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Abstract

This thesis investigates the implementation of three-dimensional nudging into large-eddy simulation
(LES) to assimilate observed atmospheric data into an LES model. 3D-nudging 'pushes’ the thermo-
dynamic fields in a simulation towards the desired observed fields. The aim is to test if such a method
is useful in improving solar forecasts of stratocumulus-topped boundary layers. For this purpose 3D-
nudging LES solar forecasts are compared to persistence forecasts and conventional LES-based fore-
casts. As a proxy for observations, exact thermodynamic fields from LES were used in this research.
Using LES fields is advantageous as it provides full 3D thermodynamic fields but also dynamic fields
for checking the turbulence in the different methods. Results show that 3D-nudging is quite capable of
replicating the desired thermodynamic fields. Unfortunately, nudging comes with a penalty as it causes
the turbulence built up in a simulation to be flawed. This effect is mitigated by the design of variations
on the nudging technique, the most promising of which is multiple time fields nudging, which nudges the
thermodynamic fields in a simulation to subsequent desired fields every 10 minutes during the nudg-
ing period. Solar forecasts found by this method are found to be more accurate than the persistence
and regular LES methods on forecast horizons of 30 minutes and larger. Approaches proposed in this
study to approximate thermodynamic fields from observational data estimate thermodynamic fields to
a reasonable accuracy but are far from perfect, and thus it should be noted that solar forecast accuracy
of the discussed methods will be less accurate when applied to real observations. Further research
is recommended to focus on the use of the 3D-nudging methods in more LES case studies, and on
devising better methods for the estimation of thermodynamic fields from observations.
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Nomenclature

Abbreviation

Definition

ABL Atmospheric boundary layer
ASTEX The Atlantic Stratocumulus Transition Experiment
CBL Convective boundary layer
DALES Dutch Atmospheric Large-Eddy Simulation
FS Forecast skill
GCM Global circulation model
KNMI Royal Netherlands Meteorological Institute
LCL Lifting condensation level
LES Large-eddy simulation
LWP Liquid water path
NWP Numerical weather prediction
RMSE Root mean square error
SFS Subfilter-scale
STBL Stratocumulus-topped boundary layer
(V)TKE (Vertically integrated) turbulent kinetic energy
Symbols
Symbol Definition Unit
f LES filter width -
hs mo Proportionality constants -
CoT Cloud optical thickness -
Specific heat at constant pressure Jkg K
Constant used in the relationship between and ; K (kg kg
sfc Constant relating the surface SHF and LHF K (kg kg
e Subfilter-scale turbulence kinetic energy m s
Water vapor pressure Pa
sat Saturation vapor pressure Pa
Coriolis parameter s
Energy flux W m
Zi Forcing ms
LW.net Net longwave radiation flux Wm
FS Forecast skill -
Earth’s gravitational acceleration m s
Cloud thickness m
h Eddy diffusivity for thermodynamic scalars m s
m Eddy viscosity for momentum m s
LHF Latent heat flux W m
v Latent heat release due to condensation of water vapor J kg
LWP Liquid water path kg m
Geometric mean of LES mesh sizes m
Mass kg
d Cloud droplet number concentration m
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Symbol
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Pressure

Turbulent SFS Prandtl number
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Change of | with height
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VLPXODWLRQV GH5RRGRIDMICHRWUDWRFXPXOXV FORXG OD\HU LQGLFD!
WRS KDV D KHLJKW WKDW LV UHODWLYHO\KRPRJHQHRXV KRULJRQWDOO
VLIJQLILFDQWO\ 7KLV LV FDXVHG E\KHWHURJHQHRXV ILHOGV RI WKHUP
DQG KXPLGLW\ 6XFK D YDULHG FORXG EDVH ILHOG LPSDFWV WKH DOEH (
+DUVKYDUGKDQ DQG 5D@QEXTMHW DDQG KHQFH GLUHFWO\ DIITHFWV WKH
OLJKW UHFHLYHG DW WKH VXUIDFH 3RRUO\UHSUHVHQWHG FORXG ILHO



5HVHDUFK DLP

JLIXUH 7KH YHUWLFDOO\ LQWHJUDWHG WXUEXOHQW NLQHWLF HQHUJ\ 97.( DV D IXQFWLRC(
PDUNHG E\DQ DUFHG DUHD LQ EOXH WR LQGLFDWH WKH DSSUR[LPDWH VSLQ XS SHULRG 5HVX
VWUDWRFXPXOXV WRSSHG ERXQGDU\ OD\HU 6Db®G VHW XS H[SODLQHG LQ VHF

$GGLWLRQDOO\ WKH VWUXFWXUH RI WKHILHOGY DITHFWV WKH HYROXWLRC
FDQ WKXV DOVR FDXVH WKH VLPXODWLRQ WR GLYHUJH IXUWKHU IURP REVHU
DYRLGHG ENLQLWLDOL]JLQJ WKH /(6 UXQ ZLWK WKH WKHUPRG\QDPLFILHOGYV
DzZzD\ QR SVHXGR UDQGRP SHUWXUEDWLRQV KDYHWREHDVVLIQHG DQG Wt
EODQFH WR WKH REVHUYDWLRQV +RZHYHU VXFK D VLPXODWLRQ ZLOO VWL
HYROYH XQUHDOLVWLFDOO\ 1ILJ

TRDGGUHVV WKH XQUHDOLVWLFGHYHORSPHQW RIWKHUPRG\QDPLFV GXULQ
KDVEHHQLQWURGXFHG 7KLVPHWKRGDGGVDQH[WUDWHUPWRWKHWHQGH
PDNLQJ WKHYDOXHVDGYDQFHWRD GHVLUHG VWDWH ,Q RWKHU ZRUGV WK
IRXQG LQ REVHUYDWLRQV 2QH GLPHQVLRQDO QXGJLQJ RI WKH WHPSHUDW
LPSOHPHQWHG EURDGO\DOUHDG\ HLWKHUWR QXGJHWRPHVBUMFDOHPRGHC
HWDO RUREVHUYDWLRQV %O RWWODHD\WRWODOQ RQH GLPHQVLRQDO QXGJLQJ
YDOXHV LQD KRULIRQWDO ILHOGDUH SXVKHG WRZDUGV DPHDQ YDOXH DV Jl
LQDQLPSURYHG DJUHHPHQW RI WKH KRUL]JRQWDO PHDQ VWDWH EHWZHHQ
WKHLQLWLDO ZLOG HYROXWLRQVWVOMWMKXWHEHXEBRYAROQ MLKH PHDQ VWDWH +RZH
GLPHQVLRQDO IRUP RI QXGJLQJ GRHV QRW WDNH WKH KRULJRQWDO KHWHU
DFFRXQW $V PHQWLRQHG EHIRUH WKH VWUXFWXUH RI WKH ILHOG DIIHFW
RIDFORXG 6R WRUHFHLYHDQ DFFXUDWH VRODU IRUHFDVW WKH REVHUY
DVVLPLODWHG LQWR WKH /(6 PRGHO

