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Abstract

This paper presents a new analysis of inequality of eddy diffusivities for sensibletygaafid water vaporKw). It is
shown that the same set of equations, established on the principle of dual-source diffusion, can be applied to both local and
regional advection. Various advection scenarios are discussed using a formula thatkfg)atgg to the Bowen ratio of the
advective source and the observed gradient Bowen g@gf)méar the ground surface. A similar analysis can also be performed
for eddy diffusivities for trace gases.

The ratioKy/Kw, observed at a well-watered wheat field in the North China Plains, was mostly greater than unity when
Bg was negative and smaller than unity whéyiwas positive. The pattern was consistent with the theoretical analysis of
the ratio under the influence of regional advection. Some degree of local advection was also suggested by the data. Despite
inequality of the eddy diffusivities, there was little systematic bias between the evapotranspiration rates measured with a
Bowen ratio/energy balance and an eddy covariance system.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction (EC) is widely used in micrometeorological research
in the Western countries, the Bowen ratio/energy bal-
Wheat is a top cereal crop in China. It is known ance (BREB) method of measuring evapotranspira-
that water availability is a primary factor in influenc- tion (ET) remains an attractive approach in China and
ing its grain yield(Jones, 1992)and wheat-growing  other developing countries because of its low cost and
farmers in China irrigate their fields, wherever possi- long-term reliability.
ble, in order to improve yield. Accurate measurement  BREB is also a useful tool in studies of microme-
of evaporative water loss is needed for strategic plan- teorological fluxes of trace gases such as,@Qugas
ning of irrigation water. While the eddy covariance et al., 1999; Leuning et al., 1998; Price and Black,
1991) hydrocarbon(Godistein et al., 1996)and at-
"+ Corresponding author. Tek+1-203-432-6271; mospheric mercuryMeyers et al., '1996)In these '
fax: +1-203-432-3929. studies, the BREB measurement is used to derive
E-mail addressxuhui.lee@yale.edu (X. Lee). the eddy diffusivity for water vapor Kw), which
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is then used in the computation of the trace gas
fluxes.

The BREB approach assumes equality of eddy
diffusivities for heat (), water vapor and other
scalars of interest. It is known that latent heat flux
from well-watered crops can exceed net radiation,

with the excess energy provided by advection of sen-

sible heat from adjacent dry fields. The validity of the
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we present a theoretical analysis of how the eddy
diffusivities should behave in various advection sce-
narios by decomposing the eddy diffusion according
to source characteristics, followingcNaughton and
Laubach (1998)Moeng and Wyngaard (1984nd
others. In our analysis, we seek an explanation that
can be applied to both local advection and regional
advection. A brief description of the micrometeoro-

equality assumption under such advection conditions logical experiment in the North China Plains is given
has been investigated experimentally by a number in Section 3 In Section 4 the experimental results

of researchergBlad and Rosenberg, 1974; Motha
et al., 1979; Verma et al., 197.8They showed that
Ky exceedey by various amounts and concluded

that the equality assumption could result in consistent

underestimation of ET. Their conclusion is supported
by a more recent, carefully conducted sttgiubach

et al., 2000) On the other hand,ang et al. (1983)
showed a case ofy < Kw and argued that their re-
sult was consistent with the theory lofunder (1978)

In the North China Plains, farmers grow winter
wheat as the only cereal crop from October to May. Be-
cause climate in the growing season is dry (precipita-
tion often less than 100 mm), irrigation is widespread,
creating a moist lower atmospheric boundary layer in
an otherwise dry climate. Regional advectias ex-

are presented and are compared with the theoretical
prediction.

