N

N

Evaluating parameterizations of aerodynamic resistance
to heat transfer using field measurements
Shaomin Liu, L. Lu, D. Mao, L. Jia

» To cite this version:

Shaomin Liu, L. Lu, D. Mao, L. Jia. Evaluating parameterizations of aerodynamic resistance to heat
transfer using field measurements. Hydrology and Earth System Sciences Discussions, 2007, 11 (2),
pp-769-783. hal-00305051

HAL Id: hal-00305051
https://hal.science/hal-00305051
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00305051
https://hal.archives-ouvertes.fr

Hydrol. Earth Syst. Sci., 11, 769-783, 2007 y -K

www.hydrol-earth-syst-sci.net/11/769/2007/ Hydr°|°gy and
© Author(s) 2007. This work is licensed Earth S.YStem
under a Creative Commons License. Sciences

Evaluating parameterizations of aerodynamic resistance to heat
transfer using field measurements

Shaomin Liul, L. Lul, D. Mao?, and L. Jia?

Lstate key Laboratory of Remote Sensing Science, School of Geography, Beijing Normal University, China
2Alterra Green World Research Institute, Wageningen University and Research Centre, The Netherlands

Received: 16 January 2006 — Published in Hydrol. Earth Syst. Sci. Discuss.: 12 May 2006
Revised: 28 August 2006 — Accepted: 11 January 2007 — Published: 24 January 2007

Abstract. Parameterizations of aerodynamic resistance tosphere. Traditional micrometeorological, climatological, and
heat and water transfer have a significant impact on the achydrological methods, usually developed and validated at lo-
curacy of models of land — atmosphere interactions and otal scales, are difficult to use in the estimation of regional
estimated surface fluxes using spectro-radiometric data colsensible and latent heat fluxes over heterogeneous land sur-
lected from aircrafts and satellites. We have used measurdaces. Remote sensing technology has brought the hope to
ments from an eddy correlation system to derive the aeroovercome this difficulty due to the efficient temporal and
dynamic resistance to heat transfer over a bare soil surfackarge spatial coverage provided by satellite observations of
as well as over a maize canopy. Diurnal variations of aerodand surfaces (e.g. Jackson, 1985; Kustas et al., 1989; Moran
dynamic resistance have been analyzed. The results showed al., 1994). The development of high resolution, multi-
that the diurnal variation of aerodynamic resistance duringband, multi-temporal and multi-angular remote sensing data
daytime (07:00 h—18:00 h) was significant for both the barehas made it possible to obtain surface geometric structure and
soil surface and the maize canopy although the range of variether state variables characterizing water and heat transfer at
ation was limited. Based on the measurements made byhe land — atmosphere interface (e.g. Menenti et al., 2005).
the eddy correlation system, a comprehensive evaluation o€ompared with other methods, remote sensing methods have
eight popularly used parameterization schemes of aerodya significant advantage in estimating regional sensible and la-
namic resistance was carried out. The roughness length faient heat fluxes over heterogeneous surfaces because of mea-
heat transfer is a crucial parameter in the estimation of aerosuring spatial patterns of the land surface properties which
dynamic resistance to heat transfer and can neither be taketetermine the land surface energy balance (e.g. Basitiaanssen
as a constant nor be neglected. Comparing with the meaet al., 1998; Su, 2002; Ma et al., 2003)

surements, the parameterizations by Choudhury et al. (1986), In a remote sensing method, the sensible heat flux density
Viney (1991), Yang et al. (2001) and the modified forms of is usually estimated by following the Ohm'’s Law, i.e. using
Verma et al. (1976) and Mahrt and Ek (1984) by inclusion a ratio of the surface-air temperature differente«7,) and

of roughness length for heat transfer gave good agreementmn aerodynamic resistance to heat transfgr)( where the

with the measurements, while the parameterizations by Hatsurface temperaturefy) is retrieved from thermal infrared
field et al. (1983) and Xie (1988) showed larger errors evenremote sensing measurements. The latent heat/fliixcan
though the roughness length for heat transfer has been takahen be calculated according to the surface energy balance
into account. equation as

Ty — To)
LE=R,—G—pC,———= 1)
. Tah
1 Introduction . . . .
whereR, is the net radiation flux¢G is the soil heat fluxp
Reliable estimation of surface sensible and latent heat fluxe!$ the density of airC), is the specific heat of air at constant
is an important issue in the study of exchange processes di'eSsure7y is the air temperature.

energy and mass between hydrosphere, atmosphere and bio-The net radiation flux, in Eq. (1) is usually calculated
from the surface albedo, surface temperature and emissiv-

Correspondence to: Shaomin Liu ity combining atmospheric water vapor content and aerosol
(smliu@bnu.edu.cn) optical depth which all are retrieved from remote sensing
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observations of reflectance and radiance. The soil heat fluxion” different from field measurements. As a matter of fact,
can be parameterized by a simple relation with net radia-some of the parameterizations were addressed by assuming
tion and canopy structure properties although the coefficientsdentical eddy diffusivities for momentum and for heat trans-
involved need to be calibrated and evaluated for differentfer, which might be acceptable for the situations where the
types of canopies. As a consequence, the aerodynamic rggarameterizations were developed, in most of cases over rel-
sistance becomes a very important parameter when estimaatively dense vegetation canopies without water stress. Un-
ing sensible heat flux and latent heat flux using remote sensfortunately these parameterizations were sometimes applied
ing measurements by the energy balance method as showno surfaces that were different from the original situations,
in Eq. (1). Based on the Monin-Obukhov similarity theory, for instance, sparsely vegetated surfaces.
many authors, such as Monteith (1973), Brown and Rosen- |n this paper, measurements by an eddy correlation system
berg (1973), Verma et al. (1976), Louis (1979), Louis (1982), from a developing maize canopy (i.e. from bare soil through
Itier (1980), Riou (1982), Hatfield et al. (1983), Mahrt the emergence of the crop and on to full vegetative develop-
and Ek (1984), Choudhury et al. (1986), Xie (1988), Byun ment) are used to derive aerodynamic resistances over bare
(1990), Viney (1991), Lee (1997) and Yang et al. (2001), soil surface and a maize field. Diurnal variations are ana-
have proposed different parameterizations to estimate aerdyzed together with the diurnal variation of excess resistance
dynamic resistances to heat transfer. These parameterizand surface-air temperature difference. The role of the dif-
tions could be grouped into three categories. One group folference in roughness length for momentum transfer and for
lows the Monin-Obukohv similarity theory, the other group heat transfer in determining aerodynamic resistance and in
is the empirical method. The third group includes so-calledthe estimation of sensible heat flux density estimate is eval-
semi-empirical parameterizations. While these parameteriuated. The derived aerodynamic resistance from the sen-
zations have been evaluated and given an acceptable agresible heat flux measurements by the eddy correlation sys-
ment with data upon which the methods were developed, detem is used to evaluate several parameterizations for aero-
viations were found when applying them to other data. dynamic resistance selected from literature. These parame-
Some studies on comparisons between different parameterizations are commonly used in heat flux estimates using
terizations have been done by different researchers either ugemote sensing observations, including Thom (1975), Verma
ing field data (e.g. Kalma, 1989; Xie, 1988) or using ran- et al. (1976), Hatfield et al. (1983), Mahrt and Ek (1984),
domly generated data sets (e.g. Viney, 1991). Using the ex€houdhury (1986), Xie (1988), Viney (1991) and Yang et
perimental data of Choudhury et al. (1986) from a wheatal. (2001).