SHVHDUFK DLP

JRUWKLY SXUSRVH WKLVUHVHDUFKH[SORUHVD QRYHO QXGJLQJWHFKQLTX
ILHOG LQ WKH VLPXODWLRQ ZKLOVW PDLQWDLQLQJ WKH UHDOLVWLF WXUE?
ILJ 7KLV LV WHVWHG XVLQJD 'QXGJLQJ SURFHGXUH ZKLFK QXGJHV WK
GLPHQVLRQDO WKHUPRG\QDPLFILHOGY GXULQJWKHVSLQ XSSHULRG $VR
EHGHULYHG IURP VDWHOOLWH UHWULHYDOV WKLV PRGHO XVHV 'WHPSHU
/(6 7TKHJRDO LV WRFUHDWHDPHWKRG WKDW PDNHV D ODUJH HGG\VLPXOD\
DV ZHOO bV WKH REVHUYHG ILHOGVY XOWLPDWHO\DLPLQJ WR LPSURYH WK
SUHGLFW WKH RFFXUUHQFH DQG GHYHORSPHQW RI VWUDWRFXPXOXV LQ WK
OHDG WR DQLPSURYHG VRODU IRUHFDVW WKDW FDQ SHUKDSV ULYDO WKH V'



T QWURGXFWLRC

SHVHDUFK TXHVWLRQV
7KH QRYHO QXGJLQJWHFKQLTXH LV FHQWUDO WR WKH UHVHDUFK TXHV\

'RHV WKHLPSOHPHQWDWLRQ RI WKUHH GLPHQVLRQDO QXGJLQJ RI WKH
SKDVH RIDQ /(6 PRGHO JLYH D EHWWHU VRODU IRUHFDVW IRU D VWUDW
WKRVHIJHQHUDWHG E\FRQYHQWLRQDO PHWKRGV™"

7R KHOS IRUPXODWHDQ DQVZHU WR WKLY TXHVWLRQ WKUHH VXE TXHV)

+,VWKHWKUHH GLPHQVLRQDO QXGJLQJPHWKRG FDSDEOHRILQFOXG
PRG\QDPLFILHOGV LQ /(6 DQG ZKDW QXGJLQJWLPH VFDOHV DUH UH

$'RHV WKH LPSOHPHQWDWLRQ RI WKHWKUHH GLPHQVLRQDO QXGJLQ.
WXUEXOHQFHGXULQJWKHVSLQ XSSHULRG DQGKRZGRHV WKLV DII
ILHOGV LQ WLPH"

1&DQ WKHUPRG\QDPLFILHOGV IRU XVHLQ /(6 PHWKRGVY DFFXUDWHO\
DQG VDWHOOLWH REVHUYDWLRQV"

7TKHVLV VWXFWXUH

$IWHU WKLV LQWURGXFWLRQ WKLV WKHVLVY FRQWLQXHV ZLWK D GHVFU
FHVVHV UHOHYDQW WR D VWXG\RIVWUDWRFXPXOXVDQGDFKDUDFWHUL

6XEVHTXHQWO\GHVFSWHEKMWY D PHWKRG RI GHWHUPLQLQJ WKHUPRG\QI
WLRQV ,Q FK®/SWVHWLQWURGXFHG DQG LWV JRYHUQLQJ HEXBRX\RQHWD U
WKH VHW XS Rl WKH H[SHULPHQWY DV ZHOO DV WKH LPSOHPHQWDWLRQ
RGVLQWR '$/(6 1H[WHKRDBWKH UHVXOWY JHQHUDWHG GXULQJWKLV UH)
LQ FKDSWIHMD OO\ FRQFOXVLRQV DQG UHFRPPHQGDWLRQV WKDW DULVH



7KHUPRG\QDPLFVDQG G\Q
VWUDWRFXP X

,QWKLVFKDSWHU WKHUPRG\QDPLF SURSHUWLHV RIWKHDWPRVSKHUHDUH
HGG\VLPXODWLRQRIVWUDWRFXPXOXV $GGLWLRQDOO\ WKHHTXDWLRQVJ
LQ WKHDWPRVSKHUH DUH RXWOLQHG )LQDOO\ DGHVFULSWLRQ RIVWUDW
IRUPDWLRQ DQG HYROXWLRQ RYHU WLPH GUDZLQJRQ WKHWKHRU\IURP WK

$WPRVSKHULF WKHUPRG\QDPLFV

$IXQGDPHQWDO DVSHFW RI VWXG\LQJ FORXG EHKDYLRU LV XQGHUVWDQGLQC
VSKHUH DVFORXGVDUHIRUPHG E\FRQGHQVDWLRQRIZDWHU YDSRU %HIRL
UHOHYDQW WR WKHUPRG\QDPLF WUDQVSRUWLQWKHDWPRVSKHUH WKLV VFE
OD\HU &%/ ZKHUH VWUDWRFXPXOXV RFFXUV 7KHGHVFULSWLRQ JLYHQ KF
VIOOBBMPRVSKHULEB&HWARRRGH DQG WKH WHYWERBNHULESFLBQPBHRH

DQG +REEV XQOHVV H[SOLFLWO\VWDWHG RWKHUZLVH )RUDIXOO GHULYDW
UHDGHU LV UHIHUUHG WR WKHVH WH[WYV

&RQYHFWLYH ERXQGDU\ OD\HU
$Q $%/ LV UHIHUUHG WR DV D &%/ RUD PL[HG OD\HU ZKHQ WKH DLU LQVLGH L
7KLY XVXDOO\KDSSHQV GXULQJ GD\WLPH KRXUV 9HUWLFDO PL[LQJ RI WKH
WXUEXOHQFH LQ WKH $%/ 7XUEXOHQFH WKHLUUHJXODUDQG FKDRWLF PRV
HGGLHVRIGLIITHUHQW VL]HV (GGLHVDUHGHILQHGDV DUHDV ZKHUH WKH IOF
GLUHFWLRQ RIWKHIORZ 7KH WXUEXOHQFHLQ WKHPL[HG OD\HULV GULYHQ
E\ VRODU KHDWLQJ Rl WKH VXUIDFH ZKLFK FDXVHV WKH DLU MXVW DERYH \
KLIKHU XS %HFDXVHRI WKLV WXUEXOHQW FRQYHFWLYH SOXPHV RIZDUP I
DLUDUHJHQHUDWHG 7KHVHFRQG GULYHU RI WXUEXOHQFH LV VXUIDFH IUL
WKH KRUL]JRQWDO ZLQG VSHHGY FORVH WR WKH VXUIDFH WR EH VPDOOHU W

