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Abstract

Second-order turbulence moments of wind velocities, temperature, water vapor,
and CO, observed with an eddy covariance system over a mountainous cypress forest
are used to investigate the transportation of momentum and scalars between the
atmosphere and the ecosystem.

In this site, vertical wind velocity was found to follow the Monin-Obukhov
similarity functions after separating the measurements with the uphill and downhill
flow directions. We also found that temperature similarity characteristic constant
consists with previous studies with a near unity value, while water vapor and CO,
require a Bowen ratio filtering procedure tosget more reasonable values.

The characteristic constants' found weré checked over with the flux-variance
method, and fair to good results: were-noticed. For, sensible heat flux, the general
flux-variance equation works -well. Arrd= F or water vapor and CO, fluxes, the
representative relative transport efﬁmen(nes are| preferred, while the characteristic
constants found with Bowen ratiofﬁlt_e.ring method can also provide a fair estimation.

Methods for the relation between‘relative transport efficiency and its correlation
coefficient are also explored for water vapor and CO, against temperature. A blurred
relation is found for water vapor due to the complicated humidity field over the site,
and a -0.5 power relation is introduced for CO, when Bowen ratio is higher than

unity.

Keywords: flux-variance relation, complex topography, relative transport efficiency
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Chapter 1 Introduction

To wunderstand atmosphere-forest interactions, evapotranspiration and CO,
assimilation are important parameters. These two parameters are complicated in
estimating, leading to numerous studies with different instruments and techniques. If
water and CO, transfer dynamics are clearly known, the water and carbon circulation
in the ecosystem can be found.

High frequency time series data for wind velocity, temperature, water vapor, and
CO, are collected on a micro-meteorological tower over a temperate humid cypress
forest in I-lan, Taiwan, from March 2005 to May 2009. The results are used to
investigate the turbulent transport processes within the context of the flux-variance
relation. Compared with most previeus researches, this complex study site in
topography, has a high frequency clotd coverage and experiences long period daily

torographic fog. i

The existing theory which operates ;@6othly over ideal and near ideal terrains
could not fit well at this experimental isites Severalsites which encountered likewise
difficulties emphasized the influences done by these non-ideal conditions. Since this
flux-variance relation is the only well developed way in understanding the turbulent
transport in the surface boundary layer, filtering methods were introduced to
eliminate the theoretically undesired records.

In this study, we first investigate the vertical and horizontal wind velocity
behavior in assurance of site measurement quality. Then discuss the temperature
flux-variance relation. Water vapor and CO, characteristics are analyzed with revised
filtering methods from previous studies. The relative transport efficiencies between
temperature, water vapor, CO,, and its scalar correlation coefficients are also
investigated. The similarity constants are found with records from March 2005 to

March 2009, and verified with records from April and May 2009.



Chapter 2 Theory and literature review

Based on Monin-Obukhov similarity theory (MOST), the normalized standard

deviations of wind velocities and scalars can be presented as a function of the thermal

stability:
O/ = F({) (1)
o, /% =1(() )
where o, is the standard deviation of horizontal or vertical wind velocity, u. is

.. . ——> —— \/4 . .
the friction velocity defined as u, = (u'V\/2 +V'W'2) , X 1S the scalar term, and ¢ is
the thermal stability defined as ¢ =(z-d)/L, where z is the measurement height, d

is the zero displacement (= 0.65h.5 h, 18 the canopy height, Campbell and Norman,

1998), and L is the Obukhov length defined as“L=~Tu! /kgwT'; in which T is the

air temperature, k (=0.4) is .the voh.":fKarman constant, g is the gravitational
acceleration, and WT' is the vertical témp:'e'ratlire flux.
The similarity functions of Wind_ veloeities were determined by fitting numerous

previous studies, and suggested forms areraised as:

for (<o, Cuu /U =A(1-B)"” (3)
for >0, Ouu/U- =A +B,{ (4)
for ¢ —0, Oyw/U-=D (5)

where A, A, B, B,, and D are constants estimated with measured records.

Previous results of wind velocity similarity functions are listed in Table 1, and the

site descriptions are listed in Appendix A.

For vertical wind velocity, previous studies agreed in the similarity function with
slightly different characteristic functions over varies landscapes: flat and
homogeneous (e.g. Beljaars et al., 1983; De Bruin et al., 1993; Choi et al., 2004), tall
canopy covering (e.g., Asanuma and Brutsert, 1999; Katul et al., 1995), and complex

2



topography or vegetation type (e.g., Marques et al., 2008).

For horizontal wind velocity, most studies observed no obedience in
flux-variance similarity as in De Bruin et al. (1993) over a flat and homogeneous
grass site, while some are still found following the similarity function as in Andreas

et al. (1998) over a patchy vegetation flat terrain.

As for scalar similarity under unstable condition, a —1/3 power function is
raised:

for (<o, o, /% =C,(1-C,¢)" (6)
and simplified under free convection (Cava et al., 2008) condition to

for {<-5,  0,/x=C(-{)" (7)
where o, is the standard deviation‘of sealary.x, *x.is defined as x. =wx/u., and C,,

C,, C, are the similarity characteristic constants, which is claimed in Panofsky and

—

Dutton (1984) to be universal. T N

Temperature characteristic constants (Cy) found by regression of equation (7)
follow the similarity with a near unity value over ideal terrains (e.g., Tillman, 1972;
Ohtaki, 1984; Weaver, 1990; De Bruin et al., 1993; Albertson et al., 1995; Andreas et
al., 1998; Choi et al., 2004) and with a slightly larger value over complex ones (e.g.,
Kustas et al., 1994; Wesson et al., 2001; Cava et al., 2008; Hsieh et al., 2008;
Marques et al., 2008).

Though little differences exit in C, between landscape types, the overall
assumption is that C, is independent with surface identities, and serves as a standard

value in similarity comparison against other scalars.

Since water vapor is thought to be a passive factor which depends on temperature,
the similarity characteristic constants should be equal. But this is only for some cases,
such as Hogstrom and Smedman-Hogstrom (1974) over flat mixed agricultural site,

3



Beljaars et al. (1983) over a flat terrain, and Ohtaki (1985) over a flat wheat field.
More studies unfulfilling the similarity theory are found over varies landscapes (e.g.,
De Bruin et al., 1993; Katul et al., 1995; Andreas et al., 1998; Assanuma and
Brutsaert. 1999; Detto et al., 2008; ). This dissimilarity is also observed in the CO,
similarity characteristic constant (C,) in Cava et al. (2008) and Detto et al. (2008).

As listed in Table 2, C, ranges from 1 to 1.34 (Hogstrom et al., 1974; Ohtaki,

1984; Wesely, 1988; Andreas et al., 1998; Choi et al., 2004; Hsieh et al., 2008;
Marques et al., 2008) and C_, ranges from 0.95 to 1.25 (Ohtaki, 1984; Wesely, 1988;

Hsieh et al., 2008) over flat terrain with low canopy, implying that in near ideal
conditions the water vapor and CO, source and sink partly follow the similarity. But
when encountering tall canopies or.complex terrains, scatters appeared and much

larger values are observed: a.range from-l.3:<t0.1.61 for C, (Asanuma, 1999,
Lamaud and Irvine, 2006; Cava“et'al., 2008, Hsieh ‘et al., 2008; # — %, 2008); 1.32
and 1.7 for C_ (Cava et al., 2008; Hsich efal, 2008).

Several studies discussed this dissimilarity.behavior and suggested the causing
reasons as the following: terrain complexity, source heterogeneity, active role of
temperature in the turbulent kinetic energy budget, outer-layer effects, entrainment
effects, and advection (e.g., Roth and Oke, 1995; Lamaud and Irvine, 2006; Cava et
al., 2008). The dissimilarity affects the precision of flux-variance method, as found in
Detto et al. (2008) over a Mediterranean area.

It was claimed in Andreas et al. (1998) that Monin-Obukhov similarity theory is
the only conceptual framework for treating near-surface turbulence. Intending to
understand the transports over heterogeneous surfaces, an overcome process must be
introduced. To deal with these scattering records which lead to regression bias,
filtering processes were brought about by Cava et al. (2008) and Detto et al. (2008).

In Cava et al. (2008), the anomalous records are picked out through two
processes. With two sets of eddy covariance systems, one in the canopy and one on

4



top of the canopy, the respiration events from the forest floor can be picked out by
comparing the two measurements at different heights. And by observing the
normalized time series of T', ', and c', the outer-layer effect can be found with a
sharp decrease or increase in the time series graph.

In Detto et al. (2008), a two year measurement is done over a Mediterranean area,
where vegetation changes seasonally. Close consideration of effects on scattering
records is assumed as Cava et al. (2008), but a rather subjective filtering method is
used. Detto gave strict ranges for the acceptable records for the similarity analysis
(see Table 3), and with these data filtering thresholds, the records collected reduced

to 17.8% of the possible collection.