2. Theory
2.1. Diffusion from dual sources

It has been long recognized that in situations where
diffusion is affected by dual sources, eddy diffusiv-
ity in the simple gradient-diffusion equation often
behaves differently from that of a single source dif-
fusion (e.g.,Deardorff, 1978; Denmead and Bradley,
1985; Wyngaard and Brost, 1984 he present devel-
opment follows the lines suggested McNaughton

pected to play a role in the surface-layer exchange and Laubach (1998) et us suppose that the heat and
processes. Some influence of local advection may alsowater vapor fluxes originated from the underlying

arise from the spatial heterogeneity in soil water sta-

surface are marked by a red tracer whose diffusivity

tus caused by differences in the timing and amount of js K, and those originated elsewhere are marked by

irrigation in adjacent farms, but unlike previous stud-
ies on advection which focus almost exclusively on
sharp dry-to-wet transitions, local advection there is
less pronounced.

This paper revisits the issue of inequality of eddy
diffusivities under the influence of advection using a
dataset obtained over an irrigated wheat field in the
North China Plains. In the experiment, we observed
departures betweekiy and Ky that were much larger
than reported in the literature. We also found that de-
pending on the stability of the surface lay&, could
be either greater or smaller thdfy. In order to ex-
plain these seemingly unusual results,Saction 2

1 An operational definition of regional advection is given by
Rosenberg et al. (1983yho consider the observation to be in-

fluenced by regional advection (of sensible heat) if sensible heat =

flux is of opposite sign to the net radiation flux. Obviously, some
degree of regional advection can also exist at times of positive
sensible heat flux.

a yellow tracer with a diffusivityKy. In the case of
local advection where the internal boundary layer is
not fully adjusted to the red source, the yellow heat
and water vapor come from an upwind area. In a fully
adjusted internal boundary layer, the yellow scalars
are originated from the top of the boundary layer.
On the principle of linear superposition, the total

flux of sensible heatt, and potential temperature,

are decomposed as
H = Hy + Hr, (1)
(2)

Substituting the following flux—gradient relationships

6 =0y + 6R.

By
Hy, v =Ky~
06R
HR = —Kp— 3

9z’



X. Lee et al./Agricultural and Forest Meteorology 122 (2004) 111-124

into Eq. (1)and making use oEq. (2) we obtain

KH = apKy + (1 — ag)KR, 4)

wherewy = (d0y /9z)/(36/9z). A similar equation can
be written for the eddy diffusivity for total water vapor,
Kw, as

Kw = a;Kvy —I—(l—(xq)KR, (5)

wherea, = (dqy/dz)/(9q/9z), with ¢ denoting hu-
midity. Manipulation ofEgs. (4) and (5Yyields

Kn _ (A—-KRr/Ky)(1 = Bv/By)

T = 1 (6)
W + (/g — DKRr/Ky

where By is the Bowen ratio of the yellow source,
and By the gradient Bowen ratio for the total heat and
water vapor. Note that the flux and gradient Bowen
ratios of the yellow source are identical and tfigts
related to the overall flux Bowen rati; = H/AE, as

()

Kn
ﬂf Kw ﬂg,
where is latent heat of vaporization ariithe overall
water vapor flux.

We wish to make two points regarditigy. (6) be-
fore embarking on a discussion of various advection
scenarios. First, whil&kKr follows the surface-layer
similarity theory, the exact form oKy is not known.

However, it is assumed th&y is greater thankr

because large eddies generated in the boundary laye
influence the yellow scalars more than the red scalars

(McNaughton and Laubach, 1998; Wyngaard and
Brost, 1984) It follows that the denominator of the
second term on the RHS &q. (6) is positive. Sec-

ond, By is a conserved property that does not change
as the yellow scalars advect downwind (in the case

of local advection) or as they diffuse downward from
the upper boundary layer (in the case of regional

advection). This is because turbulent eddies are not

discriminative in transporting the scalars they have
picked up at the same source location.