canopy, Kalma (1989) compared the parameterizations pro-
posed by Choudhury et al. (1986), Itier (1980), Monteith
(1973), Hatfield et al. (1983), and Mahrt and Ek (1984). It >
was found that the values calculated with the parameteriza-
tions by Choudhury (1986) and lItier (1980) were close to . .

. o 2.1 Measurements of aerodynamic resistance
each other, while deviations from the measurements were

significant when using the parameterizations proposed byI'he aerodynamic resistance to heat transfer can be deter-
Monteith (1973), Hatfield et al. (1983), and Mahrt and Ek y

Theory and methodology

(1984). mined by:
Xie (1991) used lysimeter measurements in a winter wheat
field to evaluate some parameterizations such as those ¢t = PCp(Ts — Tu)/H @)

Brown and Rosenberg (1973), Verma et al. (1976), Hatfield ) )

et al. (1983), Chen (1988) and the one proposed by himselfvhereH is the sensible heat flux.

(Xie, 1988). The results showed that the parameterizations The measurements of sensible heat flux, air temperature,

by Chen (1988) and Xie (1988) were in better agreement witHogether with the surface temperature measurements are used

measurements than others. to calculate aerodynamic resistance to heat tramgfefrom
Among many comparison studies, most of the findings andEd. (2). It is referred to as “measured aerodynamic resis-

discussions are either related to the derivation and validity ofance” in this paper and will be used to evaluate different

the stability correction functions, or to the degrees of simpli- parameterizations of,,. Estimates off obtained with the

fication in the solution. Very few studies have emphasizedeight different parameterizations gf, described below will

the distinction of eddy diffusivities between momentum and also be evaluated against the measurements loy an eddy

heat transfer. For instance, Viney (1991) has showed the difcorrelation system.

ferent performances of several parameterizations by taking

Zom=z0n andzo, #zox. His results showed only slight differ- 2.2 Monin-Obukhov Similarity Theory

ences between the two conditions. Unfortunately, his study

was based on a synthetic data set and the analysis was do#ecording to the Monin-Obukhov Similarity (MOS) theory,

by comparing the parameterizations with the “reference soluthe integral gradient of the wind and temperature profiles in
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a horizontally homogeneous surface layer can be formulatedr;, (¢, con) = —Br (¢ — con) (12)
as
For unstable conditions,
“in (222 < v (s som) ®
u = — — s
X Zom m S, GOm 14 x 1+X2
Ym (s, som) = 21In +In{ —
T, 7—d 1+x0 1+ x5
T, —To= F)rO? |:|n (E) =Y (s, §Oh)] (4) —2tantx + 2tantxg (12)
wherek is the von Karman constant, is the wind speed 1+y
. . L . . , =2 1
at the reference heigt, u, is the friction velocity, 7, is Vi (s, Son) n (1+ Yo (13)

the temperature scaldp is the aerodynamic surface tem-

1/4
peraturezg,, is the roughness length for momentum transfer with x=(1 — y,, )4, xo= (1_ym§%0> / ,y=1—yno)¥?,

and zg, is the roughness length for heat transféris the
zero-plane displacement, co,, andco, are stability param-
eters defined ag=7, gom=Z°Li and gof,zz% respectively
(z=Z—d). Py is the turbulent Prandt number describing the
difference between the eddy diffusivities of momentiip
and of heatky, i.e. Pro=[,<(—’,'f- L is the Monin-Obukhov length

given by

0 CpufTa
kgH

L= (5)

yo=(1—yys2)%2 (note thatz=Z—d). Bu, B, ¥m, and

yn in Egs. (10)—(13) are experimental coefficients. Differ-
ent values of these coefficients can be found based on atmo-
spheric boundary layer observations (Webb, 1970; Dyer and
Hicks, 1970; Businger et al., 1971; Garratt, 1977; Wieringa,
1980; Dyer and Bradley, 1982; Webb, 1982) and the review
of Dyer (1974).

