
where & (= 0.76 m) is the height of the stand, we found that
H(0) from the gradient measurements was 47% higher than
H(ry) from the eddy correlation measurements. This was
unlikely a result of the roughness sublayer effect because it
would have resulted in an underestimation of ¢,, compared
to that calculated from (16) and (26) [Garratt, 1978], and
hence the neglect of the effect would have caused an
underestimate of sensible heat flux from (25). To produce
good agreement between the two techniques, a value of 0.76
m for d, or d = h, was required (Figure 4). This value is
rather high, but it is believed to be reasonable because the
potato canopy was very dense and completely closed. The
dominant part of the sensible heat flux is expected to come
from the thin layer very near the top of the stand. The
displacement height, if interpreted as the average height of
the source of sensible heat [Lee and Black, 1993], should
therefore be close to the stand height. This d value was used
in the subsequent analysis of the w-T covariance data from
the potato field. Sensitivity calculations indicated that the
uncertainty in the d value would cause only a very small
error in the analysis: for the typical value of Ri =— 0.2, the
change of d/h from 0.7 to 1.0 would only increase H(7#)/H(0)
from (21) by less than 3% for all the separation distances in
the potato field experiment.

5.2. Relating Decay Coefficient § to Wind Direction
and Stability

Let 8, and 8, be the wind angles for arrays TX and TY,
respectively, and note that &, + 8, = 90° (Figure 1). Figure
5 shows the ratio of the decay coefficient for TX to that for
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TY, B,/B,, determined from the observations (section 4.3),
plotted against sin §,. The influence of the wind angle on the
spatial behavior of w-T covariance can be clearly seen: the
decay in the lateral direction is about twice that in the
longitudinal direction. This is because turbulent eddies tend
to be elongated in the mean wind direction in the surface
layer [Panofsky and Dutton, 1984]. Since for a specific run,
stability is the same for both arrays, it follows from (19) that
the ratio is a function of 8, or &, only. To further quantify
the effect of the wind angle, we propose that turbulent eddies
have an elliptical shape such that

a(8) = a(cos? & + b sin? §)23, (29)
where a and b are two constants. Hence
(cos? &, + b sin? 5,)%3
BX X X (30)

23—;=(b cos® 8, + sin? §,)%%"

With a value of b = 2.4, (30) fits well the observations in
Figure 5.
A little manipulation of (19) and (29) yields

-(1-Rip)3. 3D

Figure 6 shows (8% + B2?)?3 plotted against Ri,. As
indicated by this figure, the decay of H was greatly influ-
enced by stability. There was considerable scatter in near-
neutral conditions, which was a result of large relative errors
arising from the measurements of A of small magnitudes.
The trend is clearly predicted by (31): lower decay occurred
in more unstable conditions. Based on the data presented in
Figure 6, a(1 + b)?? was evaluated to be 2.67 or a = 1.18.

In summary the decay coefficient (8) can be expressed as
follows:

B(8, Ri,) = 1.18(cos? & + 2.4 sin? §)%>

- ((1 = 16Ri,) V(1 — Ri ).

(32)

B./B,

0 0.5 1.0
sin 3,

Figure 5. The ratio of decay coefficient of array TX to that
of TY (B,/B,) plotted against the sine of the angle between
array TX and the horizontal wind vector (8,) over the potato
(squares, z — d = 2.59 m) and clover (open circles, z —
d = 1.54 m; solid circles, z — d = 3.01 m) fields in Delta,
1992. The solid curve represents equation (30) with b = 2.4.
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-1.5

Figure 6. The decay coefficient plotted as a function of
Richardson number (Ri,) over the potato and clover fields in
Delta, 1992. The solid curve represents equation (31) with a =
1.18. Other variables and symbols are the same as in Figure 5.