2.2. Local advection

Let us consider the situation of an abrupt change of

the surface source, from yellow to red, with the ex-
periment performed downwind of the transition. If the

r
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red source, both the upwind yellow source and the un-
derlying red source will contribute to the observed gra-

dients. Horizontal advection is not negligible so that

the sum of the vertical sensible and latent heat fluxes
needs not to be in balance with the available energy.
Numerous possibilities exist that can lead to inequal-
ity of the eddy diffusivities, but two scenarios are the

most obvious, which are presented further.

2.2.1. Wet-to-dry transition

In this scenario, the red source is assumed to be
relatively dry so that the observed gradient Bowen
ratio, By, is positive (lapse temperature profile over
the red source). Because the yellow source is Biet,
is smaller thangy. According toEq. (6) the eddy
diffusivity for sensible heatKy, is smaller than that
for water vapor,Kyw. The eddy diffusivities ratio can
even become negative (counter-gradient transport of
sensible heat) i3y is negative (i.e., inversion over
the yellow source) angy takes a value close to zero
(i.e., air over the red source being near neutral). An
illustrative calculation of the eddy diffusivities ratio is
presented irFig. 1 (solid line).

2.2.2. Dry-to-wet transition

In this scenario, the Bowen ratio of the dry yel-
low source By, is assumed positive (lapse temperature
profile over the yellow source) and is normally greater
thangy. The sign offy determines whether or néty
exceedsKw. If a lapse temperature profile prevails
over the red source (positiyéy), the ratiofy /By ex-
ceeds unity an& is greater tharkyy. If, on the other
hand, a surface inversion exists over the red source
(negativefy), the ratioBy /By is negative, andy is
once again smaller thakiy (Fig. 1, dashed line). The
observation of.ang et al. (1983ould be considered
an example of local advection from dry to wet sur-
face, in an internal boundary layer that was not in full
equilibrium with the wet surface. If the yellow source
is extremely dry8y should approach infinity and the
humidity parametet, should approach zero. It can be
shown that in this limitEq. (6)reduces to the special
case studied bicNaughton and Laubach (1998)

2.3. Regional advection

measurement is made too far above the ground where At a downwind location of large distance from

the internal boundary layer is not fully adjusted to the

the leading edge, the sufficiently deepened internal
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Fig. 1. Ratio of the eddy diffusivities plotted against the ratio of the Bowen ratio of the upwind source to the total gradient Bowen ratio
(By/Bg)- solid line, wet-to-dry transitionfy > 0); dashed line, dry-to-wet transitiogy > 0). Calculations are made witkir/Ky = 0.8,
a, = 0.8 for the wet-to-dry transition and 0.2 for the dry-to-wet transition.

boundary layer resembles that of a typical daytime surface layer diffusion is “contaminated” by scalars
atmospheric boundary layer over land, with the sur- transported downward from the elevated inversion by
face layer and the elevated inversion layer separatedlarge eddies. It is appropriate to label this type of
by a mixed layer Fig. 2). Because the surface sensi- heat transport as regional advection because top-down
ble heat flux is small in magnitude, the mixed layer diffusion of heat occurs at a regional scale.

is usually shallower than found over dry land. The The same set of relationships discussed in
scalars released by the source upwind are now well Section 2.1holds if we now tag the source at the ele-
mixed and exert no direct influence on the vertical vated inversion with a yellow tracer and the ground-
gradients in the surface layer. Horizontal advection level source with a red tracer, noting that the Bowen
is negligible within the surface layer. However, the ratio of the yellow source is usually negative. Two

Elevated
inversion __

Surface
layer

Fig. 2. A schematic diagram of a fully developed internal boundary layer over a moist surface: left, unstable surface layer; right, ground-level
inversion. Regional advection occurs in the form of downward diffusion of sensible heat from the elevated inversion. Arrows indicate
directions of fluxes.