2.3 Parameterization of aerodynamic resistance to heat
transfer

whereg is the gravitational acceleration. The sensible heat

flux is linked to the profiles of wind speed and air tempera-
ture through

H=—pCpu,T, (6)

With observations ofi and T, at the reference height in the
surface layer and knowing the surface properties{hgand

zon), the aerodynamic resistance to heat transfer can be ob-
tained by solving Egs. (3)—(7) with the help of Egs. (10)—

temperature has been ignored in Egs. (4) and (5).

functions of the stability parameters and the exact solution

Combining Egs. (2)—(6), the aerodynamic resistance tofor aerodynamic resistance can be easily obtained. Under
heat transfer is unstable conditions, on the contrary, the profiles are highly
Z—-d Z—-d
- wm (5', gOm) [ In
(")

1 non-linear equations of the stability parameters and an iter-
— [m( ative technique (e.g. Busch et al., 1976; Itier, 1980) must
k2u Z0m Z0h

In neutral conditions, v, (¢, com) =¥ (¢, con) =0, the

aerodynamic resistance to heat transfgp can be simpli-

Tah =
be applied to obtain an exact solutionf,. The concept
—¥n (s, son) |

of estimating aerodynamic resistance to heat transfer using
Egs. (9)-(13) was first addressed by Thom (1975) and has
been widely considered as the “reference parameterization”
because of the better theoretical foundation. The values of

fied to:
the coefficients in the wind and temperature profiles were
Faho = i [In <Z — d)} [In (Z — d)} (8) taken from Webb (1970) and Businger et al. (1971) for stable
k2u 20m 20n conditions, and from Paulson (1970) for unstable conditions,

Further simplification can be made by assuming that roughd-&- #n=Fn=5, andy,,=y,=16. It has been assumed that
ness length for momentum and for heat are identical, whichFro=1. Takingz=Z—d with Z being the reference ,he|ght_
implies the aerodynamic resistance to heat transfer is as2Pove the ground, the integral expression of Thom's stabil-

Z—d
Z0m

(9)

sumed to be identical to the one to momentum transfer, thidy functions . () andyy, (<)) is given by Egs. (10)~(13)
leads to with co,=c0,=0. The aerodynamic resistance to heat trans-
) fer r,;, is then solved numerically and exactly by iteration
Fah = Fam0 = i |:In ( >:| over Egs. (3)—(7) and (10)—(13) . The results of aerodynamic
k2u resistance from this iteration procedure by using Thom’s pa-
In Eq. (9), ramo is the aerodynamic resistance to momen- rameterization are referred to as the “standard solution” in
tum transfer under neutral conditions. For stable conditions,thls study. . L
the integral stability functions for wind and temperature in , For the sake of saving cqmputlng time in heat flux modgl-
Egs. (3), (4) and (7) are expressed as ing, various para_meterlzatlons have been d_e\_/eloped to sim-
plify the calculation ofr,;, for unstable conditions. Some
Y (S, Som) = —Bm (¢ — Som) (10) of these efforts have focused on parameterizatiop,ptnd
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Table 1. List of various parameterizations of the aerodynamic resistapceeing evaluated in this study. Only unstable conditions are

concerned.
Source Parameterization Qfyr Solution or coefficients Type/Assumption
Thom (1975) ra/,:ﬁ [In (%ﬂ") —1/;",(;)] [In ({&f’) ﬂlfh(;)] Precise solution by iteration. MOS
¥m(s) andyy (s) are from Eqs. (10)~(13)ty,=50,=0)- 20m #20n
. z/zi 2 - . — e
Yang et al. (2001) rah:leu [In (ﬁ) —Ym (g, ggm)] [In (ﬁ) — vy (s, ggh)] §:|:RIB [llnn(fz/jféjyl,))] (m)]/[lle?lg ((]i__%’;://_)) »p], MOSs
¥m (5. som) @ndyy, (s, so) are from Eq.(10)~(13) Z0m # 200

. j k
p~ L InRip) [In (in=)] [in (In =
Cijk is from Yang et al. (2001) for profiles of Dyer (1974)

Choudhury et al. (1986) ra;,:ﬁ [In (%;;’)] [In (Zz;,")] (1—BRig)~3/* B=5 Sen;i—empirical
20m 7201
2
Verma et al. (1976) ru/,:ﬁ [In ({;ﬂ")] (1-16Rig)~ /4 - Empirical
20m=20h
Hatfield et al. (1983 L [in(z=2) a+pri =5 Empirical
atfield et al. ( ) ’uh*m[”(m)] (1+ BRip) B= mpirica
Z0m =<0h
o1 2-d\1?[__Ltc(=Rip¥? _ [7502, 2420m \1/2 tzon ]2 i
Mahrtand Ek (1984)  ran=1z- [In (T)] [m] c= [75k (o) / ] [In(ﬁ)] 'Eom;jr'lzhal
20m =2
) ~172
; 2 1-16R;p In( 24 -
Xie (1988) ’ah=ﬁ [In (%)] |:1+%:| - Empirical
Zom 20m=20h
_ 2 . -
Viney (1991) ruh:ﬁ [In (%)] [In (%)] [a+b (~Rip) ] ¢,:1A059170A0552In{172+ [4037 In (Z(;"d)] } Semi-empirical

N

¢=0.8437-0.1243In} 3.49 + [2,79_ In [HHZ

Z0m

b=19117-0.2237 In{1A86+ [212-1n (%4 )]2} o

Yy, on the basis of the MOS theory by introducing assump-method but more simplified than the “MOS” method. We
tions and simplifications applicable to the specific conditionsrefer to this type of parameterizations as “semi-empirical”
of each study. The past decades have seen the rapid devehethods.

opment of boundary-layer physics, which has ignored those |, this paper, among the parameterizations reviewed in the
very simple formulations. Some new developments havénoquction, we have selected eight parameterizations for
been made recently (e.g. Lee, 1997; Yang et al., 2001). Wene estimation of aerodynamic resistance to heat transfer in
refer to this type of methods as “Monin-Obukhov Similarity” nstable conditions in particular. Table 1 gives the list of

method (MOS in short). _ 3 ~these parameterizations together with their formulations and
The influence of atmospheric stability on the flux-gradient categories.

relationship in the surface layer can also be accounted for

by inclusion of the bulk Richardson numbgt (Monteith, These parameterizations involve different assumptions and

levels of simplification and perform differently when com-

1973), i ) .
) paring estimates of,;, with measurements. Some of these
Rin— 8 (T — T5)(Z —d) (14) parameterizations are widely used to estimate heat flux den-
B T, u2 sity using measurements of radiometric surface temperature

An alternative manner to take into account atmospheric sta—by field, airborne and spaceborne (imaging) radiometers. We

bility is to use the ratio between the stability-corrected aero-WIII only give a brief review of the eight parameterizations
readers are encouraged to refer to the original papers. Note

dynamic resistance and the one in neutral conditions, whic hat some of th rameterizations in Table 1 have been al
is generally expressed as a function of the bulk Richardso atsome ot In€ parameterizations in tavle 1 have been a
gebraically modified from their original forms so that the

numberri - .

