SUb:-canopy. measurements In
Hyytialal, SMEAR Il station

Samulil Launiainen’s Master thesis

“Jitrbulenssista ja turbulentiisista pystyvoeista
meantymetsan latvuston alapuelella*



TKE-yhtalo latvuston sisalla

1 2 3

Terms 1,3,4,6 as in constant flux
layer:

Term 2: "wake effect”; production

Termi 5: "dispersive flux”; upward
transport

Term 7: waving; net sink
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Kuva 3: Turbulenssin kKineettisen energian (TKE) taseen suurimpien termien merkitys latvusion
sisilli ja ylipuelella. Tuuliviinne (shear production) ja vanavesiefekt (wake production) tuoitavat
turbulenssin kineettista energiaa, joia turbulenttinen kuljeustermi (turbulent transport) siiriai
latvuston alaosiin, missi dissipaatio on voimakasta. Pystyakseli on normitetiu latvuston korkeudella
(Kaimal ja Finnigan 1994).



Shear
production

Wake/waving
production

' 1
Spectral
short cut
Wake/waving production |
K

(Kaimal ja Finnigan (1994): Turbulent boundary-layer flows: Their structure
and measurement, Oxford Univ. Press)



Measurement site and methods

HyAialar SMEARNIT=statien 1n JUlpajeki, SGULhEm
Einland

Vieasurements: at: 3n eigtiaraneyve: grounaiin: a suld-
CANOPY. trunk: space

NEIgNt eff the trees, (scots pine) h=414m:

measurementheight z=0,21

fellage consentiaied tortie Upper part: off the canepy:
Measurements Itk Space
contiNUBUS, measurements fron septemper 2005

SUppeKting; measurements: all mast measurements, soll
temperature, PAR and R, 1m anoyve greund (august
2004->)
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vertical distribution of LAI
in Hyytidla scots pine canopy
(Rannik et al. 2003)

Map of the SMEAR Il —site. Large cross is 73m main
tower, small crosses places where EC-measurements
were made. Contour interval 2-3 meters.



EC-Sy/StEmS

Consists of a fast ultrasonic
anemoemeter and a clesed-pati
Ifirared gas;analyzer
connected by a sampling ke
sampling freguency, 108z, 3-D
cO-Ordinate rotation; 30min
ave., stationaity check &
verticall mixing Crterium

2L differeni setups:

a resulisiare compareable

s 1) Solent + LiCor 6262:

Septemhber 2008f— January
2004, June 2004~

a 2) Metek + LiCor 7000:
Eelbruany: 2004 — June: 2004




EQEVCoVarance meastiements

Aflux Is defined as:
“amoeunt of
SlUpSstance/area/ume”
(ypically a filtx adensiity/1s
USEed: amoeunt/unit of
area/unit eff tine)

EC-fltx: a m
PETWEEN INStanit

lHuctuations; eifvertical

Veloeity (W) andra

substance s (s’)

wypicallys SOmin average
SIgNS: *=" doWnRWaraes



The site Is heteregenious
from micremeterorelogial
POl G VIeW:
s Statienarity? hemegenity?
s eneugh turbulence?
a flux and consentration
feotprnt?
\We measure fitxes insicde
feUQRNEss sub-layer: the
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HeIght!

e B LN Y il BN ol :
N XD 3 1 ! TR
> BN &2 T | Nouniversal similarity
Lede WY & =i Zem (f - theoriesifor a flow inside
et tw 4URR S (BT canopy
B WYL ;,;E: 2 ¢y = no “valid” easy-to-use
BN R 4 R B methods, for: flux
| o il RN 8 measurements, calculation
B LN R TR e orrquality’ check
(i By > ; [ B0 500 = friction velecity: crternum
s> g doesnt work

= much empirical work
needed!



A "constant” flux ?

Insider a ferest canopy. turbulence Is Intermittent
and the: fluctuations: eff S Wind ComPORENLS: are
Off the same: erderr as the meanwind (&F):

1 tUrbulence intensity/ 1S Righ and the flew: field s nighly.
variabkle in timeranadspace

n etal fluxTisian average: oft nUMEerous mementary
preducts' ofi fluctuating cCompoeReEnts W and s':

different signs of W* and s* = foul pessible *Quadrants™ and
TWO pessible flux directions: up and dewn

“flux Is typically’a small sum of strong epposite events”
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momentary values of: a) vertical wind (w) and air temperature (T,)
b) product of w T with corresponding average cov(w'T’)=total flux
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Quadrant analysis

Q0w =0 @, 0 w'=0, u=0 1
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EKuva 18: Liikemiirivuwon (7T ) koostuminen eri neljinmeksisii ja eri vahvuisista tapahiumisia

w(fw (1), Alakuvassa kokonaisvuon koostumine n eri vahvuisista tapahitumista ja niihin kulunut aika

Ie-



Quadrant analysis: H on a sunny
summer day

@, w0, TD o, w0, 750 !

