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von Karman, Th. (1930), ‘

‘Mechanische Ahnlichkeit und Turbulenz”,

Nachrichten von der Gesellschaft der Wissenschaften zu Gottingen,
Fachgruppe 1 (Mathematik) 5: 58—76 (also as: “Mechanical
Similitude and Turbulence”, Tech. Mem. NACA, no. 611, 1931).

From Wikipedia
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Monin-Obukhov @ #81LLAI]

e Turbulence in atmosphere with a non-uniform
temperature, A.M. Obukhov, Boundary-Layer
Meteorology, 2, 7-29, 1971 (Orig. 1946)
(http://www.springerlink.com/content/p21902m3p810

6311/)

e Basic laws of turbulent mixing in the surface layer of
the atmosphere, A.S.Monin&A.M.Obukhov, Tr. Akad.
Nauk SSSR Geiphiz. Inst. 24(151):163-187,1954
(http://mcnaughty.com/keith/papers/Monin_and_Obu
khov_1954.pdf ) Ex#¥IDEERAIEEHL
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Sonic Anemometer Thermometer

Send and receive sonic pulse between two proves
[ Count the time
*Calculate average sound speed and the difference of
the speed
*Calc. wind speed of sound path direction
«Calc. temperature from average speed (sonic virtual
temperature)

Developped in1960s

® Kaimal, J. C. and Businger, J. A.: 1963, A Continuous Wave Sonic
. Anemometer-Thermometer, J. Appl. Meteorol. 2, 156—-164. SATI

* Mitsuta, Y.: 1966, Sonic Anemometer for General Use, J. Meteorol.
Soc. Jap. 44, 12-24. >Kaijo

P FRIZHIERESE, SREISME-TEE, REIREIFELL
BEAMTIL, E—42—%DI1F5, BEKLSULVESEDR|T]
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 Mitsuta, Y.: 1966, Sonic Anemometer for
General Use, J. Metfeorol. Soc. Jap. 44,
12-24.




First Commercial
Sonic Anemometer
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« ENMB SHAEN—BEB3RITT, ELIRE

B FE TR EE, MMZERIEDHON LAY, ik
) _':,. ELTL\T::t:E)%éO RosemountAerospace (5

) (Er—EBLEAEUHY—OBIZKEZTEDFAHEDITENNE)

SpaceAge Control$t

Air data probes and air data sensors obtain aircraft angle of attack (AOA,
alpha), sideslip (A0S, beta), static pressure, total pressure (pitot static),
outside air temperature {OAT), and total air temperature (TAT). Typical
Air Data Probes >—" names for these devices are nose booms, wing booms, nosebooms, air data
and Air Data probes, pitot probes (pitot tubes), pitot-static probes (pitot-static tubes),
Sensors trailing cones, and trailing bombs. These products provide pressure and
airflow direction data to data acquisition and air data computers for
computation of aircraft orientation, airspeed, altitude, and related
information.

),_( http://www.spaceagecontrol.com/Main/Home &l

Miniature pitot-static probe
Insitu Integrator



http://www.spaceagecontrol.com/Main/Home

Flux measurement

Sonic Anemometer Thermometer

Sonic temperature includes cross wind effect and §
. water vapor effect.

2
RS
- 140328

where V,, cross wind speed, A = 403 units (temper-
ature in K, wind in m/s?). (Kaimal and Finnigan

1994)  EREELSETEIREEEHTMICHEHIES

Kaimal and Finnigan 1994 “Atmospheric boundary layer flows:
their structure and measurement”
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Sonic Anemometer Thermometer

Also the effect of probes and other structure are also
the source of erros

i // ——
[ ’1 |
{(Hanafusa ot al 1982) (Kaimal andGaynor1983)
R R U RO PA RN AT A ]
In wind tunnel In natural turbulent wind

( unpub.)
R, K, ENNBERRRTR-61AR TO—TJ 45 AR
REPRZ KR HEHZ126-5
KX EA DS EEFTEICRE T %K

Hanafusa et.al.1982, Meteorol, Geophys.33,1-19
Kaimal and Gaynor 1983, J. Appl. Met.22, 863-880



Also the effect of probes
and other structure are
also the source of erros

The amount of these effect is
different for each probe desigr
so please find suitable articles
or make test by yourself.

BE(E) BRMV) BE(S) Jwiv—4(B8) v—

c 42y | & | http://scholar.google.co.jp/scholar?q=sonic+anemometer+probe+effect&hl=jagr= BbG—1EZEI— or -
£ FLRBBA—T 4P Firefox ZEOTHLD 5 BF=1—X
Scholar #ga AT
GO O [e sonic anemometer probe effect
Scholar Scholar AJLT
el st O BRED - UERER

Scholar XT3 E - ADSES sonic anemometer probe effect MiEREFER #7 2,430 9 1-10 8 (0.07 #)
ok BARGEDA IR (Scholar 3B THREM R SHEEERTEEY)

Sonic Anemometer Tilt Correction Algorithms - = 4/ i —/3»

JM Wilczak, SP Oncley, SA Stage - Boundary-Layer Meteorology, 2001 - Springer

... represents the combined effect of these three sequential rotations ... Consistent with
our definition of @ and B as being the fixed angles necessary to rotate the sonic

into a ... For correction of a tilted anemometer, let us associate the primed coordinate ...
318 - BfienEE - 3

Minimizing flow distortion errors in a sonic anemometer ¥
JC Kaimal, JE Gaynor, HA Zimmerman, GA Zimmerman - Boundary-Laye teorology, 1990 - Springer
... The new sonic anemometer probe re- quires only a straightforward transducer shadow

correction on each of its axes. There are no biases, wind speed dependencies, or

wakes from adjacent axes to account for. ... Our obser- vations above 10 m show no ...

31AT 26 - SRR - AR

Flow Distortion by a Solent Sonic Anemometer: Wind Tunnel Calibration and Its Assessment for Flux ... - 5= 4/
A Grelle, A Lindroth - Journal of Atmospheric and Oceanic Technology. 1994 - ams_allenpress.com

... 1. (a) Probe head of the 3D Solent sonic; (b} probe and Pitot tube in the wind tunnel

slender, 510-mmqong vertical bar to minimize the flow distortion effects caused

by supporting devices. The anemometer carries out one ultrasonic firing every ...