'8 formulas can be expressed as explicit functions of the bulk
Tah _ F(Rig) (15)  Richardson number.
Yah0

Yang et al. (2001) investigated a procedure to explore the
This method is referred to as the “empirical” method. solution by first finding the analytical solution of the Monin-
Some of the parameterizations belong to a category “in-Obukhov flux-profile relations in slightly unstable condi-
between” the previous two, i.e. with a closer numerical tions, i.e.—1<<¢ <0, and then extended this solution to gen-
approximation of the stability effects than the “empirical” eral unstable conditions with a modified factor. Coefficients
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involved in the calculation of this factor depend on profile constant over a short period of time: a 10-day period was
functions, the profiles of Dyer (1974) are used in this study. taken for the maize crop in this study.

In the study by Choudhury et al. (1986), they have first The zero-plane displacement heightis calculated by
given an exact solution for stable conditions. By analogy means of a simple relationship betwegand the vegetation
with the expression of stability function in stable conditions canopy height., i.e.d:%hc.
and by a trial-and-error procedure in unstable conditions, The roughness length for heat transfgy is also a pa-
Choudhury et al. (1986) found that the aerodynamic resistameter needed in the parameterizations of aerodynamic re-
tance in unstable conditions can be approximated by applysistance, which must be determined a priori. The difference
ing a simple function of the Richardson number to the aero-between the roughness length for momentum and for heat
dynamic resistance for neutral conditions. transfer is described as an excess resistance parahistér

The parameterizations by Verma et al. (1976), Hatfield etgiven by (Owen and Thompson, 1963; Chamberlain, 1968):
al. (1983) and Mahrt and Ek (1984) are all based on the as- . 2Om
sumption that the eddy diffusivities for momentum and for kB~~ = In <—> (17)
heat are the same, i.&y,=zon, Pr =1,¥,=¥,,. Hatfield et “on
al. (1983)’s parameterization is more adequate in stable andNis parameter can be calculated from the in-situ measure-
near-neutral unstable conditions@2<R; 3 <0). Values of ~ Ments as:

R;p that are smaller than —0.2 lead to negative resistance val- =4 (Ts — Ty) Z—d Z—d
ues which are physically meaningless. One should keep thi§ B~ =+,Co H ku—In < " )J“//h( L )(18)

n mr:nd when ana!yzmg the resultz. by Xi dth The sensible heat flux, friction velocity and Monin-Obukhov
The parameterization proposed by Xie (1988) used t Qength required in Eq. (18) are obtained from the measure-

non-d|m§n3|;)nz;\l fltux-proflletf;mc:[::on ;ngr;etz |n|ttegral form as O(nents; by the eddy correlation system. The paramnieger!
a correcting factor to accountforthe Stability. It Was asSUMeqg ¢ jated for each 10-min interval of the flux measure-
that the friction velocity for neutral conditions could be used ents

under non-neutral conditions. As with other simple empiri-

cal parameterizations, it has been assumedthatzo,. As

a consequence of these assumptions, the stability correctioB Site description and the measurements

is ultimately expressed as a function of the bulk Richardson

number and surface aerodynamic properties. The experiment was carried out at Xiaotangshan Exper-
Viney (1991) has proposed a relationship between the nonimental Station for Precision Agriculture (118552"E,

neutral and neutral aerodynamic resistances by a diagnost#0°1041” N, 35m above sea level) in Beijing from 30 May

analysis of a randomly generated dataset (n=2464 realizdill 6 July 2004. The experimental field was flat and open,
tions in total). The coefficients in the stability correction 1000 m long from north to south and 500 m wide from east to

west, divided into two equal smaller sub-plots (southern and

function were found to be related to the term o(lﬁ‘—d). .
<om northern) by an east-west oriented path. The fetch for the

We will evaluate the performances of these parameterizay, o\ ailing wind direction is sufficient to ensure the Monin-

tions using sensible heat flux measurements from an eddyyp, \khoy similarity theory to hold. Land cover in the south-
correlation system together with other micrometeorologicalg, sub-plot field was bare soil between 30 May and 11 June
data obtained in afield with surface properties evolving dur-, e the maize plants started emerging around 12 June. The
ing the growth of a maize crop, i.e. from bare soil through thejn sy ments used for this study were located in the central
emergence of the crop to full vegetative development. The,qnq of the southern sub-plot. Table 2 gives the summary of
site and measurements will be described in the next sectiony,q g,rface characteristics of the field for the entire duration
of the experiment.

The measurements used in this study are summarized in
. Table 3 and a brief introduction is given below.
In this paper, the roughness length for momentum transfer The eddy correlation system used for sensible heat flux

om IS determined by minimizing the cost function (Yang et . . .
<O y 9 ( 9 measurements includes a three-dimensional anemometer

2.4 Determination of surface roughness parameters

al., 2003): (CSAT3, Campbell) and a CH,0 analyzer (LI7500, LI-
n COR). The measurement height was 1.8 m above the ground.
J= Z Z {uly — kuf/ [IN(zi /zom) The sampling frequency was 10Hz. A set of temperature
roi=1 and humidity probes (HMP45C, Vaisala) was setup at 1.8 m
—wm(zom/L’,z,-/L’)]}z (16) height to measure the air temperature and humidity. The

downward and upward shortwave and longwave radiation
wheren is the number of measurement levels=(L in this  fluxes were measured using a net radiometer for the four sep-
study, at a height of 1.8 m )z, represents the time serials arate components (CNR-1, Kipp and Zonen). All the mea-
of data. We have assumed thaf, can be considered as surements were averaged over 10 min.

www.hydrol-earth-syst-sci.net/11/769/2007/ Hydrol. Earth Syst. Sci., 11, 769-783, 2007
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Table 2. Surface properties and measurements in Xiatangshan site during 30 May and 6 July in 2004.

Date (2004) Surface type Mean veg. height Mean veg. coveg,, (m) d(m) Surface emissivity
he(m) Je(%)

30 May—11 June Bare soll 0 0 0.00580 0 0.974

12-24 June Maize (emerging) 0.166 25 0.01857 h2l3 0.980

25 June—7 July Maize 0.405 60 0.02590 1243 0.982

Table 3. Measurements and instruments used this study in the Xiaotangshan site in China during 30 May—7 July in 2004.