"Emmin nouseva"
1 10.5
| ] i Q, and Q,: upward
\ an flux
0st - 105
iiled laskews" Q2 and Q4:

R @ w'=l T'=0
ST | VI downward flux

&0 a0 20 D 20 I 60
aukon koko (H) TOTAL flux is sum
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The formation of sensible heat flux from different quadrants (instant products w'T’)



Quadrant analysis: H on a clear
stable night
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The formation of sensible heat flux from different quadrants (instant products w'T")



Positive vs. Negative Skewness
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These graphs illustrate the notion of kurtosis. The POF on the right

has higher kurtosis than the PDF on the left. It is more peaked at 2 ' : ' ' .
the center, and it has fatter tails. 0 4 B 12 16 20 24
paikallinen aika th)
u_'4
_ ) ..
KUy =—3 Normaalijakaumalle:
]

Ski=0, Ku,=3
(vakiovuokerroksen turbulenssi!)

(Jakaumat: http://www.riskglossary.com/articles/kurtosis.htm)



The structure of turbulent vertical
fitxes In  sul-canepy.

Fhe turbulence and thus the fluxes are

; large part of the fiux s
“delivered™ 1n shoert time (5-15% of tetal
time)
Smallfsum eff strongl events with! different
signs; (aififerent direction): especially H,©
and CO, —fluxes

So, the the mass
and energy: transfer (7)



Tureulence spectra

ARy time: seriercan e transiermed Into
freguency. demain by Feurier-transform: this
means: that any. time Serie: cani Pe lepresented as
a sUm ofi i SINUS O)f COSINUS; functiens;.

POWEr Spectrun: each Fourer-cempenent snews
ReW: much ofi the: tetalfvarance Is lecated In that
freguency

Coespectrun: an integral ofi the cospectitim =
total flux; each Fourier-component: shows; the
contributien off that freguency: to: tetall filtix



Power specra of u, v and w above canopy (23m)
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Frequency weighted power spectra normalized by total variance and plotted as a function of
frequency(Hz). Red line represents inertial subrange behaviour suggested by Kolmogorov.



Same as previous but in sub-canopy trunk space (3m above ground)
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Note that the slope of u and v components are more than -2/3 in low frequency
end and less than -2/3 in high frequency end of the inertial subrange



“The spectral short cut”

Wake/waving production

Meani flow: kinetic energy (MKE)'Is transformed inte turbulent kinetic
eneray (TKE) especially inr tureulent wakes formead! behind individual
reughness: elements.

s large mechanicall creation ofi turbulence

Also large eddies (30-100m) are affected the same way: TKE
converted directly inter smaller eddies in turbulent wakes

s high dissipation rate off TKE, *spectral shert cut” > TKE Is
feeded into smaller eddies (Size under 10m, nete *a Kink> in
POWEYr: Spectra + slope less tham -2/3f at high frieguencies)
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Frequency-weighted power spectra of temperature, H,O and CO,



Frequency weighted cospectra of w'T' and w'q’ (water vapour flux) normalized by
total covariance and plotted against frequency
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red markers: contribution to total flux is positive; (upward flux).
blue markers: negative (downward) flux. Total fluxes are positive.



Cospectra: which frequencies
contribute moest toe the: filtx?

Spectral maximum typically’ at freguencies 104 = eddy
size —100m.

EeR Water Vapour filtix: at freguencies; 3-
8x10% 22 30-15m| eddies transpot humidity, dewnwards
=~ “MiXing air inside canepy* (large H,O seurce in
feliage-layer daytime) = co-gradient: filx

Large eddies (==30m) transport meisture away firom

canopy to; atmosphere and dry the:canopy air: =
POSITIVE, ~ counter-graaient () filtnx:

Smallest eddies (<5m) transport moisture. frem surface
Upwards: ne conmection with therfieliage

NET TRANSPORT OF H,Or UPWARDS hecause LARGE
EDDIES DOMINATE THE TRANSEER.
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CO, flux: more variability - random variation in flux direction; total flux small
daytime. Uncertainty of each Fourier component is large.



Energy balance closure

 Energy balance
closure above soill
surface: cumulative
H+LE=0,5R,
— no ground heat flux

measured; should
Improve the balance

| 10.9. | 11.9. | 12.9. | 13.9. | 14.9. | 159.9. — 'ﬁxed Rn Sensors

) P90 B L _ R, onlysighty
nem negative on nighttime
figure from september 2004 (back-radiation from

the canopy crown)



Annual variability of H and LE
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Typical diurnal variation of H and LE for 8-day-period in the beginning of June.
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a) sensible heat flux (H) and b) latent heat flux (LE) in May-June 2004
intercomparison of the measurement systems. (Solent=red, Metek=Dblue)



Diurnal variability of H and LE
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Heat fluxes: H and LE