X. Lee et al./Agricultural and Forest Meteorology 122 (2004) 111-124 115

scenarios can be constructed. In scenario 1, the sur-the other hand, because air above the internal bound-
face layer is slightly unstabledg > 0), andEqg. (6) ary layer is much warmer than below, the downward
predicts thatky < Kw. sensible heat flux at the elevated inversion must be
In scenario 2, an inversion exists at the ground and larger in magnitude than the flux to the ground sur-
hencepfy < 0. The diffusivities ratio is determined face. This large sensible heat flux is necessary to sus-

by the relative magnitudes ¢@f andgy. Experimen- tain an important element of regional advection, that
tal results suggest thaiy is typically greater than s, the daytime continuous warming and growth of the
—0.5 under the influence of regional advectidMefma internal boundary layer despite the negative sensible

etal., 1978; Laubach et al., 20Cke alsd-ig. 5). The heat flux at the ground level. For examplierma et al.
magnitude of8y is less certain. The analysis of heat (1978)reported a temperature increase 6{Csfrom
and water vapor budgets of the convective boundary 10:00 to 19:00 local time over an air layer up to 16 m
layer over the FIFE and BOREAS sites shows that the above the ground. Also their vertical temperature gra-
Bowen ratio of the entrainment fluxes at the bound- dient became progressively larger with time, suggest-
ary layer top fall in the range from2 to —0.3 (Barr ing the deepening of the internal boundary layer. In
and Betts, 1997; Betts et al., 199Xo data of this the present study, air was much warmer in the late
kind are available for the internal boundary layer over afternoon than in the early morning, with a temper-
an extensive and moist surface, but one can proceedature increase of 10-2&. We therefore argue that
by examining the relative magnitudes of the surface in the presence of regional advectighy; should be
fluxes and fluxes at the elevated inversion. Typically more negative thagg. Thus, in scenario 2, the ratio
in daylight hours, the humidity of the internal bound- Ky /Kw exceeds unity.

ary layer increases with time; this requires that the up- By holding other parameters ikq. (6) at con-
ward entrainment flux of water vapor at the elevated stant valuesfy = -1, o, = 0.2, Kr/Ky = 0.8),
inversion be smaller than the surface flux value. On Fig. 3 shows how the eddy diffusivities ratio varies

0 1 ! ! ! ! ! ! I 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Gradient Bowen ratio

Fig. 3. Ratio of eddy diffusivities as a function of the gradient Bowen rafig) (n the surface layer under the influence of regional
advection. Calculations are made wikik/Ky = 0.8, o, = 0.2 andy = —1.
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as a function of8gy. Our result is in broad agreement 3. Experimental methods
with McNaughton and Laubach (1998)ho seek to

explain inequality of the eddy diffusivities on the 3.1. Site

ground of a two-scale Reynolds decomposition of

the wind and scalar variables into active and inactive The experiment was conducted at the Yucheng Agri-

components. cultural Experiment Station, Chinese Academy of Sci-
ences, in Yucheng, 350 km south of Beijing {38 N,
2.4. Discussion 116°36'E). The measurement was made at the center

of a 300 mx 300 m, well-watered field of winter wheat.
Eq. (6)is a convenient diagnostic tool for discov- At the time of the experiment, the leaf area index was
ering situations in which equality of the eddy diffu- in the range 43_66|'eb|e ]) Surrounding the exper-
sivities is not satisfied. However, the strictly formal imental field was unbroken farmland of winter wheat,
analysis cannot be used to make a quantitative predic-at similar growth stages and also with ample water
tion because of the unknown diffusiviti(y. It also  supply, that extended at least 5 km in all direction. Ex-
ignores the feedback between the surface ET, satura-cept for the southeast wind direction where our lab-
tion deficit, and depth of the boundary lay@runet  oratory buildings may have interfered with the flow,
et al., 1994; Kroon and de Bruin, 1995; Zermeno and the effective aerodynamic fetch was much greater than