Variables Instruments Instrument
height (m)

Air temperaturef, Temperature probe (HMP45C, Vaisala) 1.8

Sensible heat fluf 3-D sonic anemometer (CSAT3, Campbell)1.8

Friction velocityu and a

Monin-Obukhov length.

Wind speed:

Incident shortwave radiation fluxf}
Outgoing shortwave radiation fluxg®
Incident longwave radiation flux R
Outgoing longwave radiation flux &
Canopy heighti,

Fraction of vegetation covef;,

COy/H20 analyzer (LI17500, LI-COR)

Net radiometer (CNR1, Kipp& Zonen) 1.5
Wavelengths
between 0.3—am, 5-50um.

Landsat TM images -

Surface temperaturel() was calculated by the Stefan- fall; 7) measurements done between 07:00 and 18:00. There
Boltzman law from measurements of the longwave radiationare in total 1110 effective measurements which fall in the
Rpy—(1—e)Rpy above criteria.

oleg

. 1/4 .
fluxes, |.e.TS=( ) , Whereo is the Stefan-

Boltzmann constantg(=5.678 x 10°8), R14 is the upwards
longwave radiation flux from the surfack, | is the incident 4 Results and discussions
longwave radiation flux.e is the emissivity of the surface
(either the bare soil or the maize canopy). The componeny j Dijurnal variation of aerodynamic resistance
surface emissivity of soif; and maize leaves were mea-
sured in the field by a specific device for emissivity mea- pye to instrument maintenance, rainfall, clouds and irriga-
surements (see Xu et al., 2004 for more information aboutjon, there were gaps in the daily measurements by the eddy
the instruments and the measurements). The maize cano@grrelation system. After data screening, two “golden” days
emissivity was then calculated from=fce;+(1 — fo)es in (31 May and 26 June 2004) were chosen for the diurnal vari-
which f. is the fractional cover of the maize and varies with ation analysis, one was before the maize emergence, i.e. with
the growth of the maize. The emissivity of the bare soil waspare soil conditions and the other was about 2 weeks after
0.974 while the emissivities for the maize canopy were 098Qhe maize emergence. Data on these two “golden days” were
and 0.982 for the second and the third growing period showryollected continuously during the daytime. The weather was
in Table 2. Some ancillary parameters such as crop heigh¢loud-free and there was no sprinkling irrigation on these two
and fractional vegetation cover (derived from Landsat TM days. Diurnal variations of aerodynamic resistance derived
images) were measured about every 10 days. from the measurements by the eddy correlation system are
To ensure the required data quality, only the data that meshown in Fig. 1. Diurnal variations of,;, were observed
the following criteria were selected for further analysis: 1) on both days either over the soil surface or over the maize
wind speed:>1.0mst; 2) friction velocity u,>0.01ms? canopy. Larger values were found over bare soil than over
(bare soil surface) ar,>0.1 ms ! (maize field); 3) absolute the maize canopy accompanied by a significant difference in
difference between surface temperature and air temperatuthie sensible heat flux on these two days (Fig. 2). Consis-
larger than 0.1K; 4) sensible heat flik>10Wm~2; 5) the tently, large differences between the surface and air tempera-
sensible heat flux has the same sign&s-(,); 6) no rain-  ture were observed over the bare soil surface on 31 May 2004
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Fig. 1. Diurnal variation of aerodynamic resistance on the two
“golden” days:(a) 31 May 2004 with bare soil(b) 26 June 2006

with maize canopy, two weeks after the emergence. Fig. 2. Diurnal variation of sensible heat flux on the two “golden”

days:(a) 31 May 2004 with bare soilb) 26 June 2006 with maize
canopy, two weeks after the emergence.

(Fig. 3). The excess resistance in terms ofitBe 1 parame-

ter was larger over the bare soil on 31 May than that over the ) ) ) ) ) ]
maize canopy on 26 June (Fig. 3). solution by iteration, we took this precise solution as the ref-

Negative values of B—1 occurred in the morning and in  €r€nce (referred to as “standard solution”) to evaluate all the

the late afternoon hours over the maize canopy when the suRther parameterizations. In general, the estimation by the
face temperature was very close to the air temperature. ThaVlOS” method and by the “semi-empirical” methods were
change of B—1 values implies a change in the relative ver- in good agreements with the “s_tano!ard S(_)Iut|0n” both over
tical position of the effective heat sourcgy() and of the ef- the bare soil sgrface and the maize field (Fig. 4)._ Qn the con-
fective momentum sinkzf,,) within the canopy. More pre- trary, the “empmca!“ methods showed large deviations from
ciselyk B~1<0 implies that the heat source is higher than or € “standard solution”.
very close to the momentum sink (see Eq. 18). This is likely The parameterizations from Verma et al. (1976), and
to happen when the upper portion of the canopy is warmeMahrt and Ek (1984) significantly underestimaigg when
than the lower one. Indications that this might really be thecompared with the “standard solution”, in particular when
case have been given by Jia (2004) who studied in detail théan iS larger than 50 sm. In most cases, the estimated val-
within canopy variability of radiative and convective fluxes U€s of resistance by these two parameterizations are limited
in relation with foliage and soil temperature. to a range that is smaller than 100shm The parameter-
ization by Hatfield et al. (1983) has resulted in a number
4.2 Comparison of parameterization results with “standardof negative values. This is not surprising because Hatfield
solution” et al. (1983)’s parameterization is only applicable in near-
neutral unstable conditions-0.2<R; 3 <0). Xie (1991) has
The aerodynamic resistance to heat trangfgrwas calcu-  also found in his dataset that the aerodynamic resistance cal-
lated using the eight different parameterizations described irculated by the parameterization of Hatfield et al. (1983) was
Sect. 2 for the whole data set (1110 effective samplings afnegative under strong unstable condition (fe— 7,>5K,
ter data quality checks described in Sect. 3). Since the pax<1.0 ms1). Although the results from Xie (1988)’s param-
rameterization of Thom (1975) basically gives a “precise” eterization are distributed around the 1:1 line, the data points
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Richardson numbeRrip (Fig. 5). The functions of Hat-