With a single height measurement, & four year long-term data set, and unclear site
characteristics, the above two filtefing methods, are not suitable for this study. A
much more simple way in eliminating 'ai?,_fg,r_palous records is implied in Lamaud and
Irvine (2006), where water vaper during-'_?a dry-to-wet transition period over a pine
forest is analyzed.

With the Bowen ratio (Bo=H/ LE ;where H" 1s the sensible heat flux and LE is
the latent heat flux) as a classifying factor, Lamaud and Irvine separates scattered

records with those who follow the -1/3 power law: the acceptable range is

0.5<Bo<2 (see Figure 1(a)). This Bo dependent relation consists with an early
observation in Weaver (1990), where a one-dimensional eddy covariance system

measures over a tall grass prairie. In Weaver’s case, when Bo=1, C, is around 0.98,

q

and when Bo=5, C, rises to a higher value, 2.5.

For the checking of the consistency of C;, C, and C_, the flux variance

method suggested in Hsieh et al. (2008) is listed below.



H = pC, W= mp(ﬁﬁ@jw ®)

C, T
L 3 1/2 (9)
LE:LVqu:LVﬁ(MH]
C,\ pC,T
o (klz-d) ) (10)
Feo, =WC==5 = S H
L PC,T

where p (=1.192 kg m™) is the mean air density, C, (=1.017 J g' K) is the

specific heat capacity of air, and L, (=2450 J g™')is the latent heat of vaporization.

For understanding the role of the relative transport efficiencies between scalars,

the term 4 is introduced. It could bewrittenias following:

4 —Ra _WToyor WO | (11)
" R, WwWq/o,0, W00

2 _Ra _WTloo, _WT'oy pet (12)
‘" Re  Wdlo,0, wWeor

L _Ra_Wdjo,0, _wqo, © < (13)

“ Re wc/o,o, -~ wc o,

where R, is the correlation coefficient between x and .

Theoretically, for the scalar characteristic constants to approach unity as assumed
for ideal conditions, the correlation coefficients between the vertical wind velocity

and the scalars should equal, as R, =R,, =R, and the relative transport efficiencies

should value around unity. It is introduced in Asanuma and Brutsaert (1999) that if

we substitute equation (7) into equation (11), (12) and (13), respectively, we get the

following:
Arg =Cq/Cr (14)
Are =Cc/Cy (15)



Ag = CC/Cq (16)
It is obvious that if A, >1 or C,>C,, the transport efficiency of temperature is

higher than water vapor. The same explanation for equation (15) and (16) is derived.

.21 and A, >1 are found in most of the recent studies, which means that the

temperature usually transports more efficiently than water vapor and CO,. Moriwaki
(2006) addressed that both the active role of temperature and the heterogeneous
source distribution of scalars were the cause of this phenomenon. This value consists

with the declaration given above, C. <C, and C; <C_. With this equal relation and

the relative transport efficiency value, another FV method function is generalized as

below:
LE= 1L, %o g : (17)
! R\NT Ot
co, = R &V\/_T' AR . (18)
" Raor =i

And good results are showed for-water Vaﬁor in Choi-et al. (2004).

Wesely (1988) claimed that to usexw-x/why' on turbulent flux estimation, as in
equation (17) and (18), the correlation coefficient between x and y must be near

unity. And so the analysis of correlation coefficients between scalars (R;,, Ry, and
R.) 1s add into the discussion by Katul et al. (1995). These values represent the

dynamic relation between the two scalars, which helps in finding the motive powers

of scalar transport in the ecosystem.

The different behaviors of R, in wet and dry conditions were analyzed in
different ways. Detto et al. (2008) found that when water supply was sufficient, R
and - R,, would have a near unity centralized value. And through dry conditions, the

correlation coefficients would be scattered and R, appears lower than —R . The



dissimilar reason aimed on the land cover heterogeneity in water vapor.

With statistical approach and a near unity R, value, Bink and Meesters (1997)
stated that the relative transport efficiency A, could be approximated by R;, when
Arq <1 (usually found in dry periods) and by 1/R,, when A, >1 (usually found in
wet periods). It is then claimed that for R, far from unity, instead of assuming that
this behavior exists, the flux-variance method could be improved if R;, is used as an

estimate for the ratio of the transfer efficiencies.
It is then obvious that between clearly wet and dry conditions, a blurred zone
exits. Lamaud and Irvine (2006) constructed the relationship in this zone as a

function of the Bowen ratio:
Arg = Ry -_ (19)
where k=-1-2log(Bo) when 0.1 <Bo<] (see"Eigure 1(b)). Moriwaki and Kanda

(2006) tried this relation on CO,, and fo’ug’g___q'similar linear relation between ;. and

R, presented with a ratio as A;;=0.6R;, .-



Chapter 3 Experimental site

This experiment site is located in the Chi-Lan Mountain area, Ilan, northeastern
Taiwan (see Figure 2(a)). The measurement tower location is 24°35°25.03”N,
121°24°55.46”E; 1650 m above sea level. Research area ranges in altitude from 1400
to 1800 m with a average slope around 15° in valley direction (NW-SE). It is close to
the Yuan Yang Lake natural preserver, always from any major industrial or urban

impacts (see Figure 2(b)).

As detailed in Klemm et al. (2006), the dominant species of this cypress forest is
the Chamaecyparis formosensis and .theschamaecyparis obtusa var. formosana
(together over 82%). The investigated Vegetafion distribution is shown in Figure 2(c).
The mixed cypress forest areas:are in-the original<forest composition with different
tree ages and life stages, and the hé%é--_cypress forest area was a 40-year-old
chamaecyparis obtusa var. formosana plz;ntation (planted between 1961 and 1978).
The other areas were shared byf .32_. broad=lcaved tree species. Tree heights vary
between 10 to 13 m above ground with-a“closed tree-crown and extraordinary

uniformity.

The climate is classified as humid-temperate. Annual air temperature is around
14°C with the highest monthly average occurring in July (20°C) and the lowest
occurring between December and February (7°C). The monthly averaged relative
humidity is higher than 80% through the whole year. Fog duration per day is up to 13
hours in winter time and lowered to about 3 hours in summer time. The annual
precipitation is larger than 4000 mm with rainfall mostly occurring in the summer
and early autumn. High frequency of rainfall, cloud and fog coverage reduces solar

radiation income, which is an important influence factor at on biophysical reaction.



As described in Klemm et al. (2006), this site has a typical wind direction
behavior; valley winds mostly come from south-east during day-time, and mountain
winds mostly come from north-west during night-time, as showed in Figure 3. The
valley winds brings advection with warm and moist air masses leading to foggy
conditions, and the mountain winds brings advection with cool and dry air masses

dissipating the fogs.

The instrumental tower (see Figure 4) is equipped with a fast response EC system
and several low frequency climate record instruments. The equipments and its
location in this study are listed in Table 4. Since the operation begin in March 2005,
several instrument repairing and changing occurred, as listed in Table 5.

The EC system was set at 23,8 m above ground surface, and data collection is set
at 10 Hz. A sonic anemometer and.a gas analyzer form the system, and the time lag
between instrument collections are captuf:g_r_g_i_ _;c}hd cotrected when data-logging.

The climate instruments are more slt-'_éble than ;the EC system in performance.
CRN-1 radiometer is placed at 22.5 m, quantum sensor collecting the photosynthetic
active radiation is places at 23.6 m, air temperature and humidity were measured at
23.6 m with shield covering, and canopy-top visibility is tracked for fog existence.
These low responding instruments are connected to a data-logger (CR23X before
2006/9 and CR5000 after 2006/9) with collection at 1 Hz and a 10 min interval output.

All instruments are powered by a series of 12 VDC batteries.

Data collection began on March 2005, and the analyzed period extends to May
2009. High quality records from March 2005 to March 2009 were picked out for
similarity characteristic constants regressions, and records within reliable thresholds
from April to May 2009 were used to check these constants with flux variance
methods.

Raw data were first checked for amount and time series continuity, and then unit
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conversion and two repeats of spike removal with +4c acceptable range are held for
each 30 minutes. Maximum correlations between vertical wind velocity and scalars
are calculated to insure time lag between instrument outputs.

Steady state test is provided (see Appendix B), and we use the test from Foken
and Wichura (1996) in our study. Data with RN_, >10 are eliminated before

coordinate rotation (see Appendix C). Planar fit method is brought up in two ranges
of wind directions: 0-200 degree and 200-360 degree. After the coordinate rotation,
Webb-Pearman-Leuning correction (Webb et al., 1980) and scalar density correction
(Detto and Katul, 2007) are done. Manual check on reasonable ranges and relations

between flux and climatic data are done. Data with RN_, <0.3 are applied for the

characteristic examinations. Fetch examination with footprint model from Hsieh et al.
(2000) is done for source area'investigation. The same steps were followed for

records from April to May 2009, ;but with RN, <0:75 as the reliable threshold.