‘LITHUHQW ZLQG VSHHGV EHWZHHQ YHUWLFDO OD\HUV SURPRWH WKH W
%HFDXVHRIWKHWXUEXOHQFH TXDQWLWLHV OLNHWHPSHUDWXUHDQG KXP
&%/ +RZHYHU WKH &%/ LV FDSSHG E\ WKHDIRUHPHQWLRQHG WKHUPDO LQY |
RIOLG QRWDOORZLQJWKHUPDO SOXPHV WR HVFDSH WKH ERXQGDU\ OD\HU

(TXDWLRQV IRU KXPLGLW\
:DWHU LV DOZD\V SUHVHQW LQ DLU HLWKHU LQ YDSRU OLTXLG RUVROLG IF
SKDVHV 7R TXDQWLI\WKHDPRXQWRIZDWHULQD VSHFLILF SKDVHLQ WKH D
LQWURGXFHG ks

Kwrw
ZKHUH WKH $IKDORISNKH ZDWHU LV HLWKHU ZDWHU YDSRU RU OLTXLG ZDWH!
ZDWHU VSHFLILF KXPLGLWA\DOVRLQFOXGHV PRLVWXUHLQ WKHIRUP RILFHF



TKHUPRG\QDPLFVDQG G\QDPLFV RI VW

SKDVH LV JIKEHmMOE WKH WRWR®R PKVoVk gLV WKH VXP RI WKH PDVV RI WKH
DOO SKDVHV DQG WKHKRD VY WRKBDEVIHQFH RI DQ\ VRXUFHV RU ORVVHV
PRLVWXUHLQ WKHDWPRVSKHUH WK Hoy RV IF®R QD W YH/G M B UILIFEOH D Q G\

Oy Oy Op

7KHVSHFLILF KXPLGLW\LV D NH\SDUDPHWHU ZKHQ GHDOLQJ ZLWK FORX
XLG RUVROLGIRUP $FORXGFDQJURZZKHQ ZDWHU YDSRUFRQGHQVDW
ZLOO VKULQN RU GLVVLSDWH ZKHQ OLTXLG RUVROLG ZDWHU HYDSRUDW
UDWLRQ DUH FRQWLQXDOO\RFFXUULQJLQDLU 2QH VSHDNV RID QHW F
DUULYHDW D OLTXLG VXUIDFH WKDQ OHDYH DQG D QHW HYDSRUDWLRQ

7KHUDWHDW ZKLFK WKHWZR SURFHVVHV RFFXUGHSHQGVRQPDQ\IDFW]I
RIWKHDLU :DUPHUDLUKDVPRUHHQHUJHWLFPROHFXOHYV DQGPROHF)
UHDGLO\ (YDSRUDWLRQ GHFUHDVHYV PRUH KHDYLO\ ZLWK WHPSHUDWX!
FRROVGRZQHQRXJK WKHUHFDQEHD QHWFRQGHQVDWLRQ DOORZLQJ
LV NQRZQ DV WKH GHZ SRLQW WHPSHUDWXUH

KHQ WKHDPRXQWRIZDWHU YDSRULQDQDLU SDUFHO LV VDWXUDWHG
ZKHQ WKH ZDWHU YDERWHIYNBOWKRI HWYV VOWXKIBD WDBDW XDDWHRQ YDSRU SU
XVHG WR GHWHUPLQHD ZLGHO\XVHG TXDQWLW\B® PHWHRRB @RS L RMDIOH |
WHPSHUDWXUHVLQWKH$%/ DQHPSLULFDOUHODWLRQIRUWKHVYDWXU
7 Y
dypw H[S Y p
é
ZKHYKMBHQRWHY WKHDEVROXWH WHPSHUDWXUHLQ .HOYLQ

,WLVPRUHXVHIXO WR H[SUHVV WKH ZDWHU YDSRU SUHVVXUH DQG VDW »
KXPLGLW\ :KHQDLULV VDWXUDWHG LW FDQQRW KR Gop )7 KRIULH WD W H L
XUDWHG ZDWHU YD SR UoySFFQ EHf EXBLEHW®IVURP 'DOWRQYV ODZ RI SDUWI
DQG UHDGYV
d\/DW

Ovopw—F7F———
n dipwé
ZKHUH WKH GLPHQVLR Q &% WM. ¥ FAGKHMDIOMWLR RI WKH VSHFLILFMYJIDQYGEFERQVW
WKH VSHFLILF JDV FRQVW N WQI RMKADWIHRSERVSRHUH WKHPXREW DO $SIUHYW
WKDQ WKH VDWXUDWHG Z&)WiDbW % MHSTWD BADRE KX VHPSOLILHG WR

~ d\/DW

Ovp@W n

/ILTXLG SRWHQWLDO WHPSHUDWXUH
7KH SRWHQWLDO WHP S HUDDMAIIHWL V 16 HOQHRWHGVEAW KH WHPSHUDWXUH W
KDYHLILWZDVEURXJKWDGLDEDWLFDOO\IURPLWVRZQWHPSHUDWXUH
VWDWHQ H[SUHVVLRQ IRUWKH SRWHQWLDO WHPSHUDWXUH RIDQDLU SI
YDQG SUHNDRGWKH UHIHUH@GAHWSBKRYGEIKVLQI WKH FRQFHSW RI HQHU
DQG WKHLGHDO JWY DIDYWKH GHQVLW\ 7KH GHULYDWLRQILQDOO\ILQC

ZKLFK KDV WKH VSHFLILF KHDW RI GU\ BLD Q@& IFRWQV R®XQAH 8 WHMV{OQH D V;

e
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7T\SLFDOO\WKH UHIHAWHQWHD S HRQWRXKEH K3ID 7KHSRWHQWLDO WHPSHU
SDUFHOLVFRQVWDQW ZLWK KHLIJKW PDNLQJLW XVHIXO ZKHQ VWXG\LQJ
FORXG ZDWHU DQHYHQ PRUH XVHIXO TXDQWLW\LV WKHOLTXLG SRWHOQ

Uo0 U éﬁﬂoo



$WPRVSKHULF WKHUPRG\QDPLFV

ZKLFK DOVR LQFOXGHV WKH HITHFW RQ KHDW@ IVBK D D WKIEQ K ¥ RWZADHNDHHD X/
WR FRQGHQVDWLRQ RI ZDWHU YDSRU $V ZLWK WKH WRWDO VSHFLILF KXPLG
FRQVHUYHG YDOXHLQ WKHDEVHQFH RIORVV RUJDLQ RI KXPLGLW\LQ WKHEL