51A 3

= -UER

TR e S & (ch S B o Bt

fEREE, BaiE7Eh, HIFE - Papers in Meteorology and Geophysics, 1980 - J-STAGE
... the wind direction by the two—dimensional sonic anemo— meter at the top of the

tower. The probe of the sonic anemometer is one head system as shown in Fig. 5.

This system h3s no mechanism of zero shift of theCiifferent path of the span. ...

[l e S e e

Tools for quality assessment of surface-based flux measurements - == —Jau»
T Foken, B Wichura - Agricultural and Forest Meteorology, 1996 - Elsevier
... But if these results were used to correct the flow distortion’ effect of atmospheric
measurements, the correction would be an over-correction, as ... This orientation into

lized by the Kaijo-Denki sonic anemometer Probe A for ...
E-UoER

HEd 18 T3 B R 5t (DO T

TERES, BaiEoB, AMEEST, YEE - Papers in Meteorology and Geophysics, 1982 - J-STAGE
... a serious error to detect the arrival time of the 400 ATy Wt 8N AZF — O o°

BY — WIgl — B— BE Fig. 3. Probe of the three- dimensional sonic

meter thermometer, Fig. 4. Triggered and received wave pulses. ...

=-UCiEE

=> Deep world of measurem
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Kansas ZEE® (Haugen et. al. 1971, QJRMS)

* Flux-Profile B§{% (Businger, Wyngaard, lzumi
and Bradley 1971, JAS)

32mAJ)—, 18cm® wheat stubble, 2400m®D T TVF

B EDERE L, 23, 36, 50, 70, 100cm, 2, 4, 5.66, 8, 11.3, 16,
22.6,32m

BEIlX, 051,24, 8 16,22.6, 32m

REFHNA TS ELGMOSR FZZDT—4H
5, EEHOTHEL




Flux-Profile

Businger et. al. 1971 M fEHTTIE, BRITL 7 — e
BN R I ISR ULNER ] (-2<2/L<2)

T, RERMITRSHBNT=, 1212, AL EH
M k=0.35 THIGEZTDERDEMETFATZ

Businger et. al. 1971 &KUY

Mast DF2E, AMD[EY

FTELGENRSINT-, o s S mar
Wyngaard, Businger, Kaimal and Larsen,
WTE(E, k=04TEHEINT- Comments on ‘A revaluation of the Kansas
ERITT T —BEMEFESZEHZ LV, Mast Influence on Measurements of stress and
(KEZETIE, 0.41H0F @) cup anemometer overspeeding’, Boundary

Layer Meteorology, 22, 245-250, 1982 &)
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D LS IWCERTOHLBEEEZR N TET I ENTES., Z2C

q. =-w'q'/u. (1.64)

c.=—w'c'lu, (1.65)

ThbH.
(1.61),(1.62),(1.63) X7 T v 7 AHMEBEIZLLHIT 5 AECHLE D
%

W’@’ = _Kh .a_e (1.66)
0574

w@’=—K¢§Z (1.67)
0z

w'c'=-K, g (1.68)
0z

DESCERTENTES. ik K, K, K, iZibitsiek
(eddy diffusivity) THERTT 2 7 7 A L& AT

K, =ku.z/®, (1.69)
K. =huzid, (1.70)
K, =ku.z/®, (1:71)

ERED.

®,,0,,0,,0, %L OEKELTRDTREITE, 777/ V%
ANIZ 75 v 7 ARRKRED EWVIEANRERBHLDOTELLD
e 34T 7

. RN 19

XF{EE 2003
EYEMRR]
HERIDENETTVIR
KRAIZKFHEHRS
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XF2003&Y

®,,0, 0,0 % OKE LTROTBTIE, TerrA e
ANE7 797 ABRREDZ LV ERAWRERIEHLDTELD
RFFE TN,

FDHZ, KEYPS ORXEFEETN L ORHD. ZHIRIEER T
L 4 A DOBFZ3# (Kazanski & Monin, Ellison, Yamamoto, Panofsky,
Sellers) DMV ICRHEX LI LD TEDELFE2E2THDOTHD
(e.g. Yamamoto, 1959 ZfR) #3, LT L3 IZE M- NDE. ¥, A
B0 FZHRALA R DRI BN (g/TH0 THY, THN
IR L XTI (/T THD. —FH, YT—ILLdft
#, HHVEEVERINE, [EIMETBE TSI LICL-TE
ENTL BEFBT RAF—IZ 2 @a /o) \CHBIT B L EZBNS
DT, MEEHEDL L

—7 770 P
r2 gz et 2+ r _erg . (172)
Wi o) F)

T I CiRREERELT K, o« Wi DRESEBBZEND

K? o E_“(a—u)2 —agf_"ge—

i (1.73)
oz T 0Oz

BERHOEREICKD
A5V IT Sy D AR
(1993 & 3)
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¥/, t=kZRETHIT

ou g 0 o
P22t -2 = (k) ()* (1.74)
h=ffe s ) o B
e L= On iz
(g/T)(©00/0z2)
D! o=@} =1 (1.75)
L

T72bbh, KEYPS ODRB(EOLND. T ZHE @R THILEHF%
EZz25L (1.75) X0FE 1 B\IEGT L2 0, =1 TbbakERIRn
BohaZ Lichs.