Hipps, 1997; McNaughton and Spriggs, 1988hd  the dimension of the experimental farm.
the fact that sensible and latent heat fluxes are con-

strained by the available energy. Accordingty, By 3.2, Instrumentation
and gy cannot be treated as independent variables

as in the illustrative calculations shown Figs. 1 The key instrumentation included a commercial
and 3 Despite this shortcoming;q. (6)clearly high- EC system and a homemade BREB system. The EC
lights the inadequacy of the equality assumption in gy stem consisted of a 3D sonic anemometer (model
advective conditions. DA600, Kajio, Japan, 20cm pathlength) and an
A question that arises naturally from the above open-path HO/CO, analyzer (model E009, Advanet
analysis is whether the equality assumption holds in Inc., Okayama, Japan, 20cm pathlength) and was
convective boundary layer over dry land because the \,,ounted at 2m above the canopy. The two sensors
transport of sensible heat and water vapor is also a yere separated by 30 cm along the predominant wind
dual-source process. The large eddy simulation of girection. The EC signals were sampled at 20 Hz and
Moeng and Wyngaard (1984hows that the humid- g4y fluxes were computed over 10min intervals.

ity gradient due to top-down diffusiorgy /dz, is Correction for density effects was applied to the water
vanishingly small in the surface layer, ofd, — oo, vapor flux.

because this layer is separated from the inversion Th. BREB system consisted of a net radiome-

layer by a deep mixed layer. Furthermore, if local ey (manufactured and calibrated by Jinzhou 322,
advection is absentq. (6) reduces to the equality

relation, Kn/Kw = 1. However, the top-down dif- .
fu5|0|f1.may be .non'neg“g'ble at imes (e.g., MOrMING  Background meteorological conditions during the experiment (day-
transitional period) when the mixed layer is shallow. time mean values): wind speed, (ms™1), relative humidity {,

A similar analysis can be also performed for £0 %), fluxes of sensible heati| Wm-?), latent heat {E, W m2)
advective flow. Let us suppose that the measurementand netradiationfn, Wm~2), heat flux into the soil ¢, Wm=2),
) o . d the Priestley—Tayl t (8
is made over a surface which is a sink of £@t a and the Priestiey—Taylor parameter, €q. (8)

location downwind of a source of GQwhere the in- Date LAl u r H M  Rn (G o«
ternal boundary layer is not fully equilibrated withthe 26 apri 66 - 60 —21 303 282 10 1.60
surface. The situation is analogous to the dry-to-wet 27 April - 63 -—25 252 252 11 1.62
transition discussed iSection 2.2 It can be shown 17May 43 30 63 -2 290 378 10 140
that the diffusivity for CQ is smaller than that for 18 May 15 64 32 323 361 11 126
19 May 21 51 45 312 409 8 128

water vapor.
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Fig. 4. Difference in dry bulb (dots) and wet bulb (circles) temperatures between the two measurements heights (26 April).

Institute of Meteorological Instruments), two soil heat
flux plates (made at the Chinese Agricultural Uni-
versity in Beijing), and two psychrometers at heights
of 0.5 and 2.0 m above the canopy. The psychrom-
eters were made of a wet and a dry bulb precision

lowing data analysis is limited to daylight hours (net
radiation flux R, > 0). Relative humidity at the 2m
height was low (51-64%) despite vigorous evapotran-
spiration of the wheat fieldT@ble 7). The daytime
mean evapotranspiration occurred at rates faster than

PT100 resistance thermometer with an accuracy of the equilibrium rate, with the Priestley—Taylertak-

0.05°C. They were ventilated at 4m$ and were
protected by PVC radiation shields. Reversal of the
two psychrometers, which occurred every 5min, was
accomplished within 15s. Only data collected after
full completion of the reversal were used to compute
the temperature and humidity gradients. Field tests
showed that the BREB gradient resolution was better
than 0.1°C. Fig. 4 shows a sample time series of the
dry and wet bulb temperature gradients.