7KH YDU LOREQGYUH FRQVHUYHG LQ WKH $%/IRUYHUWLFDO DGLDEDWLF PRWL
WXUEXOHQW PL[LQJ PDNHVY WKHVH YDULDEOHYVY PRUH RU OHVV FRQVWDQW
W\SLFDO YHUWLFDO SURILOHV RI WKHVH YDULDEOHV LQ D VWUDWRFXPXO X\
ILIXUHOOXVWUDWH WKLV ,Q WIKH[WHKUQHQ@NHHWD VKO 0 B bR IMWH Ix&KKQ O VW
GHFUHDVHV ,Q WKHIUHH WURSRVSKH UL Q ERMN B WHYHFIRWHAUD/Q W Q OZL\W K KH L
WKIWH[KLELWY D FRQVWDQW GHFUHDVH ZLWK KHLJKW 7KHILIJXUHDOVR LOO:
RI WKH RWKHU YDULDEOHYVY LQWURGXFHG WKURXJKRXW WKLV VHFWLRQ &O|
HOQOWLUH ERXQGDU\ OD\HU KLJKOLJKWDRQ&GWKH SUDFWLFDOLW\RI XVLQJ

JLIXUH 7KH YHUWLFDODQFEARBWRHOIWMIYRQWLF 6WUDWRFXPXOXV 7UDQVLWLRQ ([SHULPHQW
DQ 67%/ DV FDOFXODWHG XVLQJ WKH PHWKRGRIHVURVY LEWHEG RQOHRRIZRQIRU WKH ORZHVW I
DWPRVSKHUH EXW DFWXDOO\ HI[WHQG WR DSSUB[LtRPDWHP® QDU HFOWERDO W HRIILLRPYWRY LQ S X
SURILOHV 7KH SURILOHV VKRZQ DUH W\SLFDO IRU WKH 67%/

9LUWXDO SRWHQWLDO WHPSHUDWXUH
%XR\DQF\ LV RQH Rl WKH PDLQ VRXUFHV RI WXUEXOHQFH LQ IOXLGV )RU L
SRVLWLYHO\ EXR\DQW WKH\ULVH DV WKHLU GHQVLW\ LV ORZHU WKDQ WKD
RI DQ DLU SDUFHO FDQ EH H[SUHVVHG XVY,QJ K\ M LYULVWX\DX®D @ MVAHSPHSUHDVID XMUXHU ¢
WHPSHUDWXUH DW ZKLFK D GU\DLU SDUFHO ZRXOG KDYH WKH VDPH GHQVLW
WHPSHUDWWUWN GHULYHG XVLQJ WKH LGHDO JDV ODZ DQG 'DOWRQYfV ODZ RI
GHQRWHG DV

Yo Y Oy ¢ @
ZKHUH DQRWKHU GLPHQVLRW G4V L FRQWNUIRGWFHG 7KH YLUWXDO SRWHQWL
G LVIRXQG E\ GLM\LVBKB J[QHU IXQFWLRQ HT

o . ,
M u Oy é ©

%H\RQG LWV XVH IRU H[SUKL VY K@ B EXRDIVQMAN LV FRQVHUYHG IRU XQVDWXUDW
7KLV LV LOOXVWUDWHKBE WK WIKIKK WHS L B,0L@ S\IKRH IFDHRRG WRSSHG $%/ KDV D FR
YDOXHIRUKHLJKWY EHORZ WKH FORXG OD\HU



TKHUPRG\QDPLFVDQG G\QDPLFV RI VW

&ORXG DOEHGR
7TKH DOEHGR RI D FORXG PDUNV WKHUDWLR RILQFLGHQW VRODU UDGLD
UDGLDWLRQ LW UHFHLYHV 6RODU UDGLDWLRQ QRW UHIOHFWHG E\ WKl
WRZDUGV WKH (DUWK $FORXG ZLWK D ODUJHDOEHGR WKXVJUHDWO\ GI
DW WKH VXUIDFH PDNLQJ FORXG DOEHGR DQ LPSRUWDQW IDFWRU LQ V
OLNH WKDW IURP WKH VXQ FORXG DOEHGR GHSHQGWPRVYWPMWQRPWHRH F
LQ OLWHUDWXUH DQG WKH \RRGDU |HOKM K AD@MDDOHHQLWK LV GHILQHG I
EHWZHHQ WKH 6XQfV UD\V DQG WKH YHUWLFDO GLUHFWLRQ )RU KLJK
WKURXJK D ODUJHU SDUW RI WKH FORXG PDNLQJUHIOHFWLRQ PRUH OL
WKHH[WHQW WR ZKLFKD FORXG SUHYHQWY UDGLDWLRQ IURREDNVVLQJ\
IRXQG IURP WKH YHUWLFDO LQWHJUDO RHbWRMHEBWLRHRWLORXFOBKXTGXEG
p RRG
Sw OO
&27 — — X
O sg PH

ZKHUBLYHV WKH GHQV LYWL RHD MUKIHQGEHQVLW\RI OLTXLG ZDWHER27KH LQW|
DUH WKH FORXG £ DWH KFHFOLRIX®/ WX S KHLJIKW

/ILTXLG ZDWHU SDWK DQG FORXG WKLFNQHVYV
7TKH WRWDO DPRXQW RIOLTXLG ZDWHULQDQ DWPRVSKHULF FROXPQ LV

Sw
/:3 odX
SE
7TKHH[SUHVVLRQ IRUWKH /:3LV YHU\VLPLODU WR WKHH[SUHVVLRQ RI W
DOQG WKXV WKH /:3 RIDFORXGLVFORVHO\UHODWHG WR LWV DOEHGR ,C
DSUR[\IRUWKHFORXG DOEHGR

6DWHOOLWH REVHUYDWLRQVDUHIUHTXHQWO\ XVHG WRIADQQE BHWXHH /:3
FLD@DUH VWURQJO\ FRUUHODWHG WR WKH /:3 ILBI VM GOCK\VGWWEBOWIBQ GQR V
7KLV VKRZV KRZ ODUJH WKH HITHFW Rl WKH WKHUPRG\QDPLFV RI WKH DW

JLIXUH 6QDSVKRW RIWIBHDIQ B@BY RI'$/(6 UXQ RI D VWUDWRFXPXOXV FDVH 'HWDLOV R
JLYHQLQ VHFIWQ&RQMHOGVY H{WUDFWHG DIWHU KEXQUHDDE G WMKUHDIEWEGWD®RID KHLIJKW LQ W
WKH FORXG OD\HU