EHIE, FREBEBRTOREICESE Ri=zL &ThiT
a=K,/K,=0, »HEbLN, EFEEEMOVWTIEO,=0,LT
NIERERE LTO,,0, Il 20V TIROERRR

£<0 (Dm =(1_]'5C)“l/‘l ’ (Dh =(D12n
(1.76)
20 =1e8E , 0, =

m

BELND. ZHUTHEMAREE L TR YA Ebh g, Zhb
OR%IE (K1.12 B) OARLER DT Businger & Dyer 3 Y
Fr—FY U BB CCE LW LE2ERFREOFTRH LI &
Ik Wi T& B & A2 o 7= DT, Businger-Dyer representation & I




I EHIL, AELEEELTOREIZESE Ri=zL EThniE

=4 reser =y I S & oSS S LIRS 1%

XF2003&Y

PO ND. ZHTHEMARIEE L TR YA EbhTng. Zhb
ORI (K1.12 2]) OARLZER DAL Businger & Dyer 3 Y
Fr—FY BB CICE LW LEERFEOFTTRH LI &
2L WA T& 5IF & 72 - 7= T, Businger-Dyer representation & -
iEhn 5 (Bl 21, Businger, 1988; Dyer, 1974; Arya, 2001 72 ¥ Z[)
72, (1.76) KOLEMMDOE SOV TiZ Webb (1970) 23340 72 5F
RET->TRBY, B TRTEIOICHES LEEREOFHEND
log-linear MBAR & FRIEN 5. UV F v — K Y U EOWDbIUIZ DWW TR
143 i TR~ 28, ERFIKRAXDOLEBY THD.

= EM (1.77)
T (du/oz)?

Ri & L DBRIZOW T 113 IR T X 51T

C=Ri Ri<0

] (1.78)
t=—8_ 02>Riz0

1-5Ri YT 0-TREEEMEER

EPLEND . RiIZ02ITED L L BNERKER Y AHETHS.
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THERERY Fr— Ry % (143 ) EFEER, RiCBRARD
BZLEERTHDT, BEMIZOWTIZ L DEFBFENRT VST R
—ETHHENZSD.

(1.55) XEHEHTHIT

E:&{ln—z——‘l’m(q):l (1.79)
k z

0

ZZiZ, (6 Tk LB TH D, RERICIBMIZOWNT D

7
-0, = s In=-¥,() (1.80)
k x 6l
R
of
DEITRTENTES. =
¥, ¥, ionTid (1.76) XEAWHIL, 4l
£ <0 DBA
3 L
9 2 % 6 -1
Y. =in e o e —2tan"x+E (1.81) 3 v s
2 2 2
6|
2 9:
p, =21n£1+7C J (1.82) .
) ~ 5L
=0 DEAE al \




DEHZRTZENTESD (Paulson,1970). Z ZIT

%=(1-150)"

ThHb.

(1.81)

(1.82)

(1.83)

(1.84)

ZOREHWWTT e 774 vE Ty bLEEHIEK 1.14

AT 2d, HEMEEEOTRE LTI 5 W o 7o EBIANERSI L

RO, ZOZEITOWTIE 22 Fi TR B.

133 ELRZEBIDMBLIE

FISRAR 7o DT B L RE R OB OB TH - 7oy, BEE
DR THRALANIRIT S, FlAE, MEREES OFERZE oy

3224 ' 26 28
T (c)

®1.14 ALEHEOTOT71IL
DORFIE. EBEHRZE, FTEROIKE.
n (1.81), (1.82) =EAA.
(Paulson, 1967 &ODERK)



ZDH1=Y . EFEDQOHFETIX
T RAEI ABZERIOR[RF 12001 AEELLY

Kadar&Yaglom 1990

FRT T =(1/K) (z/L) DILRUEHEETHL, MOREE

IKFEHEEREARZSTHRITHERZITL, 3DDEEIZH T,

C - = 1/2 = 2

-b-) f&ﬂ ‘ = [k] (LZ/LX) [Z/L] (LZ/L)K()dar BA and Yaglom AM (1990). Mean fields and fluctuation moments in unstably
stratified turbulent boundary layers. J Fluid Mech 212: 637-662
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22

GW

= A(1- Bt)'? (1.85)

*

DEITRKREND Z EBNJETHEID 5TV S, Panofsky et
al. (197N &N 4=1.25, B=3.0 THD. T T —(H»+%
ICREWVEE, 720 H KRN ARELE T H B (free convection)
NET 2 AR ENZEAT

v _ B (~5)'*3 (1.86)

-

LRTZENTES. B, DIEITSEA RIFRBICL > TROBN
T Y (Haugen et al.,1971; Monji, 1973; Asanuma & Brutsaert,
1999 72&), #¥2TH5H. ZOBMRIEZKROD X ) ICRITHREIT TR
HHIENRTED. HHEMTRCIIBEEEE wXEE TRV
LT, o 3w EBHDSATA—F gT BLOWS z TREN
L¥5L

G, = (—f-)“(wTa')"(z)* (1.87)

DEIITETBN, T TRTZEbLESD L
BEXIZOWVWTHE: 1= a+B+y
BEICOWTIE: 0=-a+8
FERIC DWW T : -1 =-20a-8
LY, Zhbba=8=y=13 "EbNh5. £LTERTHIT
(1.86) &2 5. IREEBIZOVWTRILZ L 25 L, a=-1/3,

10" -
5 c,/U.
10'F /
10° g ./“”“/
]04 1 1. Il 1

E —04/6.
10'F
10°F .’v\
‘OA sl l Ll 1
110" 107 10" 10° 10' 10°
10°
% -0/q.
Wi \
. " .\:"'g '.
10°F \
‘ o) L T - i 1
010* 100 100 e 100 10
10°
E -oJC.

Lol L

]O.I Lvaannl el gl 1L L
10° 107 10" 10° 10' 10

-(z-d)/L



Pw J E Og/ Y.
’ lﬂ']:‘
F2003&KL
HETHE F Tha, ¢ 1

—_— Or = -
C, = (5)“(w'e')“(z)’ (1.87) hd \
T

10° 107 10" 10° 10' 10
107 _
DEIHTETBHN, ZITREERDES L E -odC
BEIZOoWVWTiE: 1= at+B+y 10
BEEIC SV T 0= - a+B s,
FEZ W TiL : -1=-2a-8 0 , \
k tﬁ D ) :3”«7)‘6 a=B=v=l/3 ﬁl?ﬁg’lf Bné % Lfgfffé'?‘ﬂl‘i 10" I PR R R RV R AT MR At MR
10° 107 10" 10° 10' 10
(1.86) K& 722 5. WELHMIOVWTRILZ L&D L, a=-1/3, -(z-d)/L
B=213, y=-13 &7V, (154)XD 0 ,ZH5 & HM1.15 #ERiT{t UZERESD
3 BRERELRITEEDRR.
HbnERIE 1/3 HDL\E
Oy -1/3 -1/3 DBEEZERT.
—==Cy(=L) (1.88) (Wwo, 1999)

DX 5 i 5. FIREC B D & T CHARER COy Izo1»
<
% = L) (1.89)

HDNIE

GC

=-C,(-¢)™" (1.90)

.