4. Experimental results
4.1. Background meteorological conditions

To avoid measurement errors at night due to small
magnitudes ok E and the humidity gradient, the fol-

ing values equal to or greater than the typical value of
1.26. On 26 April, the latent heat flux exceeded the net
radiation. Using a mixed-layer mass-balance model,
McNaughton and Spriggs (198%und that higha
values were for days with a strong capping inversion
over the mixed layer.

4.2. Bowen ratio

Fig. 5compares the flux Bowen ratio measured with
the EC system and the gradient Bowen ratio mea-
sured with the BREB system. The flux Bowen ratio
appears to be bounded by the upper limit of 0.5 which
is roughly equal to the ratig/s, wherey is the psy-
chrometric constant andthe slope of the saturation
vapor density curve. Substitutingg = y/s into the
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Fig. 5. A scatter plot of the gradient Bowen ratify) against the flux Bowen ratigs{). The 1:1 line is given as a reference (solid line).

Priestley—Taylor relationship Some of the disagreement can be explained by mea-

surement errors. Flux loss due to inadequate instru-

VE = o— (H + 1E) (8) ment response at high frequencies could have affected
s+y H and LE differentially. For exampleAE suffered

from the problem of sensor separation Bidid not.

we obtaine >~ 1. Thus, this limit occurred at times of  However, the flux loss caused by sensor separation was
equilibrium ET.Chen (1985showed that, on the as- on the order of 10%Lee and Black, 1994not large
sumption ofKy = K, dewpoint temperature and air  enough to account for the departure of the data from
temperature over a surface evaporating at the equilib- the 1:1 line Fig. 5). Another error could arise from
rium rate should have the same vertical gradient, and the fact that the averaging interval might have been
Bg should also be equal tg/s. Fig. 5indicates thatat  too short to capture the low-frequency eddy contribu-
the this limit, 85 exceeded, or in other words, the  tions to the fluxes. Over an irrigated crapermeno
air temperature gradient was greater than the dewpointand Hipps (1997found that humidity variance was
gradient. enhanced at low frequencies more than that of tem-

During the periods with a ground-level inversion, perature, but once again the enhancement was minor
Bt was much more negative th#ig and a large scat-  in comparison to the total fluxes. It is believed that the
ter was evident. On all 5 days, the surface layer was main reason for the observed difference betwggn
statically stable until mid-morning, became unstable and g is inequality of the eddy diffusivities for heat
for several hours, and then switched to being stable and water vaporEq. (7)), which is discussed further.
again in the afternoon. The large discrepancy between
Bg andpr was usually observed in early morning and 4.3. Eddy diffusivity
late afternoon when the surface layer was stable. An
example of this is given irFigs. 6 and 7(see also Following Verma et al. (1978)Fig. 8 plots the
Fig. 4). eddy diffusivities ratio as a function of the observed
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Fig. 6. Time course of the gradient (circles) and flux (dots) Bowen ratio (26 April).
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Fig. 7. Time course of the available energy flux (solid line), EC sensible heat flux (dashed line) and EC latent heat flux (dashed-dotted
line) (26 April).
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Fig. 8. The eddy diffusivities ratio plotted as a function of the gradient Bowen ragp (

900 . : ] . . . .
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Fig. 9. A scatter plot of the total eddy fluxé¢$ + AE against the available energy flux, — G. Solid line represents a linear regression
(y = —83+ 1.20x, R? = 0.83, n = 349) and dashed line represents 1:1.