"\QDPLFV

7KH DWPRVSKHULF VWDWH LV GHWHUPLQHG E\ SURFHVVHYVY OLNH UDGLD
DQG WXUEXOHQW PRWLRQ ,Q WKLV VHFWLRQ WKHEDVLFVHWRIHTXDYV
VSKHUHDUHJLYHQ %HIRUH SUHVHQWLQJWKHVHH[SUHVVLRQV LWLV
WLRQ ZKLFKFDQ EH XVHG WR GHFRPSRVH WXUEXOHQW PRWLRQ IURP O]

5H\QROGV GHFRPSRVLWLRQ VSOLWYV WKH WHP &R WROMZR\EDIMWED O VHU L
+HUHGHQRWHV WKH PHDQ RI WKH VFDOD USB IY HHIVDWHKIHI WR UG G B QWD Q & F \
WKLV PHDQ 7KHDBDRDWHDIBU WR WKH WKHUPRG\QDPLF YDULDEOHY SUHVI
DOVRWR WKHHDVW ZHVW VRXWK QR WWKQUBUHYUHWWHEDNG @L Q® WSKHHHBW F



"\QDPLFV

5H\QROGY GHFRPSRVLWLRQ DQG DYHUDJLQJ DUH DSSOLHG WR WKH LGHDO
WLRQV IRUPRPHQWXP PDVV KHDW DQG KXPLGLW\WR FRQYHUW WKHVH LQ
DGYHFWLRQ DQG WXUEXOHQW IORZ ,Q DWPRVSKHULF IORZ PROHFXODU SU
WKHRWKHU WHUPVDQG DUHWKXV RPLWWHG IURPWKHHTXDWLRQV $PRUH ¢
LQ WKLV VHFWLRQ FDQEHIRXQGLQ WH[WERRNV OLNHB6WXOO

ODVV FRQVHUYDWLRQ

,Q WKH ERXQGDU\ OD\HU WKH LQFRPSUHVVLELOLW\ D&ROQOFRHPOMQAWQ\KROC
5H\QROGY GHFRPSRVLWLRQDQG DYHUDJLQJ RIWKHFRQVHUYDWLRQ RIPDV

EL SE
VL VL

ZKHWYH s t uJLYHV WKH ZLQG WY SHH® DIOEHY WKH SRVLWLRQ LQ WKH HDVW ZI
QRUWK DQG YHUWLFDO GLUHFWLRQ

$GYHFWLRQ WHUPV ZKLFK XVYXDOO\DULVH ZKHQ XVLQJ5H\QROGY WHFKQLT>

£

£
[y —
L VL

ZKHUH "G @4 s t USGGLQJI WKHSWHUEZKLFK LV JHUR DV D UHVW®WRHHT
DERYHDOORZV RQH WR ZULWH

£ £ of £ £
oE S¢ SL
L VL VL VL

7TKLVHTXDWLRQLVFRQYHQLHQW DV WXUEXOHQWHIITHFWV DUH XVXDOO\UH:
KDQG VLGH )RU H[DPSOH WKH ERX\DQF\ WXIBE X\OKK W R®[A.V $H E U H\FWHXE D

WXUEXOHQ%EDAE WKH YHUWLFDO Y h &VR(FLAK \LYDGLLADQWFHIVOW KH FKDQJH R1 WKH
YDULDEOH GXH WR WXUEXOHQW WUDQVSRUW

ORPHQWXP FRQVHUYDWLRQ

$SSO\LQJ 5H\QROGY GHFRPSRVLWLRQ DQG DYHUDJLQJ WR WKH PRPHQWXP
PDVV FRQVHUYDWLRQ JLYHYV

— — - Fot
S St LB e L Bge— M
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ZKHUH WKH .URQBFNEVUX®MOWXH JUDY LW DWRE®QDARDNVHOHWRMWYRQWLFDO
WLRQ DQG WKH /HYL,§ZRWUMNDROPERW&RULROLWSEADWKWHY Ac¢

V> JLYLQJ WKH DQJXODU YHORF ILMMLR) MWKKH DDWK\WRGH :KHQ WXUEXOHQFH
KRPRJHQHRXV WHUPV FRQWDLQLQJWKHGHULYDWLYHRIWKHZLQG IOXFWX
DUH QHJOLJLEO\VPDOO LQ FRPSDULVRQ WR WKH RWKHU WHUPV LQ WKH HTX

(TXDWLRQVFDQDOVREHIRXQGIRUWKHZLQGVSHHG IOXFWXDWLRQ 7KLV LV
LQ YHUWLFDOUWZLM\GIOXHEMWXDWLRQVLQ YHUWLFDO ZLQG VSHHG GHWHUPLQH V
IOX[HV ,Q WXUQ WXUEXOHQW IOX[HV DUH NH\ LQ WKH GLVWULEXWLRQ RI K
IOXFWXDWLRQLQ YHUWLFDO ZLQG VSHHG FDQ EH GHWHUPLQHG XVLQJ

7KLV HTXDWLRQ VKRZV WKDW SDUFHOV RI DLUWKDW DU ZDDUPHU WKDQ WK
WHQG WR ULVH WKURXJKWKHDLU ZKHUGDWHR®G B/HRWDQW S DKNIFHOVROHY D WV
WR WKH WXUEXOHQW PL[LQJLQ WKHVWUDWRFXPXOXVY FORXG OD\HU DQG Wk
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+HDW FRQVHUYDWLRQ
7TKHFRQVHUYDWLRQ RI HRQHWJLYRQVE\UPV R

L,Jo _ L,Jo . KL U£l:|g

S_ — g X-
r "VLC’IQMVL" X o

ZKHUH WKH QX[ WHHWRHDW DGGHG WR DLU E\ S U R BH ¥ IVHH/VOVLRDHUUF I GRUWD WL
WHUPVY OLNH WKHHYDSRUDWLRQ RIUDLQ 7XUEXOHQFHLV DVVXPHG WR

:DWHU FRQVHUYDWLRQ
JRUWy WKHHTXDWLRQ UHDGV
Ow _ Ow | ufof
r S"v,_ ©Tx Xiw
ZKLFKDOVRDVVXPHV KRULJRQWDOO\KRPRJHQHRXVYWHYVIMKD AR QM ULKE}
RILFHRU SUHFLSLWDWLRQ DV LFHDQG UDLQ ZHUH QRW LQFOXGHG LQ
HT