BERMTHZENTFREND. ZhLDBMRICHOWTIER 1.15 I
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1. X&ndlh 23

RLE. BREIZOVWTHLEL OBAIT— 2835580 Fh b

1EVW)flize>TW% (Wyngaard er al, 1971; Monji, 1973; | J i
Ohtaki, 1985; Asanuma & Brutsaert, 1999, 72 ). #3fHEbEH e :
#UiE Tillman (1972) 3 ,T -

OS¢ _ _ 13 p - 2

Rl Lol 1
ERELTVS. pl= =

RBPREERBMRBOROT —F 1 3dHE Y 720 2%, Kansas O T T Tor Thr

HRTIE 0<C <1 OEEIZENT Jrk i

Sv _1.25(14+0.2¢) T oyu. "

" (1.92)

% =2(1+0.5¢)

« e x X

72 ¥ AR &N TV B (Kaimal & Finnigan, 1994). < I[ = ,‘
REALRS OEBOEMEEIC SV THE moFRay | D2 o7

PRTHEY, 0, /U0, /u P TRPLOBICH 2.5 O T o, 10 0

BBOHATVS (Lumley & Panofsky, 1964 IZE L HH3H D). = 116 MERETRIGHLLERE

NHODEBAEERICIZIw RS LR L X 5 i3 28madh KESSIRRREORTEERE(L.

5. LinL, BEATRIOEBIIXE 2 cddy OHSHAEC  |SREOEDERRR DIOTEIC

FOEWIRIZEBHORSID L Y FITL o THhRV BofEL f RI|RTEARE (Moniji, 1975)

25, BAEE 116 KRLELE I, BRELEAEX

(f~mzlii) DIERBROGEE 10° X TEDZIN 102 ETIT

A30Co, /u. X0, /u. OENRKE KD Z RS,

REEEKRL
RKRFILARENRERICEENTVWDILRACEREEZ LS
BYHD. EROBEIEBRERL KERROBENT, T4

p-e e p e-1
= + = t—=(+—
PPty =t R T RT( = q)
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REZ/LOEEIZ/ES,

sigW/u*

1(x) T L) i | T L] U Ll -
HEIFE-Desert(East-West) ¢
HEIFE-Desert(North-South) +

W ’Wang&Mitsuta’
’Panosfky et. al.’ -

10 F ’Kader&Yaglom’ = -

o

e

sigW/u*
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Tamagawa 1996
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In k

B 1.18 RRERANRD FILOBEDE

T 77 772003)

HickTER LIS DXL IThd. F, RERMML/ASRIC
TRAF—=PBEho TOL BRFEIEICRZ bl A — K (cascade
B 1.19) & PR 5. R — D/ CIEELTR = RV ¥ — (3BT
BzEDLSD. 2 (1L111) KD ¢ THDH. KERMD OS2
W BREICEL = R X =B ED L HIZHH L TV D NnIE Y
— A~ hL (power spectrum) ZAWVTRT Z ENTE 5. AED
uRES DA EIF ST — ARy bV S ZRBH TS LT,

o = [S,,(x,)dx, = [S,,(mdn (1.145)
0 0

DEdIckEND. B ABIE Taylor @ frozen eddy {RFH % VT
K, =2nn/u & LTW5.



-5/3%H| (3X5F2003KkY)

1. Reynolds EA+4iIcKETNIE, ELNIIKHOICERCTHY, =
RNF—ARY DD He LRy 150 TR ESBENEETS.

2. Reynolds MAFEFICKEITIIE K, <<k <<k, OHBEHTITTX
NWE—ART T v EITMSLIZ2Y ¢ DA THRES.

EWVHHOT, BFEOHESMRMENFKTHSD. T ik RTRAF—
EELKERBOBEI (~') , xat3 Kolmogorov D Enic i+ 2 KK
Thb. it $

3
=y (1.146)
€

CEBEIND. KREFAWTH I E mm BEOKEIE2HD. ZORX
IRELKDEBD A r — N e BX D EHTES.
Kolmogorov (IR{E/NEK TIIELFE = RNV X —iX

S= gac (1.147)

ERIhBE L T2bb, BEDARY MITEED-5/3 FlZHHI L
THETILEEIHLOTHS. THNIFRTAEITIC X Y L Kolmogorov
ROEHR 21 LMD, H E(1952) ik - 7= F TR CERI 2 ¥ T
W3, aliE¥TareETo 70EE (Kolmogorov constant) & FE{Ti,
105 EWVWIfix b, 2L, THIZEEDRM G RO u ik LT
ThoT, MNCEHARL w R vERAICOVWTiIRa D 4B EDOfEEZ L. R
BEDEWIZ DOV TIX Corrsin(1951) i X - T,



Power Spectrum

42 ATMOSPHERIC BOUNDARY LAYER FLOWS
10 —_—
| | I
m
’//,////’/ //f,///”;\ v spectrum
Y, N :

o 7 ///,/f/ 0.7 excluded region
w10 ‘%f//’ Q —
% L%

Nx

]
o

D oaf— y —
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D0 QO
O I N
0.01 | | | |
0.001 0.01 0.1 1.0 10 100
n=fz/u
Fic. 2.6. Normalized surface layer o spectrum shown varying with /1.
only in the range —0.3 > z/L > =2 (shown as a hatched area in Fig, 2.7) does

the spectrum exhibit an insensitivity to =/ L. This happens because the normalized

spectral peak 1t,,, stops shifting to lower frequencies with increasing = /L (see Fig.
2.9), an indication that the peak wavelength A, scales only with = The «, », and
stable spectra also progress systematically, but their unstable spectra spread over a