2 field et al. (1983) and by Xie (1988) deviate considerably,
20 while the stability correction functions in the parameteriza-
—~ 15 tions of Verma et al. (1976), Mahrt and Ek (1984), Choud-
< hury et al. (1986) and Viney (1991) are characterized by sim-
S 10 ilar curves againsRig. One would expect that such similar
,_"" 5 functions would result in limited differences in the estimated
aerodynamic resistaneg;, providing that the same value of
0 rqn in neutral conditions is applied to all the parameteriza-
5 tions. In the following section, we will investigate the possi-
3922938388828 S Ele reasons of the poor perf(_)rmance of the parameterizations
Z 65 & S - & &8 v 8 & & y Verma et al. (1976), Hatfield et al. (1983), Mahrt and Ek
T T - s - T - (1984), and Xie (1988).
(a) Time
25 12 4.3 Importance of the excess resistance paranid@et
06-26 —A—Ts-Ta
20 —e—kB-1 8 A wide range ok B—! values has been found in many studies
- over different land surfaces (Kustas et al., 1989; Beljaars and
< Holtslag, 1991; Stewart, 1994; Troufleau et al., 1997; Jia,
l—‘f’ 2004). This implies that the difference between the rough-
e ness lengths for momentum and heat transfer can be quite
large, in particular over sparse canopies. In the data set used
in this study, the difference betweeg, andzg, (in terms
‘ of kB~1) is varying over a wide range during the whole ex-
8 8 8 2 8§ 8 8 38 perimental period as shown in Fig. 6. This implies that the
N © T o ®© ¥ v © excess resistance caused by the different transfer mechanism
®) Time for momentum and heat has a significant impact on the val-

ues ofr,y,.
As shown above, the poorest estimates-gf occurred

Fig. 3. Diurnal variation of surface — air temperature difference and With those methods in which the roughness length for mo-
of excess resistance in termskd# 1 on the two “golden” days{a) mentum transfer and for heat transfer were assumed to be
31 May 2004 with bare soilb) 26 June 2006 with maize canopy, identical (e.g. Verma et al., 1976; Hatfield et al., 1983; Mahrt
two weeks after the emergence. and Ek, 1984; Xie, 1988). Taking into account the difference

betweernzq,, andzgy,, these parameterizations can be modi-

fied into the following forms:

show considerable scatter. The modified parameterization of Verma et al. (1976) is
The results from Viney (1991) and Choudhury et al. (1986) 1T /Z—d\T 7_d

are in good agreement with the “standard solution” at low r,;=—— | In (—) [In (—)} (1-16Riz)~ Y4 (19)

values ofr,, (ran <150 snm1). Large deviations from the ref- ku | Z0m /| 20n

erence values are found in the results from Choudhury (1986 he modified parameterization of Hatfield et al. (1983) is
whenr,, is large. 1 7Z—d

The results from the parameterization by Yang etrah:T In (_) In <Z__d)] (1+BRig)  (20)
al. (2001) are closest to the “standard solutions”. Yang ku | 20m L 20h

(2001)'s method is the only one among the seven paramerhe modified parameterization of Mahrt and Ek (1984) is
terizations that works across the entire range of stability con-

ditions, while other parameterizations are either very sim- 1 Z—d\]

ple empirical formulas (Verma et al., 1976; Mahrt and EKk, “h = 2y Z0m

1984; Hatfield et al., 1983; Xle., 1988) or semi-empirical 7 —d 1+ c(—Rip)Y/2

ones (Choudhury et al., 1986; Viney, 1991). Yang (2001)’s In{ —— 1 172 _ 5R; (21)
method gives an approximated solution of the stability pa- 20k +e(=Rip)¥e —15Rig

rameters =+ and applies the parameterizeg + to the clas-
sical Thom (1975) model to estimate the flux-profile relation-
ships for wind speed and air temperature.

The correction functions for stability in all the empiri-
cal and semi-empirical methods are plotted against the bulk

wherec is given in Table 1.
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Table 4. Overview of statistics between the (modified) parameterizations and the measurements of aerodynamic reggistaring 30

May and 7 July 2004 in Xiaotangshan experimental site. The mean valugs ofer n=1110 measurements is 80.83nwith a standard
deviation of 29.8 sm1.

Parameterization MAPD (%) RMSD (sm) R2?  Linear regression

Thom (1970) 21.9 28.6 0.80 Y =1.1229 X2R0.79
Yang et al. (2001) 20.1 26.9 0.80 Y =1.0922>% R0.80
Choudhury et al. (1986) 18.8 23.1 0.76 Y =0.9326%,+0.67
Verma et al. (1976) (modified form) 20..6 23.4 0.79 Y =1.0429 XF0.74
Hatfield et al. (1983) (modified form)  67.9 130.9 0.05 Y =0.1246 X=R-0.05
Mahrt and Ek (1984) (modified form) 18.0 23.2 0.78 Y =0.8671%+0.71
Xie (1988) (modified form) 55.4 59.2 0.74 Y =1.4840X2R0.72
Viney (1991) 18.3 215 0.78 Y =0.9621 X2R 0.74

MAPD: mean absolute percent difference;
RMSD: Root Mean Square Difference.
R2: determination of coefficient (R: correlation coefficient).
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Fig. 5. Relationship between the bulk Richardson number andFi9- 6. Variation of the parametdr5™~ calculated from Eq. (18)
stability correction functions in the empirical and semi-empirical IN refation with the aerodynamic resistance measured by the eddy

methods of aerodynamic resistance parameterizations evaluated ffPrrelation system.
this paper.

the summary of the comparisons of all the (modified) param-
eterizations with the measurements represented by the statis-
1 | Z—d | Z—d tics: the determination of the coefficient R is the correla-

Tah = 12, | Zom n Z0h tion coefficient), the Root Mean Square Difference (RMSD),
and the Mean Absolute Percent Difference (MAPD).