6WUDWRFXPXOXV FORXGYV

21 DOO FORXG W\SHV VWUDWR¥FKEX OWKH OLOUJHVW SDUW RI WKH (DUWK
RI DSSUR[LPDWHO\ RQH ILIWK RI WKH (DUWRTMHRXBID ANV LRRGKH FOR X
RFFXUV PRVW RIWHQ RYHU :HVWHUQ (X UR/SHID VDRIFMRXBWWPORXGV H[HU
IHFW RQ WKH (DUWKYTV UDGLDWLYH EDOBQYEH N+DQU WP B0Q Q GINGHDIHIVE D O
WKDW D LQFUHDVHLQ JOREDO VWUDWRFXPXOXV FRYHUDJH FRXOG FF
IHFW 8QIRUWXQDWHO\ JOREDO FOLPDWH PRGHOV VXJJHVW WKDW ZDUF
VWUDWRFXPXOXV FORXG FRYHUDJH 'XIUHVQH DQG %RQ\

JLIXUH 6QDSVKRW RI D VWUDWRFXPXOXV FORXG GHFN RIl WKH ZHVW FRERQWXQM KH 1H)\

6WUDWRFXPXOXV RFFXUV DW WKH WRS RI WKH &%/ ZKLFK LV JHQHUDO
P :RRG ZKHUH LW LV FDSSHG E\ WKH LQYHUVLRQ OD\HU )XUWKF



6WUDWRFXPXOXV FORXGYV

DUH XVXDOO\ RQO\D IHZ KXQGUHG PHWEKWWW® IKIENY HROREORXG IUDFWLRQ RI
RQH GH 5RRGHLQGLFDWLQJ FRPSOHWH VN\ FRYHUDJH $V H[SODLQHG LQ \
VWUDWRFXPXOXV FORXGV VLIQLILFDQWO\LPSDFW VRODU IRUHFDVWYV GXH
GHSWK RI WKH WKHUPDO LQYHUVLRQ OD\HU PDNHV VWUDWRFXPXOXV GLIIL
PRGHOV FRQVHTXHQWO\PDNLQJWKHPDFUXFLDO SDUWRIUHVHDUFK LQWF

2FFXUHQFH
7KHIRUPDWLRQ RI VWUDWRFXPXOXV FORXGY GHSHQGY RQ WKH SUHVHQFH R
WKHUPDO LQYHUVLRQ OD\HU VKRXOG FDS WKH &%/ $ WKHUPDO LQYHUVLRC
WKH GRZQZDUG PRWLRQ RIDLULQ WKH +DGOH\ FR U F)QGIHW LIR QL XKD Q GHIV X W I
VI\VWHP 7KH VHFRQG QHFHVVDU\ HOHPHQW LV D FROG DQG PRLVW VXUIDFH
HVSHFLDOO\RIWHQ RYHU FRRO RFHDQ FXUUHQWY 7KH KLJK KXPLGLW\ RI W}
PRLVWXUH LQ WKH DWPRVSKHUH 'XH WR WKH FROG VXUIDFH WKH WKHUPD!
WKH ERXQGDU\ OD\HU LV ZHOO PL[HG WKH KXPLGLW\LV WUDQVSRUWHG XS
WUDSV WKHPRLVWXUHLQVLGH WKHERXQGDU\OD\HU FDXVLQJLW WR DFFXF
IRUPLQJD VWUDWRFXPXOXV FORXG ZKLFK KDV LWV WRS DW WKH LQYHUVLRC

(YROXWLRQ DQG DGYHFWLRQ
7KLV VXEVHFWLRQ SUHVHQWYVY WKH NH\ SURFHVVHV DITHFWLQJ WKH HYROXW
WLRQ UDGLDWLRQ SUHFLSLWDWLRQ DQG WXUEXOHQFH $VFKHPDWLFRID

JLIXUH 6FKHPDWLFRIDQ67%/DQG DOO WKHSURFHVVHV UHOHYDQW IRULWY HYROXWLRQ

/IDUJH VFDOH DGYHFWLRQ
/DUJH VFDOHDGYHFWLRQLVDYHU\UHOHYDQW SURFHVVIRUVWUDWRFXPXC
IRXQG DERYH WKH 1HWKHUODQGYV DUH W\SLFDOO\IRUPHG RYHU WKH 1RUWK
E\ KRULJRQWDO DGYHFWLRQTS T HN® N QHBQWSHRWEGNFORXGYV WKURXJK WKH D\
7\SLFDOO\ WKH PHDQ YHUWY AMP® @ DQ®\DSERIXGQGDU\ OD\HU EXW QRW QRQ |
PHDQ YHUWLFDO ZLQG VSHHG FDQ FDXVH WKH ERXQGDU\ OD\HU WR HLWKHU .
DV ODUJH VFDOH VXEVLGHQFB& ROWIQUDWBHAXFKGXOW VXEVLGHQFH SXVKHV
OD\HU DQG VR WKH FORXG WRS GRZQ FDXVLQJ WKH FORXEDMBWKLQ +RUL
JHQHUDOO\ DUH PXFi ODUJHU/WEBDA DGYHFWLRQ LV UHSUHVHQWHG E\ WKH
OHIW KDQG VLGH LQ HTXOOMELRQV



TKHUPRG\QDPLFVDQG G\QDPLFV RI VW

5DGLDWLRQ

6WUDWRFXPXOXV FORXGY HPLW ORQJZDYHUDGLDWLRQ LVRWURSLFEDOC
GHU 'XVVHQ $W WKH WRS RI WKH FORXG WKH FORXG HPLWV PRUH UDG
DUDGLDWLYH FRROLQJ $ GLUHFW HIIHFW RI WKLV UDGLDWLYH FRROLC
FUHDWHW HFUHDVHY HHDGLQJWR PRUH VDWXUDWHG DLUDQG FDXVLQ.
)XUWKHUPRUH WKH ORVV RIORQJZDYH UDGLDWLRQ $¥ @NBR WHGEROWG
FRROLQJJHQHUDWHY WXUEXOHQFH ZLWKLQ WKH FORXG WKDW FDXVHV
WKDW HYDSRUDWHY DW WKH VXUIDFHDQG HQWHUV WKH FORXG WKURXJ
FORXG OD\HU IXUWKHU FDXVLQJ WKH FORXG OD\HU WR WKLENHQ

6KRUWZDYH VRODU UDGLDWLRQ DOVR SOD\VD UROHLQ WKHHYROXWLR
RI'WKHVRODU UDGLDWLRQ LQFLGHQW RQ D VWUDWRFXPXOXV FORXG Gt
&KRUOH\ ZLWK PD[LPD XS WR YDQ GHUZKXKWKHQUHPDLQLQJ VRODU U
PRVW WUDYHOV RQ WRZDUGV WKH (DUWKTV VXUIDFH EXW D VPDOO SDU
ZDUPLQIJWHQGHQF\ZKLFKSDUWO\FRXQWHUDFWV WKHHIIHFW FDXVHG E
VWUDWRFXPXOXV FRROVDQG WKXV WKLFNHQY OHVV VWURQJO\WKDQ G
LOQGLFDWLQJ WKDW VWUDWRFXPXOXV FORXGV WHQG WR KDYH JUHDWH
GD\WLPH :RRG HWDQ EH H[SODLQHG