X. Lee et al./Agricultural and Forest Meteorology 122 (2004) 111-124

gradient Bowen ratio. To avoid division by small
numbersFig. 8uses data only if botli7 andA E were
greater than 20 W rr? in magnitude and the dry and
wet bulb temperature differences between the two
BREB measurement heights were greater than©.1
in magnitude. About two-thirds of the observations
met these data screening criteria. The medigi Ky
ratio was 0.79 for8g > 0 and 2.10 for8y < O, in
qualitative agreement with the theoretical analysis of
the inequality problem for regional advectidfig. 3).
The diffusivities ratio inFig. 8 differs fromFig. 3
and/or the published studies in several important de-
tails. First, contrary to the observation bgrma et al.
(1978)and the illustrative calculation iRig. 3which
show an increasing trend &f/Kw as fgy increases,
no obvious trend exists iRig. 8for 83 < 0. Second,
the diffusivities ratio for8y < O is often larger than
the values found in the literature (0.65-2.0). Part of the

121

eddy diffusivities could also exist under convective
conditions. Finally, the decreasing trend &f;/ Kw
with increasingsg overgy > Ois in apparent disagree-
ment withFig. 3, but this should not be a surprise be-
cause the calculation irig. 3assumes that everything
else exceppy is a constant irfEq. (6) (The same can
be said of course about the trend oggr< 0 inFig. 3.)
Concern was expressed by a journal reviewer that
the difference in zero-crossing time between the EC
sensible heat flux (at 8:00 Beijing tim&jg. 7) and
the BREB temperature gradient (at 6:00 Beijing time,
Fig. 4), and the large negative sensible heat flux at
near-zeroR, — G (Fig. 7), might indicate a serious
instrumental problem. Certainly measurement errors
were always present in any field data, but to elimi-
nate the delay in the zero-crossing completely would
require a large offset of 0% in the temperature
gradient, or an offset of 100W™ in the sensible

difference could be attributed to the measurement er- heat flux, neither of which we believed is likely. Al-

rors discussed earlier. Third, all the cited studies were
performed in the surface layer with an inversion tem-
perature profileFig. 8 shows that inequality of the

ternatively, the difference in the zero-crossing could
indicate a counter-gradient flux of sensible heat or a
negativeKy. A negative eddy diffusivity for sensible

700

600

400

200

BREB latent heat flux, W m2

100

-100 ! 1 1 1

100 0 200 300

400 500 600 700 800

EC latent heat flux, W m2

Fig. 10. A scatter plot of the latent heat fluxK) measured with the eddy covariance against that measured with the Bowen ratio method.
Solid line represents a linear regression={ 19+ 0.96x, R? = 0.70, n = 340, excluding the outlier marked by a circle) and dashed line

represents 1:1.
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heat is possible if the gradient Bowen ratio is at ergy balance closure shownhig. 9. Because the ex-
near-zero values (e.g., in early morning hours) accord- perimental site and its neighboring farms were not ir-
ing to the analysis of regional advectioRig. 3) or rigated at the same time, the energy fluxes of these
in local advection from wet to dry transitiofrig. 1). fields might have been different. For example, if the
Negative diffusivities suggest that the sim@ietheory upwind farm was extremely wet, a “wet-to-dry” tran-
approach is inadequate for diffusion from spatially sition could exist (i.e.8y < 0, By > 0), makingKn
distributed sources. smaller thanKw (Fig. 1). It is possible that diffu-
Regarding the large negativé# in early morning sion from the three sources (upwind, bottom-up and
and late afternoon hours, we are not the first to report top-down) may have contributed to inequality of the
such a phenomenoBaldocchi (1994pbservedH of eddy diffusivities that is greater than observed in the
about—50Wn? at R, — G = 0 in a well-watered dual-source diffusion, but without measurements in
wheat crop.Dugas et al. (1991)eported very nega- the neighboring farms, we cannot quantify their rela-
tive H of —300W n? asR, — G approached zero in  tive contributions to the observed fluxes.
late afternoon, in an irrigated wheat field surrounded
by dry soil. The negativé? at times ofRh, — G =0 4.4. Comparison of fluxes
was nearly balanced by latent heat flux in some stud-
ies (e.g.,Dugas et al., 1991 but not in others (e.g., Fig. 9compares the total eddy fluxes measured with
Baldocchi, 1994Fig. 7). The lack of energy balance the EC systemH + AE, with the available energy
closure of the latter case may have been caused by aflux, R, — G (net radiation minus heat flux into the
non-negligible contribution of horizontal advection to ground). A daytime time course of the energy balance
the surface layer energy balance. components is given ifig. 7. The linear regression
In addition to regional advection, our observation of the data inFig. 9yields a slope of 1.20 and a large,
may have also been influenced by local advection. negative intercept of-83 W m 2. The lack of a good
Some evidence for this is given by the imperfect en- energy balance could have resulted from instrument