4 = '-:“5 "'
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Chapter 4 Results and Discussions

In this section, we discuss the wind velocity, temperature, water vapor, and CO,
characteristics with the flux-variance method, both in normalized standard deviation
and relative transport efficiency. The characteristic constants and representative
relative transport efficiency are checked for consistency. Also the parameterization of
the relation between relative transport efficiency and its correlation coefficient is

examined.
4.1 Wind velocity characteristics

In spite of the complexity of aur_study-site;<a good result is found for vertical
wind velocity under unstable condition-As showed in Figure 5(a), the uphill direction
wind follows closely with the suggeste.:c.l%u'nction, &, Ju. =C,(1-C,¢)" , resulting in
C =12 and C,=19 at RMSE=0.43| Fo'r‘:'.the dowﬁhill direction showed in Figure
5(b), a similar result with slightly larger value is found with C,=13 and C, =121
at RMSE=0.64. With this result we conclude that vertical wind velocity similarity is
obeyed even over a complex terrain, which matches with the declaration in Detto et al.
(2008) over a seasonally changing Mediterranean ecosystem.

For the horizontal wind velocity (see Figure 6), a fair performance is found with
function o, /u, =C,(1-C,¢)” in the uphill wind direction: C,=2.18 and C, =0.69
at RMSE=1.13. Scatters are found in the downhill wind direction, which is thought to
be caused by the separated bubbles appearing when air flows down a steep hill.

Comparing with the uphill direction, a shift up regression line with C, =2.81 and
C, =0.49 at RMSE=1.77 is determined.
In downhill wind direction results (Figure 5(b) and 6(b)), the scattered o, /u.

and a well performed o, /u. suggests that the planar fit method works well in the
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wind-field-planar search over this complex terrain, which rotated the coordinate
system parallel with the mean stream line to provide acceptable vertical transport
calculations.

A comparison with suggested wind velocity functions from previous studies is
showed in Figure 7. It is then concluded that the vertical wind similarity functions are
close to each other over different land covers, while the horizontal wind similarity

functions varies, especially under very stable states.

For records under stable conditions collected in night-time, scatters exist in both
horizontal and vertical wind velocities while it roughly follows the suggested

function, o,,/u.=C +C,{. As Marques et al. (2008) inspected, self-correlation

effect under stable condition is large, which leads to errors in similarity estimations.
Also that long fetches ranging from*1000 m to 9km are found in our records, which
includes undesired source area. We do hdfﬁdiséuss the.behavior under stable condition
in this study. A

Due to the short transition periods-and the Targe errors during transition time over

this site, records under neutral or near neutral condition are rare and scattered. Thus

we determine the approached constant values of o,/u. and o,/u. with records

under unstable and stable conditions. Though differences between the
two-side-approach exist, comparing with previous studies, the values are in

acceptable ranges: o,/u. from 1.93 to 3.03 and o, /u. from 1.1 to 1.37.

Details of the similarity constants are listed in Table 6.

4.2 Scalar characteristics

The scalar characteristic constants in function o,/x. =C,(-¢)"” are estimated
with records under free convection (-¢ >5 from Cava et al., 2008). Results are

showed in Table 7 and Figure 8, 9 and 10. An over all fair relation is found in the
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following of the similarity functions with different C, values obtained.

The temperature characteristic constants are found near unity with C, =1.17 in
uphill wind direction and a higher value of 1.29 with downhill wind direction. This
implies that the temperature field is more uniform in the downhill side (single species
forest) than the uphill side (natural mixed forest) forest, which matches with the
assumption that the leaf shading identities dominate the temperature field over closed
forest sites.

For water vapor characteristic constants, the filtering method introduced in
Lamaud and Irvine (2006) is used. The Bowen ratio in our study has a much smaller
range than the conspicuously dry-to-wet pine forest site in Lamaud and Irvine (2006)
(ranging from 0.2 to 9), so a shrinkage in the acceptable Bowen ratio range is set to
be 0.8<Bo<125. Records in ¢classificationof ‘the, three Bowen ratio ranges are
showed in Figure 8, and good filtering of _;ﬁ;atfered points are observed for both uphill
and downhill wind directions. The constants (1:57 and 1.77) are much higher than the
temperature ones, matching with ihe_heterogene-ity observed over a coniferous forest
sites in Cava et al. (2008). '

The Bowen ratio filtering method is also placed on CO,, with the hypothesis that
water vapor and CO, are both biophysically powered. With the classification, most
scatters were filtered out, leaving some obvious outliers for manually pick-out. The
characteristic constants found for the uphill and downhill wind directions are 1.45
and 1.49, which is lower in value and also more concert than the water vapor
constants with RMSE values 0.12 and 0.138 against 0.215 and 0.269. This lower
behavior also matches the finding in Cava et al. (2008).

Choi et al. (2004) claimed that the value of Cy is universal and independent on
surface conditions, while Cq seems to be dependent. Hsieh et al. (2008) suggested the

roughness length as a positive factor of the characteristic constant values, where C,
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and C_ increases as z, increases. We examined the characteristic constants against

roughness length in the studies list in Table 2, result is showed in Figure 11. A log

form trend is found for C,, while second order polynomials are observed for C;
and C,. This result can only be viewed as a reference, because of the different

procedures in the determinations of the constants.
4.3 Correlation coefficients and relative transport efficiencies

The correlation coefficients of vertical wind velocity with temperature (R,;),
water vapor (R, ), and CO, (R,.) are showed against thermal stability in Figure 12,

13, and 14. It is observed that thesé correlation eoefficients have different values at
the same stability, which matches with the observed results in Beljaars et al. (1983)
and Moriwaki and Kanda (2006) over cor‘,p__‘pl'e).( terrains. Not much difference is found
between downhill and uphill wind directi&; restiled) .

With the probability distribution -funéfion analysis, maximum occurrence values
are estimated for temperature, water vapor, and CO,: in uphill wind direction 0.61,
0.46, and -0.49, respectively, and in downhill wind direction 0.59, 0.48, and -0.48,
respectively (listed in Table 9). It is obvious that temperature has a better correlation
with vertical wind velocity than water vapor and CO,, just as found in previous
studies, while water vapor and CO, are at the same magnitude of correlation.

Observing the R, records in Figure 12, we surmise that the values begin at zero
under neutral condition and increase roughly to its maximum when -{ =1, then
smoothly decreases as the —¢ gets higher. This same behavior is expected on water

vapor and CO, with records lower in magnitude and more dispersed as found in
Lamaud in Irvine (2006).
The correlation coefficients are than plotted against Bowen ratio, as in Figure 15,

16, and 17. Clear triangle shaped relation are found in temperature and CO,, with
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near zero values at Bo— 0, highest values around Bo=0.5, and approaching
constant when Bo>2. Water vapor shows a scattered relation, partly independent to
the Bowen ratio. We conclude that temperature and CO, over a highly humid forest
are most active when latent heat flux dominates the energy transport. While for water
vapor, the high humidity interrupts the transport reaction and behaviors independent

with Bowen ratio are found.

Relative transport efficiencies between the scalars are showed in Figure 18, 19,

and 20. By operating the probability distribution analysis, values of A4, 4, and

A, are found as 1.105, -1.095, and -0.95 in uphill wind direction and 1.125, -1.075,

o
-0.88 in downhill wind direction, respectively.(see Table 8). With these values, we
conclude that temperature has the highest traﬁsport efficiency which is then followed
by CO, and lastly the water vapor./This-result.matches with the observations in Cava
et al. (2008) over a coniferous forest. No’,t"-—much difference is found between the two
wind directions. .

When only leaf stomata contr;ﬂ t_he mass transfer, the relative transport efficiency
of water vapor and CO, should approach -1"and the inequalities may be used to
access respiratory contributions (Cava et al., 2008). Katul et al. (1995) and Andreas et
al. (1998) claimed that relative transport efficiency of temperature and water vapor
should be close to unity when approaching neutral stability, then scattering out as the
stability goes more unstable. Same as results over a suburban area in Moriwaki and
Kanda (2006), the claimed stability dependent relation is not found in our study.
Values under unity are found for near neutral stabilities, implying that water vapor
and CO, transport more efficiently than temperature under these conditions.

The relation of relative transport efficiencies against Bowen ratio are showed in
Figure 21, 22, and 23. A clear relation as found in Lamaud and Irvine (2006) is

observed for both A, and A, . The values approach zero when Bo— 0 and scatter

out with values higher than unity. No relation to Bowen ratio is found in A,
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showing that energy partitioning differences do not influence the transport ratio of
these two photosynthetic scalars, which implies that biophysical reaction dominates

over this site.