10 [ [ ‘

w spectrum

23
£

£S,(f)/ui @

SPECTRA AND COSPECTRA OVER FLAT UNIFORM TERRAIN 43

o | | T 1

8 spectrum

3

-13
=}

1S:(1)/T3 on

n=fz/u

Fic. 2.8. Normalized surface layer # spectrum shown varying with z/ L.

larger area (hatched); in 1 and v, an “excluded” region (crosshatched) can be seen
separating the stable and unstable spes

ra. The limiting curves for stability regimes
approaching neutral from both sides are indicated by notations 2 /L = 04 and 0

in the figures, Clearly, the unstable u and v spectra do not follow M-O similarity,
and since no measurements of the boundary layer depth 2, were made in Kansas,
it was not known at the time that their A, "s scaled with z,. Later, the Minnesota

20—
E W0—
e
;‘q 05—
T w
€ 02—
0 — —
-2 1 0 1 2
z/L

Fie. 29. Nondimensionalized frequency at spectral maxima shown as functions of

KansasEER DGR
Kaimal and Finnigan 1994
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Tifole, V.
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go /\
‘00 lo.n |0° ]01 loz 8 /_J\f\\ :
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-2/l = c
8123 XD FLOE-DOBRBEDREEEIL § JJ/U\\\\\ o
(Monii, 1973) £
é : ;i
)0." IO" ]91.110 10' 10’
122 FAREROZTERBCEDE
N . RR(EE), LBPBRODINRD BILE
BEHMTBOIEIERETEEICHTIRENRRA~RS B BT Sy D 2DAZNS ML (TFEY).
it Kaimal et al. (1972)IZ L > THONTEH, AR b L INRTHREHDINSIRDIBTEXT
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Co spectrum
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Fic. 2.18. Normalized surface layer cospectra of uw and wf, as represented in (2.52) and
(2.53). shown varying with z/L. Note that the w#f cospectrum attains —4/3 behavior at a
higher frequency than uw.

Kaimal and Finnigan 1994



ELROAEELT 70—80 s

MOFELLANIE, FEMICREL => HEMBRAOERHKITER T

H, BEMERL, §THHLLY,

(z less profile, wave, intermittent turbulence)

KE—BEEREEE BT ESIHUEHERTE, BABFOHA

o9, BEY, &AL, Y EERAEI B, REOAEBILTHR

ET9HEELTLV =,

iz, HESTEMEDES NFHEHE

L5254, LA/ LRGN CERISY ) R ZFHRST, BITE O ERE

BBILESR, BHIEE

fthiZ, ELEﬁ@EP(:%HﬁEE‘JEEMW;%:&%, SN LIEEIN TV,

MARGERARILES, A7 —8RAIGEETEHEOVLEMNH D,

E/NEETOILETOTIO -5 3FRAOER, J)LEIOTER,

SLESD AT L RAE—5E M. SHAIMS ke DETILERHE, &
BHAEREXS CLHRLE (L835), BREFLA/ILEAES,



MES

o XA (=hIIEFEOMOE]) ZER
% (MOBITHE#R)
u
u, —u, =—1Iog(z2/ z1)
BHCIEHTKu1=0,12EELE 20T 5,
MEORMEEIZGEAEINTINS,
o BEICKLTELRRICT S, MEDREZRSHEEST TaHAIL
PNEITEZTHZ T (Ehi-saEs v—20BEOED, RABOEEOHEET

WEYESEIZED)
¢ FMOISLEVVEEYATE :DRAZEZDIVLELNHD
z/20 2 (z-d)/z0
. fCFCv\/ét"—J&-‘r“)VaEBIEE'G%, Fv/E—EBELTIDEMNEDN
« LAL, 20, d FRRLXEEDEABKTH S . P
5 LULN#BIZ [ Zilitinkevich et. al. 2008) - s

Zilitinkevich et. al. , The Effect of Stratification on the Aerodynamic

Roughness Length and Displacement Height, Boundary-Layer Meteorol (2008) 129:179-190 i

DOI10.1007/s10546-008-9307-9 a d“/
0

Fig. 1 The roughness length in stable stratification, zg,, compared to its neutral-stability value, zp =
Foor thi Pt k-

o il Freiat et Siranal hetat mlf v S B — 18 v Ienlariiuols sk vwdar Tondevd e



AME ST H

®3.9 HfANRETE <7 £ — 7 (L)

o | mex | mEER YL AR Mt
i El 24 (m) (x10°°m*s™") (X10°Jm2 K™
IH 0.10 0.3 0.10 0.67 3.0
il 0.20 1.0 0.02 0.40 2.0
et 9 0.15 1.0 0.30 0.30 1.8
filo) K A JH 0.15 1.0 0.20 0.30 1.8
FVTEN 0.10 0.5 2.00 0.15 2.0
A {B:) 0.25 2.0 0.10 1.40 1.9
WAt A 0.13 3.0 1.00 2.30 2.1
HiME B 0.15 2.0 0.50 1.00 2.0
L i 0.25 3.0 0.10 2.00 2.0
Zzofl 0.25 3.0 0.10 1.00 2.0
i 0.07 0.2 0.001 0.15 4.2
A Sl A 0.10 0.2 0.001 0.15 4.2
)l s B 0.20 1.0 0.01 0.80 2.0
FiR0 0.20 0.5 0.001 0.74 2.9
ABH 0.20 1.0 | 0.0 0.70 2.5

(Sellers, 1965 : List, 1966 ; Paterson, 1969 ; Monteith, 1973)

x 2.1 HroOMEKEROT LN

AU, Pielke™, *—7'"%,

. ANEIRE

SNXRF IHEBIEEXIY

HEFTEICERLIAN

a. &E
KU

5 & B E S 0L,

TAR

ERRTF EZHEMH. FEER., REFARNE

o & m T =3 T
1 iR, TR, 0.05~0.40
BB\, BB
i 0.20~0.45

=80 v (1.0m) 0.16~
BV (0.02 m) 0.26
B, v F7 0.18~0.25
St 3 0.15~0.20
FRAK
R [£3%) 0.15~
DO 0.20
FANTH 0.05~0.15
X N K TE A 0.03~0.10
KKIEM 0.10~1.00
- di 0.40~
Bt 0.95
K i 0.30~0.45
K 0.20~0.40