The modified parameterization of Xie (1988) is

1 22) In general, all the (modified) parameterizations, except the
1—16RinIn (2=4 / In (2=d ones by Hatfield et al. (1983) and Xie (1988), are in good
[ B '8 (mﬂ ( Z0m ) agreements with the measurements (Fig. 7) and show quite

To evaluate the estimates of these eight parameterizationgimilar values of R, RMSD and MAPD (Table 4).

results from the original formulas of Thom (1975), Choud- The modified formula of Xie (1988) overestimateg by

hury et al. (1986), Viney (1991) and Yang et al. (2001) andabout 50% as shown by the slope of the linear regression
from the modified formulas of Verma et al. (1976), Hatfield between the estimates and the measurements. The modifica-
et al. (1983), Mahrt and Ek (1984), and Xie (1988) are com-tion by includingzo, in the formula of Hatfield et al. (1983)
pared with the measurementsngf, (Fig. 7). Table 4 gives did not help to avoid the unexpected negative values,gf
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Fig‘_7' Comparisons of aerodynamic resistance estimated by thEf:ig. 8. Comparisons of sensible heat flux between the measure-
original forms of Thom (1975), Yang et al. (2001), Choudhury et ,enq ang the estimates by applying the original forms of Thom

al. _(1986) and Viney (1991), the mo_dified forms of the parameteri-(1975), Yang et al. (2001), Choudhury et al. (1986), Viney (1991),
zations by Verma et al. (1976), Hatfield et al. (1983), Mahrt and Ekthe modified forms of the parameterizations by Verma et al. (1976),

(1984), and Xie (1988) with measurements. Hatfield et al. (1983), Mahrt and Ek (1984), and Xie (1988) for
aerodynamic resistance estimates.

the correlation of the estimation with the measurements is
still very poor as indicated by a almost zero determination
of coefficient R shown in Table 4. As mentioned before the pect that the parameterization by Yang et al. (2001) would
formula by Hatfield et al. (1983) is limited to stable or near- give the closest estimates to the measurements of aerody-
neutral unstable conditions. Analysis of the results showechamic resistance. However, it slightly overestimates the
that large deviation of,; estimated by the modified form of aerodynamic resistance. Moreover, the “standard solution”
Hatfield et al. (1983) appeared under unstable conditions, ifThom, 1975) did not show a better accuracy in the estimate
particular whenRi g is smaller than -0.2. of r,;, than the parameterizations being evaluated here. This
The modified form of Mahrt and Ek (1984) parameteri- might be a result of the errors in the input variables of the
zation slightly underestimate,,. The results from Viney parameterizations and of the sensitivity of the parameteriza-
(1991) and Choudhury et al. (1986) compare quite well withtions to these input variables. We will discuss this issue in
the measurements of aerodynamic resistance. One would exhe sensitivity study in Sect. 4.5.
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Table 5. Overview of statistics of sensible heat flux estimates by the (modified) parameterizations against the measurements during 30 May

and 7 July 2004 in Xiaotangshan experimental site in China. (The mean value of the sensible heat flux of the data set iSD&iSVem
standard deviation 50.8 Wn¥).

Parameterization MAPD (%) RMSD (Wnf) R2  Linear regression
Thom (1970) 19.2 29.6 0.90 Y=1.0326 X?R 0.88
Yang et al. (2001) 18.6 302 090 Y=10612)X2R0.88
Choudhury et al. (1986) 19.1 27.8 090 Y=1.0939 %R0.89
Verma et al. (1976) (modified) ~ 19.9 27.4 0.90 Y =1.0246 R0.88
Hatfield et al. (1983) (modified)  451.0 6064.4 0.00 Y = 2.0856X0.004
Mahrt and Ek (1984) (modified)  20.3 323 091 Y=1.1731 R+0.90
Xie (1988) (modified) 32.6 39.2 0.86 Y =0.7911X2R0.84
Viney (1991) 19.4 29.0 0.90 Y =1.0963X2R 0.89

Table 6. Reference values and error ranges of the input parameters for the sensitivity analysis of the parameterizations for aerodynamic
resistance. The reference values of aerodynamic resistance and sensible heat flux density of the data set are also given (ihg vedarence
calculated from the reference input variables @&htisted in the table).

Parameters/ Reference values Range Errors
variables
u 2.3ms1 1.0~10.0ms1 +05ms!
T, 28.8C 17.0~441.0°C +0.5°C
T 35.3C 17.0~54.0°C +2°C
Z0m 0.016m 0.006-0.026 m +50%
d 0.097m 0~0.410m +50%
kB~1 31 -5.0~48.0 +25%
H 95.5 Wn12 10.0~427.0Wn12
Fah 77.0sntl 2.0~477.0sn7l -
4.4 Estimation of sensible heat flux Ek (1984) also works also well, but overestimates the sen-

sible heat flux by about 17%. The modified Xie's method
The original parameterizations of aerodynamic resistancd!@s Underestimates sensible heat flux by about 21%. As ex-
from Thom (1975), Yang et al. (2001), Choudhury et pectgd,HatﬂeId et al. (1983) is not applicable to estimate the
al. (1986), and Viney (1991) and the modified forms of Sensible heatflux.
Verma et al. (1976), Hatfield et al. (1983), Mahrt and Ek e .
(1984), and Xie (1988) (Egs. 19, 20. 21 and 22) were ap->  Scnsitivity analysis

plied to Eq. (2) to calculate the sensible heat flux using théwe have analyzed the performances of different parameter-
same dataset described before and the results were compargdions to estimate the aerodynamic resistance. Why do
to the measurements by the eddy correlation system (Fig. 8some models perform better than others? We will try to an-
The statistics of the sensible heat flux between the estimatiogyer this question by analyzing the sensitivities of these pa-

by the parameterizations and the measurements are given {ameterizations to some crucial parameters. Measurements
Table 5. or estimates of parameters needed by these parameterizations
The methods by Thom (1975), the modified Verma etmay contain various degrees of uncertainties. If a model is
al. (1976), Choudhury et al. (1986), Viney (1991) and Yang sensitive to a specific parameter, significant difference be-
et al. (2001) showed quite similar performance with MAPD tween the calculated and measured flux may result from
less than 20%, RMSD less than 30 W#rand the coefficient ~ small errors in the estimate or measurement of the parameter.
of determination of about 0.9 comparing with the measure- For this analysis, the parameterizations for aerodynamic
ments of sensible heat flux by the eddy correlation systemresistance were evaluated with respect to the input meteoro-
All these parameterizations slightly overestimated the sensitogical variables ¢ and 7,), surface temperaturel() and
ble heat flux. The modified parameterization of Mahrt andsurface characteristicsd,, ¢ andkB~1). The choice of
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Table 7. Sensitivity of the estimated aerodynamic resistance to the input parameters. The results are given in relative errors (%).