With the characteristic constants and relative transport efficiencies collected
(listed in Table 7 and 8), we check over these results with records collected in April
and May, 2009. The measured and calculated values of sensible heat flux, latent heat
flux and CO, flux and results are listed in Table 9.

A 0.91 slope is found in sensible heat flux with r-square values at 0.74 (see
Figure 24). With all the day-time records involving, this result is assumed to be good.
For latent heat and CO, fluxes, the Bowen ratio filtering method rise the estimation
accuracy in the FV functions from Hsieh et al. (2008) around 10%, with r-square
value increasing from 0.48 to 0.59 for latent heat, flux, and 0.43 to 0.62 for CO, flux
(see Figure 25(a) and 26(a)). Cava et'x-;_e_t;_l_._..'(ZOOS) claimed that after the filtering

methods, values of C, and C,.-are not identical to:the similarity theory functions,

even though they follow the scaiihg.' Withuthe improved estimation given, we still
assume the constants after filtering as'a.good:tool for gap filling.

While the relative transport efficiency is presented with its median or mean, the
peak value found by the probability distribution function gives a good shot when we
observe the prediction functions from Choi et al. (2004). Slopes with value of 1.07
and 0.81 are found for water vapor and CO, flux, with r-square at 0.62 and 0.7. This
estimation result is clearly better than the characteristic constants (see Figure 25(b)
and 26(b)). A FV method choice is then suggested: when relative transport
efficiencies have a well shaped bell like distribution, the most occurred value found
by the probability distribution function is assumed a good way in estimating; and
when relative transport efficiencies are scattered or not available, Bowen ratio
filtering method on the normalized standard deviation function can also give a fair

estimation.
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The results of correlation coefficients between scalars (R, R, and R,) are

showed in Figure 27, 28 and 29. Unlike the highly concentrated value found in Cava
et al. (2008), scattered points are observed, indicating that the scalar fields in this
study are mostly independent to thermal stabilities, especially for water vapor against
temperature or CO,.

In Scanlon and Sahu (2008), day-time correlation coefficients between water
vapor and CO; are close to -1 during dry conditions, and degrade in magnitude during
wet conditions. This degrading is assumed to be caused by large-scale eddy
convections (Roth and Oke, 1995). With previous studies focusing on areas with
obviously dry or wet conditions, our scattering result imply that over high humidity
and biophysically dominated areas the comp'lexity in water vapor transfer exits and
the saying provided fails. W

We then examine the relationship bf;&_@hgée scalat correlation coefficients against
Bowen ratio (see Figure 30, 31,7and 32), ahd the suggested steep rising pattern from

Lamaud and Irvine (2006) is only foundfin—R.; supporting the further complexity

saying of water vapor behavior. Further anélysis over high humidity zones is needed.
4.4 Parameterization of 1-R relationship

The k power method in Lamaud and Irvine (2006) is examined on water vapor
as showed in Figure 33. Different to the results found in Lamaud and Irvine (2006),
k did not approach -1 for water vapor when Bo>1; it instead follows the same
relation as the records with 0.1<Bo<1, where functions of k=-0.44l1nBo-0.64 and
k=-0.5InBo-0.64 are found in uphill and downhill wind direction, respectively.
These k values are checked with records from April and May in 2009, and results
with undesired r-square values show that the k power method is not suitable for

water vapor. But clearly some kind of relationship determined by Bo exists.
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By examining Figure 34, we see the relation between A;; and R, falls in the
range of Ay =R, and A =1, and the slopes found with -1 power regression get

steeper as the Bowen ratios get higher. With this observation we produce a relation

function as R, =at; +b, where a and b are linear functions of Bo.

As showed in Figure 35, records with Bo<0.4 are rare and scattered, so
regression is only done for records with 0.4 <Bo<35. Six selected ranges and their
regression results are listed in Table 10(a). Plotting the results in Figure 34, we can
obviously see that the relation functions between Bo and a or b could be
classified into two zones: Bo<1 and Bo>1. When Bo<1, a negative linear relation
is found for a and a positive one found for b; while when Bo>1, no relation is
observed. Placing the regressed values back tothe produced function, we get the new

relation between A7, and R, as listedsin Table 10(b).

Assuming biophysics dominating, ‘the/ same procedures are placed on CO,.
Comparing with water vapor, a rather dif%fént result is showed in Figure 36. When
Bo>1, an independent relation betw_een-t'l.( and Bowen ratio is found, suggesting
-0.55 and -0.5 as k values for the uphill and downhill wind directions. The same
calculation procedure on a and b are also done and results are showed in Figure
37 and 38 with values listed in Table 11.

Lamaud and Irvine (2006) claimed that the scattering in the k regression is
anticipated and acceptable, and the intermediate relations stand still in the behavior
estimation. With records from April and May in 2009 as a checking in the fitting of

k and R, =at,, +b, acceptable results are found for 0.4<Bo<1 and rather good

results for 1<Bo<4 (see Figure 39 and Table 10 and 11).
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Chapter 5 Conclusions

With measurements separated into uphill and downhill directions, the vertical
wind velocity was found to follow the Monin-Obukhov similarity relation over a
mountainous terrain. Temperature also follows the similarity function well with a
characteristic constant higher than unity value, and through Bowen ratio filtering
method, reasonable characteristic constants can be found for water vapor and CO..

Over high humidity forests with long-term fog duration and no water coverage
and sufficient radiation input, the water vapor transport characteristics are
complicated, while temperature and CO, characteristics behave more actively in
conditions with low Bowen ratios. Wateruse efficiency which could separate stomata
transport with non-stomata ones would be-an important future work for these kinds of
ecosystems.

For application of FV method in ga{ﬁ?‘ﬁﬂing, the representative value of relative
transport efficiencies between temperafuré; water vapor and CO, are suggested with
functions in Choi et al. (2004). Wiﬁle the'BV-functions in Hsieh et al. (2008) together
with filtering thresholds in Bowen ratio couldobtain fair results.

The relation functions between relative transport efficiency and scalar correlation
coefficients are investigated for water vapor and CO, over this site. A -1 power law
with parameters in linear functions of Bowen ratio is raised when 0.4<Bo<1 for

water vapor and CO,, and a -0.5 power law is introduced when 1<Bo<4 for CO,.
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Appendix

Appendix A. Brief site descriptions of previous studies cited

study

brief site description

Tillman (1972) (a)

Homogeneous and flat grass terrain at south Dartmouth, Mass;
land covering: grass; measured at 40 m. Fair weather periods
used; sampling at 1.2 sec and averaged at 60-75 min;
instruments: bivane, platinum resistance temperature
transducer, dual-channel microwave refractometer.

Tillman (1972) (b)

Bonneville salt flats near Wendocer, Utah; land covering:
crystalline salt; measured at 0.55, 2, and 8 m. Sampling at 12.5
Hz and averaged at 40 min; instruments: channel platinum
temperature transducer, sonic anemometer.

Hogstrom et al.
(1974)

Agricultural site covered with:different kinds of crops and
scattered groups.ef housesiand trees at Marsta, Sweden;
covered with' different crops and'scattered houses and trees.
Measurement height‘}:é;_t_,_?g'and 12 m; data collecting at 30-50 Hz,

Beljaars et al.
(1983)

averaging period 30 min.

In the center-of the Netherlands; flat grassland interrupted by
trees; measurement height'3.5 m and 22.5 m; 10 min linear
trend removal; ‘averaged at 30 min. instrument: Kaijo-Denki
DAT300, Lymanalfa humidity sensor, thermocouple.

Ohtaki (1984)
(a & b)

The first and second experiment: Wheat covered Kurashiki
site; canopy height 0.4 and 0.65 m and measured at 1.1 m.
Record collected on 3/29 and 4/20, 1982; instruments: special
designed IRGA, sonic  anemometer, thermocouple
thermometer.

Ohtaki (1984) (c)

The third experiment: Wheat covered Hachihama site; canopy
height 0.85 m and measured at 1.8 m. Record collected on 5/2,
1983.

Weaver (1990)

Tall grass prairie and desert-shrub; averaged in 5 &15 min;
sampling at 10 Hz; cup anemometer, fasr-response Young
03001, wet-bulb psychrometers and Krypton open-path
hygrometers, fine-wire thermocouples.

De Bruin et al.
(1993)

Horizontal uniform plain of La Crau, South of France; grasses
and herbs covered; data collected during dry sunny periods,
June 1987; sampling at 0.7 Hz and averaged in 10 min;
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measurement at 11.3 m; instruments: sonic anemometer (Kayo
Denki IC-05D), fast temperature sensor (KNMI) and Lyman-a
hygrometer (BLR).