« EAMRE, BN, K3, kFIX
« LY —

« ATEEEDIRE

« IREDT—4

« TOMEEMHIE, FER
YoYU, 1, EEEH, Bk

* Gap filling
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(1—a)Qs1+ Q1 —-Qu=Qn=H+AE+G

o TR Qs; HHE

Qi LEZEPLOHEA~OREBAE Q@ HE»LLEZE~OREHRNE
Q, BRI E H  BAENgxE&E

AE BB E G i A 2

I T, EDNRBRETHSD,

DA DH,LEANELFRELRI NS EE SN S
1A, COEIXRRBELDTKINEZIZEETENS,

Flr=. RFRWZIZH, BLREENZKDHCOHEEIEH
T,



Observed data (daytime)
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BB EICKSELTREIE=HETE

Eddy covariance: F

+ z'w’

€I
1 _ /
P !
w=20
Then assume horizontal : o . . . .
homogeneity = using continuiety equation of incompressible fluid:

&
|

Ou Ov OJOw

=0
6$+8y+3z

H=pC,WT'  AE=4ow(q
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he x component : Subtracting (2.38) from (2.37), we obtain p p -5 £D & - o) ﬂ'@@fg %g
De ERGALTERAZEST
— =—pVeU+pJ (2.39)

. e BT
The terms in (2.37) that were eliminated by subtracting (2.38) represent the balance

force does work of mechanical energy due to the motion of the fluid element: the remaining terms
represent the thermal energy balance.
Using the definition of geopotential (1.15), we have

oo o C, =C,+R 4y

Dt Dt

sressure force is . sothat (2.38) can be rewritten as

. IU U+ |=-U.V (2.40) — I

e | T —aoT 0o
element of mass ", ) e ; ;
1se the Coriolis which is referred to as the mechanical energy equation. The sum of the kinetic C _|_ u . + u . T — J
> no work. Thus energy plus the gravitational potential energy is called the mechanical energy. Thus p ] ]
tpg s UsV. (2.40) states that following the motion, the rate of change of mechanical energy at ax . 8XJ
;con!rol volume per unit volume equals the rate at which work is done by the pressure gradient J
force.

The thermal energy equation (2.39) can be written in more familiar form by

oJsV  (2.35) = fom C31) thae J: heating to unit mass

T
s < Dt Dt
ction, and latent 14

P . — ~
rewrite (2.35) as and that for dry air the internal energy per unit mass is given by e = ¢, T, where - *L% , Illil JJJ ' ~ p% b\ (T z ’ i’m ﬁ ' ~— j:D

cy(= 717 Tkg™' K~!) is the specific heat at constant volume. We then obtain
)

el L =+ j] STNIG *EE VAN L <
D ~
(2.36) cL.ET+p% = (2.41) 75\*',1—:$11LE*E0) 7 -t 82 7] '
[ L L
which is the usual form of the thermodynamic energy equation. Thus the first law | 7k Y | [ — *% E I% 7]” ?hazl, ‘i I; ﬁﬂﬁ 0) ﬁ &
m on the left in of thermodynamics indeed is applicable to a fluid in motion. The second term ’ 4 nas

on the left, representing the rate of working by the fluid system (per unit mass), S
represents a conversion between thermal and mechanical energy. This conversion y

process enables the solar heat energy to drive the motions of the atmosphere.

pJ (2.37)
; 2.7 THERMODYNAMICS OF THE DRY ATMOSPHERE 1 1
‘oduct of U with — W
Taking the total derivatj Mwye obtain p
(2.38)

Montgomery 1948, J.Met.5,265-274 |ZZ D EVIEID
ERLHD,

Holton, A oduction to Dynamic Meteorology 4t ed. 2004




GTEEL. BEDOSYIADMHTE

e 19808 fX, KETDELREEE R AT EEIC
HHoTET-=,
o MIRRAEXNELEECRESTAELONTE=D, TD
1, T&*%ﬁ%éb\liaﬁﬂﬁwﬁuwﬁu 1L7T=

Gas Analyzer BMEHONDHKRDIZHEDT=,
(Ohtaki and Matsui 1998 BLM 24, 109-119)

IRFE, LI-COR%L D & 54 (LI-7000, LI-7500) D\ E &

$EER, BREEBRDOISYIAMN NS LIS
=D T, f&ﬂli’iﬁﬁlﬁﬂb\ﬁ%/\/l"_1’)1’1»%)&:‘)!\
77;_3337":0 ZTDE, KEBER, AFIEELREEIZE-




7599 XBITE Field Projects

« %%, FIFE (The First ISLSCP Field
Experiment ) 671=Y V& #)(1987-1989),

http://daac.ornl.gov/FIFE/fife.shtml

* 1=, TOGA-CORE, HEIFE 1991,921= g
(http://ssrs.dpri.kyoto-u.ac.jp /~heife/), BOREAS 1994,96/- & %8

Al (http://daac.ornl.gov/BOREAS/bhs/BOREAS Home.html) @E%
3

* GEWEX/GAMETYH, LD it R TELFTER A
MNMTHNT=,



http://daac.ornl.gov/FIFE/fife.shtml
http://ssrs.dpri.kyoto-u.ac.jp/~heife
http://ssrs.dpri.kyoto-u.ac.jp/~heife
http://ssrs.dpri.kyoto-u.ac.jp/~heife
http://ssrs.dpri.kyoto-u.ac.jp/~heife
http://ssrs.dpri.kyoto-u.ac.jp/~heife
http://daac.ornl.gov/BOREAS/bhs/BOREAS_Home.html

START OF MY RESEARCH

HEIFE

http://ssrs.dpri.kyoto-u.ac.jp/~heife/

(Heihe River Basin Field Experiment)

Observation of heat
and water exchange
over desert.