(QWUDLQPHQW

7XUEXOHQFHLQVLGHWKHFORXG OD\HUFDQFDXVH ZDUP WKHUPDOV WR
WKHIUHHWURSRVSKHUHDERYH +HUH WKHLUEXR\DQF\LV GDPSHG GXH
DQG WKH WKHUPDOV GHVFHQG GRZQZDUGV LQWR WKH FORXG OD\HU DJD
GU\DLU IURP WKH IUHH WURSRVSKHUH LV GUDJJHG DORQJLQWR WKH FG
PRLVW 7KLV PL[LQJRIDLUIURP WKHIUHH WURSRVSKHUH LQWR WKH EF
7KH HQWUDLQPHQW YHOREF LM@W.WDAIQ@RWW®RDBLU LQWR WKH ERXQGDU\
WKH ERXQGDU\ OD\HU ZKLFK ZRXOG XVXDOO\FRQWULEXWH WR D GHHSF
IURP WKH IUHH WURSRVSKHUH ZRUNV WR ZDUP DQG GU\ WKH VWUDWR F X
RI FORXG OLTXLG ZDWHU OHDGYV WR D WKLQQHU FORXG $V FORXG WKLC
FORXG WKLFNHQLQJE\D GHHSHQLQJ RI WKH ERXQGDU\ OD\HU HQWUDL
RI VWUDWRFXPXOXV S5V HEBDLU LV GHVFHQGLQJ L'QWR WKRIE EORX\G C
ZDUPHE DQG GW§HU HQWUDLQPHQW LV XVXDOO\ PDUNHG E\ ODUJH

WHPSHUDWXUH WXEEX® D @WUOKMLSRVLWLYH

SUHFLSLWDWLRQ

SUHFLSLWDWLRQ FDQ VRPHWLPHY RFFXU LQ VWUDWRFXPXOXVY FORXGYV
OXV 7KH DPRXQW RI FORXG GURSOHWY LQ D XQLW YROXPH RI FORXG L
FROQFHQOQWHE DM RXQGY ZLWER;IRQHADYAHQW DIJH KDYH VPDOOHU FORXG GURSOH
ODWEH)RU SUHFLSLWDWLRQ WR RFFXU FORXG GURSOHWY KDYH WR JUR:
WR WKH (DUWK 6WUDWRFXPXCS}g\éFORR&C’?R\KI-DLYWK)I-DIBFFJHEQ ODUWLQ HW
VR SUHFLSLWDWLRQ GRHV QRW RFFXU VR RIWHQ DQG LILW GRHV WKH ¢
&RPVWRFN HWYODQ =DOQWHQ HW3ADWBIFLSLWDWLRQ UHPRYHV PRLVWXUH IL
D QHIDXYLQHT FDXVLQJD GHFUHDVHLQ WRWDO KXPLGLW\ 7KLV FDX

%UHDNXS

2QRQHKDQG ORQJZDYHUDGLDWLYHFRROLQJDQGHYDSRUDWLRQ RI VX
FORXG WR WKLFNHQ 2Q WKHRWKHU KDQG ODUJH VFDOH VXEVLGHQFH
WLRQ ZRUN WR WKLQ WKH VWUDWRFXPXOXV FORXG :KHWKHU D VWUDWE
GHSHQGV RQ WKH EDODQFH EHWZHHQ DOO RI WKHVH SURFRA/KRY DID Q G
/:3 EXGJHW DQDO\VLVY FDQ EH GRQH WR GHWHUPLQH LI WKH FORXG WKL
SURFHVVHV LV VWURQJ LW FDQ FDXVH WKH VWUDWRFXPXOXV FORXG W

'LVVLSDWLRQ FDQ DOVR RFFXU ZKHQ HQWUDLQPHQW KDV GHHSHQHG Wk
WKHVH VLWXDWLRQV KHDWLQJRIWKHFORXG OD\HU ZLWK VRODU UDGLI
WR EH GHFRXSOHG IURP WKH VXE FORXG OD\HU 7KLV FXWV WKH FORXG
VXUIDFH DQG FDXVHV VWUDWRFXPXOXV WR GLWVIL\E§ WWHQGH ERROM BIMS|
FXPXOXV FORXGV RUD EURNHQ VWUDWRFXPXOXV FORXG ZLWK FXPXOX\



(VWLPDWLQJ WKHUPRG\QDP|
VDWHOOLWH L

7KH QXGJLQJ DQG SHUVLVWHQFH PHWKRGY GHYHORSHG UgQ QW8§LV UHVHDUF
7KLV FKDSWHU VKRZV KRZLW LV SRVVLEOH WR XVH VDWHOOLWHDQG JURXQZC
ILHOGV )LUVW LWLVGHPRQVWUDWHGKRZFORXGWRSDQGEDVHKHLIJKWV F
7KHVH DUH XVHG LQ WKH DSSURDFK GHVFULEHG QH[W HVWLPDWLQJ WKH C
IURP DQ /:3ILHOG )LQDOO\ DWHFKQLTXH WR DSSUR[LPDWH WKH WRWDO V!
WHPSHUDWXUH ILHOGV IURP WKH OLTXLG VSHFLILF ZDWHU KXPLGLW\ LV GH (
WKLV WKHVLV $GGLWLRQDOO\ WZR fOLPLWLQJY FDVHV WR WKLV DSSURDF