variables  errors Thom Yang Choudhury Verma Hatfield Méa&tkt Xie Viney
+2°C -3.1 -22 54 -3.6 -15.2 -5.4 -09 -36
Ts —2C 38 25 61 44 152 68 13 45
T +0.5°C 0.9 0.8 6.2 4.4 15.5 7.0 1.3 45
a -0.5C -0.9 -09 -14 -1.0 -3.9 -15 -0.3 -1.0
+05ms1 -143 -155 -123 -138 44 -11.7 -16.5 -13.8
“ -05mst 198 220 143 18.8 -12.1 14.7 253 18.6
+50% -13.2 -13.2 -135 -135 -135 -13.8 -12.5 -135
Z0m -50% 24.8 247 252 25.2 25.2 26.8 234 262
rB-1 +25% 12.1 11.3  10.0 10.0 10.0 10.0 10.0 10.0
—-25% -12.2 -11.3 -10.0 -10.0 -10.0 -10.0 -10.0 -10.0
d +50% -0.6 -0.8 05 -0.6 0.4 -0.4 -0.8 0.6
-50% 0.6 0.7 0.4 0.6 -0.5 0.4 0.8 0.6

the ranges of the parameters in our sensitivity study is basedhow a slightly larger sensitivity on the factoB~! than the

on observational accuracies or estimated errors of these pa&mpirical and semi-empirical methods.

rameters. We have assessed the observational accuracies ofThe impact of the uncertainties in the estimates of aero-
wind speed and air temperature as 0.5fand 0.5C, re-  dynamic resistance on the uncertainties of sensible heat flux
spectively. The error in surface temperature was taken agstimate are analyzed by assignita§%, £10%,+20% and

2K which is the accuracy achieved by the current satellite£30% errors to the reference valuesrgf in Table 6. Fig-
thermal infrared measurements after atmospheric correctionre 9 shows the sensitivities of the estimated sensible heat
(Kohsiek et al., 1993). Errors in the estimateszgf, and flux to these error ranges iy;,. For the data set used in this

d might be about 50% (Verhoef et al., 1997). We took the study, underestimate of 15% gy, which is the largest error
same errors of 50% for roughness length for heat transferpf underestimate in Table 7 (corresponding to errors in wind
this is equivalent to about 25% errors in the estimaierf?. speed), will result in about 20% overestimate in sensible heat
The reference values of the parameters being evaluated wefux. Overestimate of 25% in,;,, which is the maximal er-
taken as the mean values of the whole dataset (n=1110 samer in r,; shown in Table 7, will lead to the uncertainty in
plings) and given in Table 6. The reference values of aerosensible heat flux estimate larger than 30%.

dynamic resistance for all the parameterizations are therefore

calculated based on the above reference input parameters.

The changes of aerodynamic resistance were calculate

for each of the eight parameterizations with respect to therhe measurements of aerodynamic resistance to heat transfer

errors in each of the model parameters. The results are giveyere analyzed and eight parameterizations for aerodynamic

in Table 7 in relative errors (%). resistance were evaluated using the measurements of sensible
All the parameterizations are very sensitive to wind speedheat flux from the eddy correlation system. The following

in particular when the wind speed is underestimated. Theconclusions were drawn from this study:

uncertainties in the estimated aerodynamic resistance can be The diurnal variations of aerodynamic resistance during

as large as about 22% due to underestimates of 0:5ins  the daytime (07:0818:00) were observed both over the bare

wind speed. The “MOS” methods, i.e. Thom (1975) and soil and over the maize canopy. The excess resistance in

Yang et al. (2001), are slightly more sensitive to wind speedterms of thek B—1 parameter has also a significant diurnal

than the empirical and semi-empirical methods. In contrastyariation. It is found that th&eB—! parameter was larger

the “MOS” methods are less sensitive to air temperature thamver the bare soil on 31 May than over the maize canopy on

the empirical and semi-empirical methods. In general, all26 June. Changes 8B~ in the morning and in the late af-

the parameterizations are moderately sensitive to the surfadernoon over the maize canopy imply a change of the relative

temperature. The most crucial parameters in accurately devertical position of the effective heat sourcg,() and of the

termining the aerodynamic resistance are surface roughnesdffective momentum sink:¢,,) within the canopy.

lengths for momentum and for heat transfer. All the param- The evaluation of the eight parameterizations of aerody-

eterizations have shown pronounced sensitivity to roughnesaamic resistance show that inclusion of the difference in the

length for momentum. An underestimation of 50%zi), roughness length for momentum and for the heat transfer im-

can result in errors in the estimated aerodynamic resistancproves some of the empirical parameterizations. It is found

as much as about 25% on average. The “MOS” methodghat the difference in the estimated aerodynamic resistances

g Summary and conclusions
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between the “MOS” methods and the (semi-)empirical meth-Chamberlain, A. C.: Transport of gases to and from surfaces with
ods was moderate. The study also suggests that some of bluff and wave-like roughness elements, Q. J. R. Meteorol. Soc.,
the parameterizations (e.g. Hatfield et al., 1983; Xie, 1988) 94, 318-332, 1968.

are not suitable to estimate sensible heat flux using remotelFhen, J.: The main problem with modern remote sensing evapo-
sensed surface temperature measurements transpiration model and ways of improvement, Chinese Science

s dv has indi d that th ial Bulletin (in Chinese), 6, 454-457, 1988.
Our sensitivity study has indicated that the most crucia Choudhury, B. J., Reginato, R. J., and Idso, S. B.: An analysis of

parameters in the estimation of aerodynamic resistance are ixfrared temperature observations over wheat and calculation of
the roughness lengths for momentum and for heat transfer, |atent heat flux, Agric. Forest Meteorol., 37, 75-88, 1986.
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