Mitsuta et.al. 1995

1991 Jun, Aug, Oct, Dec | was a student!
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Mitsuta et. al. 1995
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GAME/Tibet

1998 Intensive Observation

| belonged to Nagoya univ.

OO Rn-H-IE OH BHLE

0 i L 1
5121 5/31 6/10 6/20 6/30 7110 7120
Fig.11. Surface energy fluxes in daily average. 100 W/m? is equivalent to 8.64 MJ/m>day Rn-H-lE: the
residual flux from SEB equation. H: the sensible heat flux, {E: the latent heat flux. The total height
of three bars show the net radiation flux (Rn).
Tanaka et.al. 2001
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Flux measurement
Infrared H,O CO, analyzer

- Mirror Measure the relative light decay comparing the
infrared rays in absorption band and in another
band.

Measure the amount of gas in the light path, in
other words, density of gases.

Old generation sensors were unstable.

Light source & detecter

It also has deep world!

Open path B! (X, 20004&FtE, ERETIL
ZTNUEIE, ERABELTIE. BEILTH TS
closed pathBL Mg -o1=,
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H—3 7597 ALET 21— XTOBRAIKMR. £ 5 AH-300 & DA-600-3T Dl H A b+H, Advanet
E009B-OP2 & GILL-R3 & DOfflA 5+, Li-COR 10 open-path :XD/k7&5( /CO, Z it (LI-7500) & DA-600-
1T(1 %7C SAT) & DfflAGFHHE, KH20 & ATI-SATI 3K & Diffl# 5+, OP2 & Young Model 81000 & D
HAEHYE, HBXU Kaijo OFE 3 Kool 5 ik MUK LR (SAT-540).

FHHE RS X B0 EE BILES FAK, XEBIE £l —&, =& &, B Ba ZH
fmBA, sk F=, B A8, fRE E—, /M RIEF: 2001 FHRE KX FEZHIREAR L 2—
(TERC)IZHITHELFREH AR E P &R BB LB AR IE IR B ERE DN, KX - KERERES,
Vol. 17, No. 1, pp.43-60, (2004) .
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LI-LOR

40 Years of Excellence

Measuring Change in a Changing World

Env Home Products  Applications LIFCOREU  Support  Contact

( N
E d d C . Analyzer Resources: |
Yy Luovariance S
» Support
» Frequently Asked Questions
‘ LI-COR > Env Home > Products > Eddy Covarisnce Anstzers
\
SONIC INTEGRATION CONNECTIVITY & DATA LOGGING SOFTWARE TRAINING APPLICATIONS
\
o )5 I
LI-7500A | *J LI-7200 1 LI-7700 ‘Y""?J
\ 1
Open Path [‘w‘ Enclosed Open Path
(il |
CO2/H20 | I CO2/H20 CHa
| |
Analyzer || Analyzer ‘ Analyzer w
. (1]
s b ) e lEp
Measures COz and Hz20 in situ. Combines the advantages of Designed for in situ
It is the most widely used open and closed path measurements through the |
open path CO2/Hz0 analyzer analyzers. extremes of the
wor ldwide: environment.
Ygor
- \

The eddy covariance method is an advanced micrometeorological technique used to measure
the exchange of ereenhouse gases between the atmosphere and biosphere. Eddy covariance
systems require high speed, high precision gas analyzers and sonic anemometers to measure the

rapid movement of gases in small air currents.

LI-COR gas analyzers are specifically designed for eddy covariance

flux measurements.

* High speed, high precision analyzers o Lightweight, low maintenance

 Built for the field

« Low power (solar power operation)

Eddy Covariance Resources!

A Brief Practical
Guide to Eddy
Covariance Flux
Measurements

by G. Burba and
D. Anderscn

* Weatherized instruments require no
enclosures

) LI-COR
Greenhouse
Gas Systems

T

Measure
CHs4, CO2
and Hz20

CASE STLDIES GAUERY O O ® O O ( ®

» Webinars



CAMPBELL
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your site:

CAMPBELLft DWWW &KUY

e | About Us | News B Events | Quality & Reliability | Privacy & Terms | Contact Us | Site M-

Applications

Components

Systems

Support

EC150 Open-Path Gas Analyser

Replaces the Licor LI-7500 in Campbell
OPEC (Open Path Eddy Covariance)
systems

The EC150 is an in-situ open path gas analyser
specifically designed for eddy-covariance flux
measurements. It simultaneously measures
absolute carbon dioxide, water vapour densities,
air temperature and barometric pressure. With
the optional CSAT3G Sonic Anemometer head, the EC150 also provides 3D wind
speed and sonic air temperature measurements.

The device is specifically designed to match with the CSAT3A to co-locate the
measurement volume of the gas analyser and the sonic and also to minimise air flow
disruption caused by the instrumentation. The EC150 also shares electronics with
the CSAT3A to reduce system complexity and cost but also to provide
synchronisation of the measurements of the two sensors before they reach the
data logger reducing logger processing.

Here is a link to a Antarctic project which is using one of our new EC150 gas
analysers

® Download EC150 Open-Path Gas Analyser brochure (228 KB)

B 155 A0 LI ES 2 TLAE §, Facebookl PP HERLT. K@
Tl ) LIER THE L5,

[ JRIRE 1

Follow Ls

B Ficebook Tinked T ez

NEED MORE
INFORMATION?
* Email us for prices or
answers

* Download a leaflet (pdf
228 KB)

OTHER USEFUL
PAGES

* Eddy Cowvariance Systems
* Dpen Path System [OPEC)
* Closed Path System
(CPEC)

* More About Eddy
Cowvariance

* EC155 Closed Path Gas
Analyser

Sign up for our Email
Mewsletter




Flux measurement
Infrared H,O CO, analyzer

Mirror
It also has deep world! Ex. Heating by sensor itself

Avdllduie onimne dt www.sciernceairecL.coirn

o AP . AGRIiLIJ\ILl-I'J-URAL
*s” ScienceDirect LN
METEOROLOGY

Agricultural and Forest Meteorology 147 (2007) 48-57

www.elsevier.com/locate/agrformet

Fine-wire thermometer to correct CO, fluxes by
open-path analyzers for artificial density fluctuations