Padro (1993)

Fully leaved deciduous forest, leafless deciduous forest, a
wetland region; summer time; northern Ontario, Canada.
Canadian Forces Based Camp Borden; 44°19°N, 80°56’W;
July & August 1988; canopy height 18 m; measurement height
33.4 m; 30 min averaged.

Kustas et al.

Fairly complex surface in the Walnut Gulch experimental

(1994) watershed; mildly hilly terrain with homogeneous vegetation;
measurement height 2 m; 8 sites.

Albertson et al. Dry owens Lake bed in Owens Valley, southeastern California;

(1995) during late June and early July, 1993. Measurement height 2.5
m; Instrument: Gill-1012R2; sampling at 10 Hz and averaging
in 13.6 min.

Hsieh and Katul Non-uniform Alta Fescue grass covered forest in Durham,

(1996) North Carolinag€levation 163 m; measurement height 1.54 m;

instrument: Gill tr'i,ajg_i_a_l; sonic anemometer; canopy height 0.23
m; Measured on 7/26:27 (21Hz, 26 min) and 8/10 (56 Hz, 19.5
min). - s ' '

Andreas et al.
(1998)

McKenzie Flats in Seville’ta__Nétional Wildlife Refuge;
106°41°9.472W, 34°21°5.157N; homogeneous (in large scale)
grassland (38% vegetation covered); black grama (Bouteloua
eripoda, 18%) dominated with height 0.05 m. Record collected
on 4-16 August, 1991 during rainy days; Kaimal
sonic/thermometer mounted at 4 m; data collected at 10 Hz,
averaging period 50 min.

Asanuma et al.
(1999)

Flat Landes forest; land covering: maritime pine stands (65%)
and agricultural crops and clearings (35%). Pine height 10-20
m. Variable surface over 150 km flight measurement; block
averaged over 10 km. During HAPEX-Mobilhy in 1986, in
southwestern France.

Choi et al. (2004)

Short grass prairie (BJ site on Tibetan Plateau) near Naqu,
Tibet, China; 92.04°E, 31.29°N; 4580 m above sea level; soil
type: sandy silt loam; canopy height 0.05 m and measured at
2.85 m; homogeneous and flat terrain. Record collected during
late May and mid September, 1998 (wet and dry season transit
at late June); sampling at 20 Hz and averaged at 30 min;
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stationary test and WPL correction provided; instruments:
CSAT3, KH20, thermocouple.

Lamaud and Irvine
(2006)

30 year old maritime pine stand in Landes forest, La Bray,
France; main species: Pinus pinaster Ait; sequentially rainfall
and drought; canopy height 19 m and measured at 40 m.
Record collection during 7/28-10/24, 1999 at local time
1000-1400 used; sampling at 20 Hz and averaged at 30 min;
instruments: Grill R3 and E009.

Moriwaki and
Kanda (2006)

Low storied residential area in Kugahara, Tokyo, Japan;
34°34°N, 139°41’E; land covering: house (33%); house height
7.3 m and measured at 29 m; flat and uniform with 5.7° at one
direction. Record collection in July 2001 at local time
0900-1600 under fair weather periods; sampling at 8§ Hz and
averaged at 60 min; double rotation method provided; WPL
correction provided;instruments: USA1, LI17500.

Cava et al. (2008)

Uneven-aged mixed coniferous forest at Lavarone, Italy;
45.96°N, 11.282E; 1300 mabove sea level; main species: Abies
alba (70%); maxi'rngg_n_LAI: 9.6; canopy height 28-30 m and
measured at 32 m. Record collection during 8/10-9/8, 2000 at
local time 0900—15_00?'11nder cloud free periods; towered
situated on gently rolling plateau; sampling at 20 Hz and
average at 30'min;:double rotation method provided; stationary
test, WPL and Detto-Katul correction provided; instruments:
Gill R3, L17500.

Detto et al. (2008)

Mediterranean ecosystem at Orroili, Sardinia, Italy; 39°41°N,
9°6’E; 500 m above sea level; land covering: soil and grass
(70%); LAI: 3.5-4.5; maximum canopy height 5 m and
measured at 10 m. Record collection during April 2003 and
October 2005 at day-time under fair weather periods; sampling
at 10 Hz and averaged at 30 min; planar fit method provided;
WPL and Detto-Katul correction provided; instruments:
CSAT3, LI7500.

Hsieh et al. (2008)
(a)

Temperate humid grassland at Crook County, Ireland; 52°8°N,
8°39’E; 200 m above sea level; canopy height 0.1-0.45 m and
measured at 10 m; flat terrain. Record collection during
1/1-12/31 2002 under unstable condition; sampling at 10 Hz
and averaged at 30 min; double rotation and planar fit method
provided; WPL and Detto-Katul correction provided;
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instruments: Young 81000, LI7500.

Hsieh et al. (2008)
(b)

Subtropical monsoon irrigated paddy rice field at An-Kang,
Taipei, Taiwan; 24°57°N, 121°31°E; <20 m above sea level,
canopy height 0.5-0.8 m and measured at 2 m; flat terrain.
Record collection during 9/26, 2006 to 5/18, 2007 under
unstable condition; sampling at 10 Hz and averaged at 30 min;
double rotation and planar fit method provided; WPL and
Detto-Katul correction provided; instruments: CSAT3, LI17500.

Hsieh et al. (2008)
(c)

Warm temperate yellow cypress forest at Chi-Lan mountain,
Ilan, Taiwan; 24°35°N, 121°30’E; 1650-2432 m above sea
level; canopy height 10.3 m and measured at 24 m; sloppy with
15° at one direction. Record collection during April 2005 to
December 2006; sampling at 10 Hz and averaged at 30 min;
double rotation and planar fit method provided; WPL and
Detto-Katul correction"provided; instruments: Young 81000v,
L17500. -

Marques et al.

Pantanl wetlandfArboreal savanna at Mato Grosso do Sul,

(2008) Brazil; 19°347S, 5'7?-‘:1__’_W;" 80 m“above sea level; measured at 25
m. Record collectionsduring April and May 1998 (wet and dry
transition) under rain’freg periods; sampling at 21 Hz and
averaged at 60 min; instruments; Gill-Solent.
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Appendix B. Steady state tests

Under steady state conditions as assumed in the empirical equations, all statistical
parameters do not vary with time. Non-stationary conditions occur when changes
were made during time, such as changing in meteorological variables and weather
patterns. Let out the expectation, it was nearly impossible for wind or scalars to
perform ideally steady state behavior, which then leads to acceptable ranges of
non-stationary rate.

Two different steady state tests were widely used nowadays in order to test the
uniformity in the averaging periods: one is based on block average difference as in
Foken and Wichura (1996) and Rebmann et al. (2005), and the other based on the
difference divergence as in Mahrt (1998). |

Foken and Wichura (1996) propo's"e;__é,_._the non-stationary ratio (NR) based on
developments of Russian scientist, compél?‘-ring'the statistical parameters through the
whole averaging time with short interval.averages divided from the total interval.

The time series in one basic averagingiinterval is separated into M short
intervals, which leads to N number of data within each. The covariance x'w is
calculated for the total interval and each sub-intervals, where w is the vertical wind

component and x could be the horizontal wind component or scalars.
Each sub-interval flux is calculated as (xw) :ﬁ[Zijj—ﬁZXJZWJ :
—1L o
where i represents 1 to M, and | represents 1 to N. In order to calculate the

non-stationary ratio, the sub-intervals are averaged to get one flux value,

XW =ﬁ2(ﬁ\/), . The overall covariance (xw), is calculated as

W)O:mjz[zxjwil N [ZXZWH

J
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is presented as NR %(X V\{) V\g))( W)"‘ :
X'

and the ratio of non-stationarity, NR

ov

In Foken et al. (2004), with an averaging period of 30 minutes, M =6 and
N =3000, the single averaged period is assumed steady state if RN_, <30%. As for

Aubinet et al. (2000), all data with differences NR_, <30% were of high quality and

those with differences between 30% and 60% have an acceptable quality. Concluding
with several different flagging ranges produced, the strict standard of stationary limit

for characteristic analysis is suggested to be 0.3. Arranged flagging qualities are

showed in Table Al.

In Mahrt (1998), basing on the fact,that for stationary conditions, the standard
error of the record mean due te random Vé'riability within the record predicts the
variability between record means, the_deviation“against this status forms NR. First
we separate the total averaging interve?ll"'_fé.._ ,.I. records, and then divide each record
into J sub-record segments as showed in'-?Figure Al(a).

The within-record standard déViaﬁon of the:flux for the ith record is calculated

as o,(i)= \/ﬁi[F(l j)-F@)f , where F(i,]) is the flux of the jth segment of the
=

ith record and F(i) is the average flux of the segment fluxes within the ith record.