5.3. Comparison of Calculations of (21) and (32)
With Observations

Figure 7 compares the observed decay of w-T covariance
with that calculated using (21) and (32) for 2 days, one for

In [H(r)/H(r,)]

Figure 7.
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each of the fields. These days were selected for comparison
because continuous measurements were made throughout
the day and there were wide ranges of wind angle (8) and
stability (Ri,). The influence of stability is obvious. For
example, runs 1330 and 1730 PST in the clover field had
similar wind angles, but run 1330 experienced a smaller
decay of w-T covariance because the air was more unstable.
The influence of wind direction is best shown by Figure 7a.
In the morning of July 26, wind direction was approximately
aligned with array TX. The decay for TX with separation
was evidently smaller than that for TY. Wind direction
started to shift steadily around noon. At 1500 PST the wind
angle was about the same for both arrays, and the decay was
almost identical. The model of form (21) describes the
observations rather well in general.

In practice, (21) and (32) can be used to assess flux
underestimation due to horizontal sensor separation and to
correct the measurements. Based on these equations, H(rg)
(ro = 3.5 cm) was estimated from the measured H(F) at
various separation distances and the measurements of § and
Ri,. The results were then compared with the direct mea-
surements of H(ry) made with the eddy correlation unit
1138. The relevant information is summarized in Table 2.
There exists a good correlation between the estimated and

13:30
-0.64Q
22

In [H(r)/H(r,)]

15:30
-0.416
28

17:30
-0.203
21

r4B . r 43 (m)

(a) Comparison of the decay of w-T covariance observed (TX, open squares; TY, solid

squares) with that calculated using equations (21) and (32) (TX, dashed line; TY, solid line) at z — d =
2.59 m in the potato field in Delta, July 26, 1992. Also indicated are ending time of the 30-min runs (PST),
Richardson number at the height of the covariance measurements, and wind angle for array TX. (b) Same
as in Figure 7a except for z — d = 1.54 m in the clover field, July 31, 1992.
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Table 2. Slope of Regression of w-T Covariance (H(r,)) Estimated From (21) and (32) for Various Separation
Distances (r) Against That Measured With Eddy Correlation Unit 1138

Thermocouple Arrays

TX X TX TX X TY TY TY TY TY
Potato r, m 0.20 0.40 0.80 1.60 1.90 0.20 0.40 0.80 1.35 1.73
z—d=259m slope 1.00 0.99 0.98 0.99 1.01 0.99 1.00 0.99 1.02 1.02
n =30 R 0.993 0.986 0.981 0.969 0.961 0.986 0.985 0.981 0.967 0.952
Clover r, m 0.20 0.40 0.80 1.60 1.90 0.20 0.40 0.80 1.35 1.73
z—d=154m slope 0.98 0.96 0.95 1.02 1.08 1.00 0.95 0.90 0.97 1.06
n =32 R 0.995 0.994 0.990 0.965 0.943 0.994 0.994 0.984 0.973 0.938
Clover r, m 0.20 0.40 0.80 1.60 1.90 0.20 0.40 0.80 1.35 1.65
z—d=3.0lm slope 0.98 0.95 0.96 0.93 0.93 0.98 0.96 0.96 0.97 0.97
n=17 R 0.993 0.994 0.978 0.964 0.954 0.994 0.991 0.981 0.966 0.959

Also given are correlation coefficient (R), distance above the displacement height (z — d), and total number of runs (n).

directly measured H(ry) for all height and separation dis-
tance combinations. For 26 of the 30 combinations the
agreement was within +6%.

6. Discussion

As shown by the studies of Wyngaard and Cote [1972],
Kaimal et al. [1972], and Schmitt et al. [1979] on the vertical
velocity and scalar cospectral characteristics in the surface
layer under neutral and unstable conditions, the inertial
subrange is established beyond z,,k; = 3, where k; is wave
number, which is roughly equivalent to r/z,, < 0.3 in the
space domain. In this range the 4/3 power law, or the small
separation constraint (18) differs from (21) by less than 7 and
3% at z,,/L = 0 and 1 and 0.5% at z,,/L =— 0.5 for
longitudinal and lateral separations, respectively.