Achim Grelle **, George Burba "

4 Swedish University of Agricultural Sciences, Department of Ecology, Sweden
> LI-COR Biosciences, Lincoln, NE, USA

Received 27 April 2007; received in revised form 13 June 2007; accepted 19 June 2007
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relative value to that of 1/30Hz

From GAME-Tibet 1998

WT
- 1.4
2r 12}
: 1
g 08
% 06 |
% 04 F
% 02 F
&k
0.0001 0.001 0.01 0.1 1 02 0.0001 0.001 0.01 0.1 1
Hz Hz
Covariancew and T Covariance w and mixing ratio of

water vapor

30 LALETES, HFEYRBIRBIEGZEND, KEASHAZFZEBOLENRZS

Unpub. Data by me
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TR, F=IE2RD LUK High pass filter 7

EEONT=D, EBoMEEHE. TAVIE
BN IFEND,

—DH1=Y. Lee et. al. ed. 2004, Handbook of. Micrometeorology [ZE£L LY
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SNE R D IE (Lee 1998)
« SNERROITIE (planarfit IZLDw)

C D W(Ta o TO )
KEBRTITREZILTGLEEZZS

#

HFEDMEZMASHE BRI A EEALDHELND
mMENDHON. FELUTOBFHIELZ 270

Lee, X.: 1998, ‘On Micrometeorological Observations of Surface-Air Exchange over Tall Vegetation’,
Agric. For. Meteorol. 91, 39-49.
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« W MDA (double rotation, planer fitting)

* WPLHHIE (FEXHCKIEBFEINDEEN
EDNHEFERAZTERE) COFTIXEHEDIE
FTEDLLEEH D,
RETEBEOEELE LY —D ]
. %Ek*jﬁ%?’@(i SRS ELUT O I E—#IE

%h 1, ZFMDIZS (Rn-G)/(H+LE)IX 0.7 - 0.9 72

B o f=&A[LFoken, T. 2008. The energy balance closure problem:
an overview. Ecol. Appl. 18, 1351-1367.
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Y-Direction(km)

2

anda et. al. 2004

Kanda M, Inagaki A, Letzel MO, Raasch S (2004) LES study of the energy imbalance
problem with
eddy covariance fluxes. Boundary-Layer Meteorol 110:381-404

Y-Direction(km)
4 (-]

2

)
X~-direction(km) X-direction(km)
(a) (b)
398 MANABU KANDA ET AL
2
| | —E1
| --- correction

(Lee,1998)

Probability Function

0 50 100
Imbalance (%)
Figure 11. Probability functions of imbalance with Lee’s (1998) correction for E1. Geostrophic wind
Uy = 0 ms~"; averaging time 1z = 1 hr; time period 15 = 210 3 hr.

used a vertically integrated temperature below the measurement height (z,) as the
base temperature and corrected the local flux estimate (Fiee) as,

R . 1 of%
Free = wily + 10 [T::—. B ;[ Td:}. )]

Lee’s (1998) correction, however. makes the scatter of imbalance even larger. as
shown in re 11. This is not surprising, since we know that W7 has a poor
eorrelatinon with imhalance  Additionallv  the ascomntion of no horizontal heat
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*Electric power supply
*Information network



Information Network

TKY site
Office
TKC site

Takayama AP
Gifu University

The Internet u Information Super Highway

y Gifu prefecture



Use PC at TKC from my laboratory
in University

PC in university
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Dy 7= g 234E
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VNC server and viewer
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Sensors on Tower (1/2)



Sensors on Tower (2/2)



Also flux measuring system

* Sonic anemometer
and thermometer

(R3-50, Gill)

* Infrared H,O
and CO:2 analyzer

LI-7500(LI-COR)




Observed data (daytime)
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Heat budget (1 dim.)

(1-0)Qs+ Q1 — Qi = Qn
Qn=H+LE+G+S

where a: albedo, QQs: solar raditaion, @);) : long wave radiation from atmo-
sphere, ;1 : long wave radiation to atmosphere, @);,: net radiation, H: sensible
heat flux, LE: latent heat flux, G: heat into ground, §: storage by canopy

* Heat budget must be satisfied by energy
conservation (if horizontally
homogeneous).



Radiation observation

Ground observation



So many sensors for profiles



Saitoh et. al. M %34T

Saitoh T.M., Tamagawa, |., Muraoka H., Lee N-Y., Yashiro Y., and Koizumi H. (2010)
Carbon dioxide exchange in a cool-temperate evergreen coniferous forest over
complex topography in Japan during two yvears with contrasting climates. Journal
of Plant Research doi:10.1007/s10265-009-0308-7.

FERE - E I —BR - F A E -/ RIE, FRICE TS E R FFRES IS8T
HE, EEXR66%E45,289-298,2010

Taku M. Saitoh, Ichiro Tamagawa, Hiroyuki Muraoka, and Hiroshi Koizumi, Energy
balance closure over a cool temperate forest in steeply sloping topography during
snowfall and snow-free periods, Journal of Agr. Met., 2011,
doi:10.2480/agrmet.67.3.4

R - E ) —ER-#T A, AR EZ AU - KU EHEIZH (T 5HCo28THE
FILEDEZE HAZEMERSS, 2011
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* Corrections of the storage term, the AOA error, and the inclined
surface improved EBR by 2.0-2.6%, 8.3—8.9% and 4.9-5.9%, and
improved CR by 5.3-5.8%, 5.6—7.9%, and 4.0-5.4%. Consequently,
EBRand CR reached 0.86 and 0.79 during the snow-free period. By
also considering the heat of fusion, EBR reached 0.79 during the
snowfall period. Our findings suggest that heat fluxes of eddy-
covariance measurements over a forest on steep slopes have a
similar accuracy as those over other topography.

Taku M. Saitoh, Ichiro Tamagawa, Hiroyuki Muraoka, and Hiroshi Koizumi, Energy
balance closure over a cool temperate forest in steeply sloping topography during
snowfall and snow-free periods, Journal of Agr. Met., 2011,
doi:10.2480/agrmet.67.3.4
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