The random error was then determined by RE=0,/VJ . The between-record

! fred .
standard deviation was calculated as o, = \/le( F), where F is the
i=1

average flux measured in the total interval.
By comparing the value of the within-record and between-record standard

deviation defines the non-stationary ratio, NR=o,,/RE , and for stationary

conditions NR is approximately unity. The standard limits of NR for steady state
record limitation is obtained by the relation between NR and SER (scaled energy

residual) as showed in Figure A1(b).
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In Figure A1(b), the transition point of the SER wvalue is around NR=2, and so
value 2 is suggested in that study. This value should be obtained independently for
each site, in order to avoid bias in the ‘climatology of the data’. This procedure also
implies that eliminating the non-stationary records leads to a better energy closure

performance.

< ";55 I

27



Appendix C: Coordinate rotation

Errors in correlations of vertical velocity between wind components and scalars
occur if the instruments were not leveled or the mean streamline was not perfectly
horizontal. To apply the governing equations of EC method under these conditions
encounters the problem of non-homogeneous in horizontal items. Two solving
choices arise against this condition: aligning all instruments to the local direction of
the axis, or allow the flow to set the coordinate system.

The further is difficult when there are many instruments mounted on the tower,
so the latter one is widely used. Three typical coordinate rotation methods are
presented in previous studies: double rotation method, triple rotation method, and
planar fit method. All three with the applicability for the rotation of velocity into the

streamline coordinate system.

Double and triple rotation method

4 = '-:“5 "'

Double rotation method was first introduced by Tanner and Thurtell in 1969, and
described in details by Kaimal and Finnigan (1994). A triple rotation method is
addressed in McMillen (1987) for over-land usage.

This rotation is usually performed after each 30 minute period collection; the
rotation angle is determined by the mean wind velocity measured by the original
coordinate system. The first rotation with angle «=tan"'(v/u) sets x,, to the
projection of the mean wind direction on the original x-y plane. The second

rotation then aligns x.,, with the mean wind velocity direction, with rotating angle

0 =tan"' (w/ Ju? +v2 )) After these two rotations, v, and W, are forced to zero.

The third rotation gives three different choices: rotate to let w—u plane tangent
to the geo-potential vertical, rotate to let w—u plane perpendicular to the ground

surface, or rotate to let w'u'=0. This third rotation was later assumed unnecessary
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because it results in creating unrealistic values and over rotating.

In double rotation methods, each averaging period was treated independently,
which is not the real fact in natural. It was then widely criticized in using over
complex terrains, because single events which have nothing to do with the coordinate
system could contribute significant rotation for particular averaging intervals. This
phenomenon is discussed and concluded that the third rotation should be avoided in

Finnigan (2004).

The traditional way in doing the double or triple rotation needed angle
determination ahead of time, which contains several steps in quadrant estimating. A
vector-crossing-dotting procedure for the first two rotations is suggested. First we
cross product vector (0,0,1) with (@,v,0). and get the new Y axis vector in unit form;

then we cross product vector (U, W) with"(¥,,y;,y,) and get the new Z axis

vector in unit form. Dot product was putzto use in determination of the new wind

velocity values with the " unit' form “of| | the “three new axis vectors are
Upe = {0,V W 1o {000, v, = (v on fedioys vid, and i, ={u, v wle{z,2,,2.}.
Disadvantages of the double and triple.rotation methods are discussed in Wilczak
et al. (2001). For double rotation method, the tilt angle estimation bias leads to a
sampling error in the mean vertical velocity. And without correction in the lateral tilt
component, a large mean bias in cross-stream stress appears. As for triple rotation
method, large sampling error in the measured lateral stress increases the run-to-run

noise in the longitudinal stress component.
Planar fit method

With the calculation errors possibly caused by the double and triple rotation
methods, Wilczak et al. (2001) proposed a new coordinate rotation method called the

planar fit method, and demonstrated in its study that it reduces the run-to-run stress
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errors due to sampling effects. As shown in Figure A2, planar fit assumes that the
wind velocities of an individual site falls on a plane dependent on the topography.

The desired unit vector is {T, T,R}, where i, j,and k are parallel toits x, vy,
and z, respectively. Thus the new vertical velocity could be written as
w=ket =1k k,,k o0, ,v,,W —b,}, where U is the mean velocity and b, is the
instrument offset in the wvertical velocity. Rearranging the equation, we get
W, =b, +b 0, +b,v, + W/k, , where b =-k /k, and b, =-k,/k,.

By collecting long-term wind velocity values, regression procedure is employed

to get by, b, and b, with w=0. Then with b,, b, and b,, we get vertical

direction unit vector k, and the herizontal unit vectors j and i are calculated
through formulas j = (Exﬁ)/‘lzxﬁ‘ and’ 1 = Xk <The three unit vector then provides

a dot product procedure to examine the -tr‘u_:e___\.fa.lue of flux exchange.

Planar fit method has the advantagest'_’t_h.ellt tilt angles where computed with large
amount of data which lowers the sampling 'error, 'and also the accurate lateral
component could be found. The one disadvantage of this method is that based on

long-term regression, it could not be applied in real time.

Excluding extreme values of wind speed helps the regression of usual local wind
field, which was suggested a threshold of 5 ms" for agricultural low land sites in
Central Europe (Mauder and Foken, 2004).

In Kaimal and Finnigan (1994), evaluating the flow over a steep hill encounters
different conditions in up-hill and down-hill wind directions. The real stream lines
from up-hill wind flow is assumed to be parallel to the hill surface with a deceleration
to the crest, while the down-hill wind flow develops a wake region and also have an
opportunity to form separation bubble where flow reverses its direction. The critical
downwind hill slope limit with high roughness surfaces to shape separation is

suggested to be about 10°, which indicates that this study site has the opportunity in
30



forming separated bubbles.

It was concluded in Finnigan (2004) that all three coordinate rotations can not
perform well when flow separation exits. Even though errors of planar fit method still
exits, it is suggested that a better accuracy could be obtained for steep terrain when
making use of it. A separation of the wind directions into down-hill and up-hill ones

when fitting the plane might reduces this influence on the total flux estimation.

< ";55 I
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Table 1. Wind velocity characteristics presented in previous studies: (a) under

unstable condition ({ <0), (b) under stable condition (£ >0), and (¢) under neutral

condition ({ — 0) (revised from Table 1 of Marques et al. 2008).

(a)
study description z h o,/u. o, /u.
Panofsky et al. 113 3
2.29(1-0.04 1.25(1-3
oo (-004¢)"  1250-%)
Wesely (1988) bare soil 7.7 1.3(1-2¢)"
De Bruin et al. : /3
2.2(1-3
(1993) plain 11.3 (1-3¢)
Andreas et al. 3
1.07(1-4.29
(1998) flat grassland 4 0.25 ( )
Choi et al. (2004) Tibetan prairie’” 2:85 0:05 % 3.13(1-8¢)" 1.12(1-2.8¢)"
Detto et al. . 13
1.2(1-2
(2008) Mediterranean #°10 5 (1-2¢)
Marques et al. = 3
e 1.17(1—-2.44
(2008) wetland 75 7 ( {)
(b)
StUdy h 0, /u* Gw/u*
Kaimal and Finnigan (1994) 1.25+0.25¢
Marques et al. (2008) 7 1.74+0.36¢ 1.16+0.12¢
(c)
study o, /U o,/u.
Pantanal region 1.33+0.02 2.21+0.03
Moraes et al. (2005) 1.20 2.40
Krishnan and Kunhikrishnan (2002)  1.37 2.32+0.39
Pahlow et al. (2001) 1.10 2.30
Andreas et al. (1998) 1.20 2.55
Hogstrom (1990) --- 2.78+0.25
Kader and Yaglom (1990) 1.25 2.70
Panofsky and Dutton (1984) 1.25+0.03 2.39+0.03
Merry and Panofsky (1976) 1.30 ---
Monin and Yaglom (1971) 1.25 2.30
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Table 2. Scalar characteristic constants presented in previous studies; z,, z, and h

are in unit of meters.

study

site description %

c, C, C

y4 q c
Tillman (1972) (a) flat grass terrain 40 0.95
Tillman (1972) (b) salt flats 0.92
Hogstrom et al. (1974) agricultural site 092 1.04
Ohtaki (1984) wheat field *1.33  *0.63 095 1.1 1.1
Wesely (1988) grass / bar soil 7.7 A25 0 AML25 0 ML.2S
Weaver (1990) prairie 0.03 1.0
De Bruin et al. (1993) plain 11.3 0.95
Kustas et al. (1994) shrub 0.03 1.1
Albertson et al. (1995) Owens lake bed 2.5 0 0.97
Hsieh and Katul (1996) grass 0.065 1.1
Andreas et al. (1998) flat grass land 0.04 1.05 134
Asanuma (1999) flat pine forest 1.2 092 142
Wesson et al. (2001) pine-forest 14.5 14 1.3
bare soil | L. .0:01 0.99
Choi et al. (2004) Tibetan praitie <= 285 005 11 1.1
Lamaud and Irvine (2006)  Maritime pine 40 19 0.95 1.3
Cava et al. (2008) coniferous forest 3@ 29 1.09 1.61 1.32
Detto et al. (2008) Mediterrancan 10 5 (1.18) (1.18) (1.18)
Hsieh et al. (2008) (a) grassland 10 0.45 1.1 1.1 0.95
Hsieh et al. (2008) (b) rice paddy 2 0.65 1.0 1.0 1.0
Hsieh et al. (2008) (¢) cypress forest 23.8 10.3 1.25 1.5 1.7
Marques et al. (2008) wetland 25 7 1.15
F- 4 (2008) i & R (dry) 25 17 119 1.55
L E P i (wet) 25 17 1.09 137

* Average of the three days selected

() Determined with very strict filtering ranges

~ Finding the same value
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Table 3. Data filtering thresholds in Detto et al. (2008) (quoted from Table 1 of Detto
et al., 2008).