Clear ditirmaliand annual vVaratens
typically: H=+80WmiZ, LE<+100Wm*
mean mideay Bowen' ratiorat 3m: —0,4-0,5
July=August: mean maximumH= +20\Wim#
aboeUit: 20%:) ol alheve canepy/ H
eI sUmmer: enly/ slightly: negatve nightime

mean maximumi LE=+40\Wm:2

abouit 30%) of albeve canepy. LE; seil & understony responsible
fiol

=1/3/ ol tetal evapoetranspiratien(?)
note: different feotprints

NGt only IH but alser evaperation measurements Seem; to
be OKI



Sul=canepy. CO5 -fillx

Impoertant terensure: ther guality of each SOmin
ERSENalIoN:

INeR:EStationanty test (Feken & Wichura 1996) (ES=100%) has
BEEn Used, tetally emprrcal limiit)

standand deviation: i veruicall veloeity: (std(Ww)) has been|used as
“MIXING crHterum®; there has tor herenoug turbulence ecause:

PAsIC assumptioR Whenrusing EC-methed

We Want to measure net exchange between solll & Understory: and
atnesphere:

MiRIMUn Sterage: off CO5 hEloW measurementheighi:
= specially impoertant When ner prefile measurements

sta (W) crterun: analegy: to: fifction Veloeity,
Soell and allr temperattire: controll COs-filux:clear annual
variation
relationship hetween| E, and T, T, canibe used for gap-filling
E.=al.+hexp(cT,)
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Figs. ¢ and f show the variability of PAR (1m and
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Red: regression estimates for Fc (growing season)
Blue: -7- (wintertime)
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Pitimal Varanility ol SU-Canoey
COZ-UXE

JUly-AUQUSTE:
R = 2 pumolm?s+
(maximunm,en: the moerming
WHER| SUMI rSes; = more mixing
MiRimum: at neonRk
a  PhOLeSYRTRESIS el UNCEerstory,
a time lagl i sellftemperature
RISES agaln en’ alternnoon:

s S0l temperature Increases
soJl respiratien INCreases?
a  alif temp. INCreases
efifect 61 phetesynthesIs?

“clear ditrnal variation™

T+, explains 40% of
Variation
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Sep. Oct. Mov. Dec. Jan. Feb. Mar. Apr. May. Jun. Jul. Aug.

sep. Oct. Mov, Dec. Jan. Feb. Mar. Apr. May. Jun. Jul. Aug.

a) Gap-filled 30min CO2-flux 3m above ground below a scots pine canopy.

Green: observations, blue: regression estimates (winter), red: regression estimates
(growing season), - filled by average

b) Cumulative NEE over measurement year



SUR-canopy. E. compareaito
AOVE! CANORY

SUmmertime: 85-45% 0 totall ECesy/Stem| respiration
pelew smilevel

Wintertime: R, s — 0,55-0,65R,
PReLeSYRURESIS) ol UNEErSLeRY

CO, —uptake 1,0-2,0' umolm-2s-1

o Still poesitve(enraverage) Wihelerday:

SoIIF = URGEEKSLeR/ a el SeUICE: Gff Caren WhABIE: \/ear
NEE at 3m: +311 +/- 40 g(C)m-2
miRimumr e Wintertime Wwhen iz andiilE, are: ow,
meaximum en' july-augustwnaeni i IS Righ

Based oni EC measurements: seil + understory
respoensiblefor — 35-40% of annual ecosystem
[espiration
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Conclusions

Eddycevariance method cam her used Pelew! a relativer spance
conifereus forest canopy. Iif
m the site Isiconsidered “omogenious™
a fluxesiare statienary.
s there is enough turbulence present
enoughivertical mixing

Results comparable with earlier results fren other sites measured
by EC.

Turbulence structure andi the: structure: of turbulent fituxes inside
canepy. are diffierent firom thoese typically’ claserved above fierest

Structures similar to those represented earlier and by *theories™.
Changes in turbulence spectra indicate the interaction effects
PEtWEen canopy. elements ant the flew. (e.g. Raupach and fhem
1981, Kaimall and Einnigan 1994 Einnigan; 2000)

Values of H,0rand CO, —fluxes can e underestimations upstor 10~
20% because no coerrection fior high-fireguency: losses has been
made.



Euture: Work?

The use of stationary: and std(W) mixing critena Is
enceuraged

Greund: heat flux measurements = energy. lhalance
closure lhelow: and above canopy.

Profile measurements off €O, H,0rand 1, below: EC-
measurement height

s possible storage flux below measurement height
Temporal andispatial varabiliy/inside canopy.

s momentum flux; turbulence structure

= CO, and H,O -fluxes
Spectral correction for scalar fluxes

n low-pass filtering caused by measurement system
difficult task: no “reference spectra” or universal theories
“first assumption™ should be made
Comparison ofi EC-resuilts to chamler, cuvette and
dififerent evaportanspiration measurements

Articles: BER (Spring| 2005, CO, and! H,0), Turbulence
article: (summer-august 2005)
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