200 T T T T T T T

100

o

o

o
T

BREB H, W m?

-300 B
[0}

-400 1 1 Il Il Il 1 1
-200 -150 -100 -50 0 50 100 150 200
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Fig. 11. Same as ifrig. 10 but for sensible heat flux (linear regressior= 16+ 0.83x, R%2 = 0.64, n = 340).



X. Lee et al./Agricultural and Forest Meteorology 122 (2004) 111-124 123

biases or inadequate fetch for sensible and latent heathave also be present because the experimental farm did
flux observations, although the former was unlikely not have adequate fetch. The experimental results and
because loss of fluxes due inadequate instrument re-theoretical analysis show that the equality assumption
sponse would have caused the slope of the regressions clearly inadequate in advective conditions.
to be smaller than unity. Despite the concern about inequality of the eddy
Despite the concern about inequality of the eddy diffusivities, there does not seem to be a systematic
diffusivities, recent field observations show that ET bias between the ET rates measured with the BREB
with BREB is either in good agreement with the EC and the EC systems, supportiddcNaughton and
measuremer{Rana and Katerji, 199&)r only slightly Laubach’s (1998)sensitivity analysis showing that
greater than the ECDugas et al., 1991pr lysime- assumingKy = Ky, and using BREB to calculate
ter measurementélodd et al., 2000) The sensitiv- surface energy fluxes will usually incur minor errors.
ity analysis ofMcNaughton and Laubach (1998)so But we caution that this conclusion should not be
shows that assumingy = Kw, and using BREB to  extended to BREB measurements of fluxes of trace
calculate surface energy fluxes will usually incur mi- gases such as GOThis is because the sensitivity of
nor errors. InFig. 10 the latent heat flux measured latent heat flux to the eddy diffusivity is constrained
with the BREB system is compared with that mea- by the available energy whereas for trace gas fluxes
sured with EC system. Although considerable scatter no equivalent constraints exist.
is present in the data, there does not seem to be a The two-marker argument invoked BjycNaughton
systematic bias between the two systems. (The out-and Laubach (1998} in principle no different from
lier on the lower left corner of the plot came from an the top-down and bottom-up analysis of the convec-
observation with the8y value near—1 at which the tive boundary layer. It is not meant to resckigheory.
BREB fluxes were undefined.) This is somewhat sur- On the contrary, it is an effective way to illustrate that
prising given the large, systematic difference between in situations where diffusion originates from multi-
the eddy diffusivities for heat and water vapbid. 8). ple sources, the simple gradient-diffusion theory does
In comparison, the agreement for sensible heat flux not hold. One problem arising from this is inequality
is not as goodKig. 11). Under stable conditions, the  of diffusivities for water vapor and sensible heat. An-
BREB sensible heat flux is noticeably lower in mag- other problem is the negativE values (for sensible
nitude than the EC measurement. heat). Alternatively, one could use a higher-order clo-
sure model. HoweveDeardorff (1978)and Coppin
et al. (1986)show that this is to be problematic also
5. Conclusions because of the impossibility of defining, a priori, an
average vertical diffusivity which describes transport
On the principle of dual-source diffusion, a theo- from the entire, distributed source.
retical analysis is presented of the equality assump-
tion involving the eddy diffusivities for sensible heat
(Kn) and water vaporKy) in the surface layer. A Acknowledgements
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