Variable Unit Range Number of runs
wT' Kms' 0.03 to 0.39 9863
u, ms’ 0.05to 2 25311
u ms” >1 32399
W ms” -0.12t0 0.12 25526
wq gm’s’ 0.02 to 0.2 8225
wc mgm?s’ -0.02 to -1.5 11684
q? g <1.5 25164
c? g’ <30 23267
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Table 4. Instrument locations and brief instructions (quoted from Appendix 8.1 of 4¥

% &, 2008).

Instrument Unit Observation parameter Location

upward/downward short-wave

Net radiatiometer CNR-1, W m? radiation (0.3-3 pm) tower
m
Kipp & Zonen upward/downward long-wave 22.5m
radiation (5-42 pum)
Quantum sensor LI-190, lem? s photo-synthetically active radiation tower
mole m™ s
LICOR ! quantum flux (0.4-0.7 pm) 23.6 m
MIRA visibility sensor 3544, o tower
m visibility
Aanderaa 22.0m
Aspirated radiation shield
43408 & relative humidity /  °C air temperature tower
air temperature sensor % relative humidity 23.6 m
41382, R. M. Young
Rain intensity recorder ez} nearby
mm \ precipitation
TIC-1, Takeda 8l clearance
Barometric pressure sensor tower
mb atmosphere pressure
61202V, R. M. Young LT 2m
Soil temperature sensor, o W= - soil 0.1 m
‘ C . Soil temperature
Mingguan depth
Soil heat flux sensor HFPO1, 5 . soil 0.1 m
Wm Soil heat flux
Hukseflux depth
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Table 5. EC system operation periods (personal contact with #¥ % &, 2008).

period Sonic Anemometer Infrared Gas Analyzer
2005/03/05 - 2005/12/05  Young81000v(-) LI7500(-)

2005/12/06 —2006/05/16  Young81000v(1564) LI7500(0951)
2006/05/17 —2006/06/30  Young81000v(1564) LI7500(0598)
2006/07/01 —2006/09/27  Gill R3-50(367) OP-II

2006/09/28 —2006/12/14  Gill R3-50(367) LI7500(0598)
2006/12/15-2007/06/21  Gill R3-50(367) LI7500(0951)
2007/06/23 —2009/03/27  CSAT3(-) LI7500(-)

() Instrument model type
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Table 6. Wind velocity similarity characteristic analysis results: (a) under unstable

condition, (b) under stable condition, and (¢) under unstable condition.

(a) O-u,w/u* = Cl (1 - C2 4)1/3 *

Term .wmfi amount C, c, RMSE residual test
direction mean stdev

o, /u, uphill 2306 2.18 0.69 1.129  0.0016 1.129
downhill 1733 2.81 0.49 1.774  0.0119 1.774

o, /u, uphill 2306 1.20 1.90 0.428 -0.0071 0.428
downhill 1733 1.30 1.21 0.643 0.0168 0.643

(b) o,,/u.=C +C,< .

term wind direction amount C C, R?

o u uphill 446 2.542 0.502 0.234
" downhill 3913 2471 0.674 0.299
- uphill 446 1242 0.292 0.277
" downhill 3913 1.155 0.324 0.383

(c) Approached to constants when [{f 0.

term wind direction {>0 <0

o Ju uphill 2.54 2.18
) downhill 2.47 2.81

o fu uphill 1.24 1.2
" downhill 1.16 1.3




Table 7. Similarity scalar characteristic constants under unstable conditions with

function o, /x. =C,(-¢)™".

term .qu amount C, RMSE residual test
direction mean stdev
o /T, uphill 2163 1.166 0.060 -0.0004 0.060
downbhill 1040 1.293 0.132 0.0019 0.132
o,/q uphill 3757 1.725 1.110 -0.0139 1.101
downbhill 2127 2.031 2.988 0.0429 2.988
o, /q. 2 uphill 337 1.572 0.215 0.0044 0.215
downbhill 159 1.772 0.269 0.0070 0.270
o./c. uphill 4534 1.605 2.301 -0.5977 2.223
downbhill 2533 1.937 2.967 -0.4712 2.929
o./c 2 uphill 401 1.452 0.120 0.0031 0.121
downbhill 204 1.492 0.138 0.0008 0.139

2: filtered with Bowen ratio range



Table 8. Probability distribution function analysis for maximum occurrence values of

the correlation coefficients and relative transport efficiencies in this study.

Stlldy RwT qu - ch }“T q - ﬂ’l’ C ﬂqc
uphill wind direction 0.61 046  0.49 1.11 1.1 0.95
downhill wind direction 0.59 0.48 0.48 1.13 1.08 0.88
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Table 9. Flux variance method checked with records from April and May, 2009.

term number slope intercept R’
H * 1165 0.91 58.26 0.74
LE a 0.67 36.11 0.48
LE a2 829 0.75 26.43 0.59
LE b2 1.07 18.80 0.62
Feo, @ 0.49 -4.35 0.43
Feo, @2 862 0.60 3.73 0.62
Feo, D2 0.81 -3.04 0.70

*: FV method from Katul et al. (1995)
a: FV method from Hsieh et al. (2008)
b: FV method from Choi et al. (2004)

2: filtered with Bowen ratio range
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Table 10. Determine factors of relationship between 4, and R,: (a) a and b

values and (b) regression result of a and b with measured data correlation test.

(a) Ry =al+b
: uphill wind direction downhill wind direction
Bowen ratio
a b a b
0.4-0.6 3.9683 -2.8289 2.9709 -2.0048
0.6-0.8 2.3987 -1.3336 2.1523 -3.1339
0.8-1.0 1.9596 -0.9124 1.9516 -0.9167
1-2 1.5858 -0.5482 1.5489 -0.5062
2-3 1.3543 -0.3095 1.4806 -0.3841
3-4 1.1252 -0.1196 1.0290 -0.0269
(b)
i heck
Bowen ratio relation function .Wmfi chee 2
direction slope / R
=(—5.02Bo+ 6:29)A+4.79Bo— 5.05 i
Ry, = A+ 4 uphill L1312

04<Bo<1 =(-2.55Bo+4.14)4} +2:72Bo—3.25
<Bo<l Ry =l Vi downhill 0.0496
Ry, = 091164, ,

uphill 0.9989

R, = 0.92394! downhill 0.2241

1< Bo<4

a7



Table 11. Determine factors of relationship between A, and R.: (a) a and b

values, (b) regression result of a and b with measured data correlation test.

(@) Ry =al,+b
Bowen ratio uphill wind direction downhill wind direction
a b a b
0.4-0.6 1.8116 0.8590 1.7009 -0.8382
0.6-0.8 1.4928 0.5747 1.4832 -0.6201
0.8-1.0 1.1481 0.2617 1.4327 -0.5642
1-2 1.1617 0.2601 1.2994 -0.4036
2-3 1.3891 0.4456 1.4520 -0.5034
3-4 1.5733 0.6015 1.5878 -0.6186
(b)
Bowen ratio relation function .wm.d check 2
direction slope / R
o< B R, = (~1.66B0 #2:65) A= 15Ba+1.61 uphill 0.9651
' R, =(~0.67Bo+2.01)4;) + 0:69Ba +1.15 downhill 0.1221
Boes T 0.8445 Ay, uphill 0.9586
Ry, =0.81934; downhill 0.3078
- Bo R =A™ - uphill 0.9319
Rr, = v’ downhill 0.4894




Table Al. Classification of ratio of non-stationarity.

Class NR,, range

1 0-15%
2 16-30%
3 31-50%
4 51-75%
5 76-100%
6 101-250%
7 251-500%
8 501-_1000%
9 >1000%

\ —

Classes 1 to 3 can be used for fundalll-it:’éntal research, such as the development of
parameterizations, and classes 4 10,6 are';:évailable or general use of continuously
running systems of long-term méasurement progtams. Classes 7 and 8 are only for
orientation. Sometimes it is better to use such data instead of a gap filling procedure,
but then these data should not differ significantly from the data before and after these

data in the time series. Data of class 9 should be excluded under all circumstances.