Concern has been raised by a reviewer regarding the
assumption H(¥) = H(—7) (section 3.1). For lateral separa-
tion the two covariances should be the same, but for
longitudinal separation the mean wind shear may cause these
to differ. With the measurement apparatus of the present
study (Figure 1), it is not feasible to assess the possible
asymmetry of the w-T covariance in the atmospheric surface
layer. One alternative is to use w and T time series observed
at a single point and apply Taylor’s frozen turbulence
hypothesis such that H(r) = P~ £ w(t)T(t + r/u) dt and
H(-r) = P! _l'(f w()T(t — r/u) dt for longitudinal
separation, where P is the averaging interval and u« is the
longitudinal velocity component. Taylor’s hypothesis is ex-
pected to be adequate for z,,k; > 3 (S. Pond, personal
communication, 1993). H(r) and H(—r) were then calculated
with r = 0.7 m from the time series obtained by Lee [1992]
at z = 2.25 m over a bare field. For a total of 29 runs there
is no appreciable difference between them, as shown by the
regression result H(—r) = 0.992H(r) (R2 = 0.9989).

Figure 8 compares predictions of (21) and (32) with day-
time observations made by Heikinheimo [1986] at two
heights over an alfalfa field and averaged over 2 days. The
separation was in the lateral direction, with ry = 5 cm at
Zm = 8 mand ry = 20 cm at z,, = 3.5 m. Heikinheimo
[1986] did not report stability for his experiment, although
from the magnitude of the standard deviation of air temper-
ature (0.3°-0.8°C), it is likely that the atmosphere was
moderately unstable. A value of Ri, =—0.2 was used in our
calculation to provide a good fit with Heikinheimo’s [1986]
observations. This comparison is not a rigorous and inde-

pendent validation of (21) and (32), but it confirms the 4/3
scaling law.

Assuming that 3% is the tolerable flux loss due to sensor
separation during eddy correlation measurements, the max-
imum allowable separation distance (rp,,) will depend on
measurement height, stability, and wind direction (Figure 9).
There is an advantage in elevating the measurement level:
the increase in z will decrease rp,,/z,, and increase |z,,/L|,
both resulting in a longer safe separation distance. Of
course, when doing so, one should be aware of the fetch
requirement.

7. Conclusion

The model of w-T spatial covariance, established here for
unstable atmosphere in the framework of Monin-Obukhov
similarity, describes the observations satisfactorily. The
decay of w-T covariance with separation follows 4/3 power
law at small separation distances and is exponential at large
distances. It is slower in more unstable air and is faster in the
lateral direction than in the longitudinal direction. The model
can be used to assess the flux underestimation due to sensor
separation from information on separation orientation, mea-
surement height, separation distance, and stability. Assum-

0 T T
=01 . .
X i |
=
T 02 .
=

03| .
I |
0 0.1 02 03

(r*P-r, )(z - d)*»

Figure 8. Comparison of the lateral decay of w-T covari-
ance observed by Heikinheimo [1986] (open squares, z —
d = 3.5 m; solid squares, z — d = 8 m) over an alfalfa field
with that calculated from equations (21) and (32) (solid line)
using a value of Ri, = —0.2.
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Figure 9. Dependence of the maximum allowable longitu-
dinal (solid curve) and lateral (dotted curve) separation
distance (rg,,) on the ratio of height (z — d) to Monin-
Obukhov length scale (L) in the unstable surface layer.

ing that 3% is an acceptable flux underestimation, a conser-
vative estimate is that the ratio of separation distance to the
height above the displacement plane should not exceed
about 5%.

In principle, the model can be extended to stable condi-
tions by replacing the similarity functions for sensible heat
and turbulent Kinetic energy with those for stable air. The
experimental verification of this practice is challenging be-
cause of the difficulty in measuring fluxes of small magnitude
and the very strict requirement of fetch for the site. This
issue will be addressed in the future.
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