49



100

: 4: a
10 -
£ ]
(=2 i
H
S i
b i &
(=
1 = Bo<0.5
] « 0.5<Bo<2
| «+ 2<Bo .
—Cq=1.3
0.1 T I(':lllllll T T T T T T T T T T T T T U R R
0.001 0.01 0.1 1 10 100
(@) _ (AL
3 :
2_ on * @
R e .
o go bg®
o L e %
=< 0 *
-1 — equation (6b)
— Rwq = RwT
27 + 40m
> Bm . o
-3 — — -
0.01 0.1 1 10
(b) Bo

Figure 1. Water vapor similarity characteristics analysis done by Lamaud and Irvine
over a dry and wet transitional period; (a) the relation between -1/3 power function
and Bowen ratio (quoted from Figure 2 of Lamaud and Irvine, 2006), and (b) the

relation between k=

Lamaud and Irvine, 2006).
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Figure 2. Map of the expern;ﬁent site| 1 uﬁtam area, Ilan, Taiwan: (a) a
zoom in look with contour 11nés7(t xstftﬁe measurement tower, quoted
from Fig. 1 of Klemm et al. %ﬁ%@ d alle i}‘c(;’@walrd hilltop view from Google

Earth (CLM site is the measureﬁ@@n‘{@%%g}}- and (c) the vegetation coverage

investigation results (the red circle with Tower aside is the measurement tower,

revised from Fig. 12 of #¥ & %, 2008).
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Figure 4. Photos of the experimental site: (a) down-hill direction view on top of the
measurement tower, (b) side view of the measurement tower, (¢) EC system mounted
at 23.8 m (2009/3), (d) CNR-1 mounted at 22.5 m (2009/3), (e) MIRA visibility
sensor mounted at 22 m (2009/3), and (f) LI-190 mounted at 23.5 m (2009/3).
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Figure 5. MOST similarity test on vertical wind velocity (o, /u.) plotted against

thermal stability with wind direction: (a) uphill and (b) downhill. The residual PDF
graph is the residual probability density function of the red regression line and the

blue open square measured record.
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Figure 6. MOST similarity test on horizontal wind velocity (o, /u. ) plotted against

thermal stability with wind direction: (a) uphill and (b) downhill. With residual PDF

graphs same as in Figure 7.
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Figure 7. Regression results in MOST wind velocity similarity functions from
previous studies in compare with this study: (a) vertical wind velocity and (b)

horizontal wind velocity.
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Figure 8. MOST similarity test on temperature (o, /T.) under unstable condition

plotted against thermal stability with wind direction: (a) uphill and (b) downhill. With

residual PDF graphs same as in Figure 7.

58



100
() L, Sula=1ST2a0" Mg
. RMSE = 0.215 Bo<0.8
JAN + 0.8<Bo<1.25
10 F A .
" — regression

oq/ g

Residual PDF

0.4

01 F . i ,-;%%_% A
0.1 N

0.01 [ [ [ [ [ [
0.01 0.1 1 10 100 1000 10000 100000
-
100 —
(b)
Ap b gl q-=1.7725 ()" | © :":;';5
i RMSE = 0.269 + Bo<h.
. . 0.8<B0<1.25
—regression
o
=~ 1
b
0 Residual PDF
0.1 |* : e TN
0.1
0 |
0.4 0.2 0 0.2 0.4

0.01 :

0.01 0.1 1 10 100 1000 10000 100000

-
Figure 9. MOST similarity test on water vapor (o,/q.) under unstable condition

plotted against thermal stability with wind direction: (a) uphill and (b) downhill. Red

lines are regression with records in the range of 0.8 <Bo<1.25. With residual PDF

graphs same as in Figure 7.
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Figure 10. MOST similarity test on CO, (o,/c,) under unstable condition plotted

against thermal stability with wind direction: (a) uphill and (b) downhill. Red lines
are regression with records in the range of 0.8 <Bo<1.25. With residual PDF graphs

same as in Figure 7.

60



1.8
17 } A
816 F 0
» O
6 15 | 0
(& ]
o I O
4 1.4 -
13 F o0 0 A
Q
€12 &
= <& & CT
; & S
© HCq
* &
& AN 01 o
0.8 [ [ [ [ [ [
0 0.5 1 1.5 2 25 3 3.5

Surface roughness length (m)

Figure 11. Scalar characteristic’ constants found in“previous studies and this study

~

plotted against the roughness length.

61



0.9

0.8 |

RWT

04
03

0.2

01 | + uphill wind direction

*e
+

0 1 1 1 1 1 1
0.01 0.1 1 10 100 1000 10000 100000

0.9
(P)

e
»*
-
*

.
00:0’:“0‘
A d 0’0

-~
+
e
*

0.5

+
+*

*

+

RWT

04
03

0.2

+ downhill wind direction

0.01 0.1 1 10 100 1000 10000 100000

Figure 12. Correlation coefficients of vertical wind velocity and temperature (R,;)

plotted against thermal stability in wind direction: (a) uphill and (b) downhill.
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Figure 13. Correlation coefficients of vertical wind velocity and water vapor (R,,)

plotted against thermal stability in wind direction: (a) uphill and (b) downhill.
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Figure 14. Correlation coefficients of vertical wind velocity and CO, (R, ) plotted

against thermal stability in wind direction: (a) uphill and (b) downhill.
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Figure 15. Correlation coefficients of vertical wind velocity and temperature (R,;)

plotted against Bowen Ratio in wind direction: (a) uphill and (b) downhill.
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Figure 16. Correlation coefficients of vertical wind velocity and water vapor (R,,)

plotted against Bowen ratio in wind direction: (a) uphill and (b) downbhill.
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Figure 18. Relative transport efficiency between temperature and water vapor (4,)

plotted against thermal stability in wind direction: (a) uphill and (b) downhill. With

brown line A4, =1.
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Figure 19. Relative transport efficiency between temperature and CO, (4, ) plotted
against thermal stability in wind direction: (a) uphill and (b) downhill. With brown
line 4, =1.
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Figure 20. Relative transport efficiency between water vapor and CO, (4, ) plotted

against thermal stability in wind direction: (a) uphill and (b) downhill. With brown

line 4, =1.
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Figure 21. Relative transport efficiency between temperature and water vapor (4;,)

plotted against Bowen ratio in wind direction: (a) uphill and (b) downhill. With

brown line A, =1.
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Figure 22. Relative transport efficiency between temperature and CO, (4, ) plotted

against Bowen ratio in wind direction: (a) uphill and (b) downhill. With brown line

Are =1
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Figure 25. Comparison between measured and FV predicted latent heat flux: (a)
functions in Hsieh et al. (2008) and (b) functions in Choi et al. (2004). The black line

1s the 1:1 line.
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Figure 27. Correlation coefficients of temperature and water vapor (R,) plotted

against thermal stability in wind direction: (a) uphill and (b) downhill.
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Figure 28. Correlation coefficients of temperature and CO, (R, ) plotted against

thermal stability in wind direction: (a) uphill and (b) downbhill.
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Figure 29. Correlation coefficients of water vapor and CO, (R,) plotted against

thermal stability in wind direction: (a) uphill and (b) downhill.
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Figure 30. Correlation coefficients of temperature and water vapor (R,) plotted

against Bowen ratio in wind direction: (a) uphill and (b) downhill.
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Figure 31. Correlation coefficients of temperature and CO, (R, ) plotted against

Bowen ratio in wind direction: (a) uphill and (b) downhill.
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Figure 32. Correlation coefficients of water vapor and CO, (R,) plotted against

Bowen ratio in wind direction: (a) uphill and (b) downhill.
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Figure 33. The determination of k in A, =R, as a function of Bowen ratio in

wind direction: (a) uphill and (b) downhill. The red line is the suggested relation by
Lamaud and Irvine (2006).
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Figure 34. Relation between A, and R, in wind direction: (a) uphill and (b)
downhill.
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Figure 35. Regression results of a and b as a function of Bowen ratio for water

vapor in wind direction: (a) uphill and (b) downbhill.
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Figure 36. The determination of k in A, =R. as a function of Bowen ratio in

wind direction: (a) uphill and (b) downbhill.
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Figure 38. Regression results of a and b as a function of Bowen ratio for CO, in

wind direction: (a) uphill and (b) downbhill.
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Figure 39. Checking on the regression value of k with records from April and May,
2009. The black line is the 1:1 line.
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Figure Al. A way to examine the ratio of non-stationarity introduced by Mahrt: (a)
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Fig. 6 of Mahrt, 1999).
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