&ORXG EDVHDQG WRS KHLIJKW

%\ DVVXPLQJ WKH YHUMM RENH DURILDH WIIJRRG DSSUR[LPDWLRQ ZLWKLQ VKI
'RRGDQG 7D\ORWKHFORXG GHSWKFDQEHDSSUR[LPDWHG IURW WKH /:3 7R I
ILUVW WKH FORXcKDWWRKEHIEGMWWHUPLQHG 6DWXUDWHG ZDWHU YDSRU VSFH
RQWKHSUHVVXUHDQG RQ WKH W&BSHRIDWXUHHHBDOO\ GHFUHDVHVY DV DQ DG
ULVHV $WDFHUWDLQ KHLJKW WKHZDWHU YDSRUVSHFLILFKXPLGLW\EHFR
VSHFLILF K¥P L&zbW\n LQGLFDWLQJ VDWXUDWLRQ RI WKH SDUFHO 7KLV KHI
FRQGHQVDWLRQ OHYHO /&/ DQG LWV YDOXHFDQRIWHQ EHXVHGDV D UHD)
EDVHKHLIJKW GHS5RRGWKH ZDWHU YDSRU %3S HWFLRIQVKXFIHEEMRWU DQ XQVDWXU
SDUFHO WKH /&/ FDQ EH HYDOXDWHG E\ Ib@@L @JIJ7R RHKY. N UHWQIG- IR S URI HGN |
WR FRPSXWH YHUW LYFPDQOB S \QRWMKOHHORRKHU SDUW RI WKH DWPRVSKHUH WKHUH
"KHQ WKH VXUIDFH LV ZDUPHU WKDQ WKHDLU MXVW DERYH LW WKH WHPSHL
KHLIKW NQRZQ DV WKHGU\DGLDEDWLF ODSVH UDW h: RXBIDQXUINW KK G D QG
DGLDEDWLF ODSVHUDWH ZLWK REVHUYDWLRQV RI WKH VXUIDFH WHPSHUDW
6LPLODUO\ D YHUWLFDO SUHVVXUH SURILOH FDQ EH REWDLQHG E\ XVLQJ V.
DVVXPSWLRQ RI K\GURVWDWLF HTXLGVEQUXWKIBHHSKRRBEILMOHY W®&B8 HTXDWLR
YHUWLFDOGMFROIREBHRFIDOFXODWHG DOORZLQJIRUWKHHVWLPDWLRQ RI WK
WKH /&/ KHLIKW WHPSHUDWXUH DQG SUHVVXUH KDYH EHHQ IRUPXODWHG L

8VLQJ WKH FORXG EDVH KHLIKW WKH FORXG GHFWR B @ WW KV MMKHHEO RXKS V
WR WKHWXUEXOHQFHLQVLGHD VWUDWRFXPXOXV FORXG LWLV YHUWLFDOC(
RIDFRQVWDQW ZDWHU BRGWIQQVKE FORK GMDWHHU $GGLWLRQDOO\ WKHDPR
LQWKHFORXGLVDVVXPHG WREH]JHURDWLWY EDVHDQG PD[LPXP DW WKH W

OGoX 0 X ¢pXx IRME X Xy

ZKH Gt XLV GHQRW H®&EY VLPSOH H[SUHVVLRQ RI WKH OLTXLG ZDWHU VSHFLI
LQ WKH GHILQLWLRQ RI WKH /:@GWB HDWMR®RRI WKLV H[SUHVVLRQ DVVXPLQJ



(VWLPDWLQJ WKHUPRG\QDPLFILHOGV IUR

GHQVLW\ IRD@EVXEVHTXHQW LQWURGXFW L\R QxR ¥WKHN AGRXG WKLFNQH)
/:3 —éoM/4

ZKLFKFDQEHUHZULWWHQ LQWHWPYV RI WKH XQNQRZQ

/:3

M -
00

7KH ODVW XQGHWHUPLQHG WHUP OHIW LQ WKH H[SUHVVLRQ LV WKH GHL
ZLWK UHVSHFW YWRRPHLKKWHILQLWLRQ RI WRWDO VSHFLILF KXPLGLW\ L

ca, o Capw
CXC' CX ¢ CX
ZKHUH WKH H[SUHVVLRQ RQ WKH IDU ULJKWWLW IR XQ Q\EN WHHGE FBHUDE D

DWPRVSKHULF ERXQ 6,DW DO RXWG IDHY HQpkyV KH X B O WLRE D CoJ iDL EIQ W R |
DSSUR[LPDWHG E\ LWV YDOXH DMNKIVEKRHY M IWKPIG &/ K HL I KW

Copw . Oypw XK, AX N AX ¢ wpow X N %y
¢ CcX ¢ A X

ZKHYE GHQRWHY WKH /&/ 8VLQJWKHPRLVWDGLDEDWLF ODSVHUDWH 0
DQG WKH WHPSHUDWXUH DW WKH /&/ WKH WHPSHUDWXUH DW D KHLJKW
FDOFXODWHG WHPSHUDWXUH F D QoWRRMQVEKILXVKHHL WKRNG DWW B RBREZLQB WKH F
FORXG WKLFNQHVV XVLQJ)HWRHOWHROQOYN WKH KRXOERODIVWLR®RE\ WKH /&/
LVDUELWUDU FIIDOVMXQ\WDRO BN XVHG WR DSYSHURVLFDW KB WKIHHOH WKURXJKR)

(VWLPDWLRQ RIWKHOLTXLG ZDWHU VSHFLILF ¥
(TXDWLRQYHV DQH[SUHVVLRQIRUWKH/:3LQ WHUPV RIWKHFORXG EDVH
RI WKH OLTXLG ZDWHU VSHFLILF KXPLGLW\ 7KLV JUDGLHQW LV DVVXPH
OD\HU %\ XVLQJ5H\QROGV DYHUDJLQJ RQHFDQ WKHQ ILQG

- Y
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JURP WKLY DVVXPSWLRQ LoWKDUVRVMREOMRRPXRAVBEWWKH FORXG WRS DQG
PHDQ YDOXH RI WKH OLTXLG ZDWHU VSHFLILF KXPLGLW\ RFFXUV DW Wk
GHILOLWLRQ LQ HTXDWLRQ B

Opp; OM
TKHIOXFWXDWLRQLQWKHFORXGWRSKHLIKWLVDVVXPHGWREHQHJOL
OLTXLG ZDWHU VSHFLILF KXPLGLW\IRUHDFKFROXPQFDQEHZULWWHQ

°pp[ Opp; 96

,W LV DVV X PHIGVWRIWWDQW IRU HYHU\ KHLJKW LQ WKH FROXPQ )RU HY
opp; M6 HT ,QVHUWLQJ WKLV DIQBMRT X DX\OM DR @

£
v 0
o)

7KH H[SUHVVLRQ IRU /:3 FDQ EH UHIRUPXODWHG DV

/[:3 -6 M M™*

ZULWWHQ LQ WHUPV RI WKH MDD PR GOW R WRNQWHMWQ V R MW R KHE O R X G
IOXFWXDWLRQRIWKH/:3FDQEHIRXQGE\VXEWUDFWLQJWKHPHDQ /:31U
XVLQJ HTXDWWR® JLYHQ E\

. £ iy ° Y,
/:3 oM § ——éog/



(VWLPDWLRQ RI WKH WKHUPRG\QDPLFILHOGV

'LWK WKH XVH RI VWDQGDUG YDOXHV IRUWKH VW UDWRGEXPXOX WRSSHG DW
NJ N3PA> of A%NI MJ DQG NJ P% LW FDQ EH IRXQG WKDW WKH VHFRQG W
ULJKW KDQG VLGH FRQVWLWXWHY RQO\ DERXW RI WKH ILUVW WHUP RQ \
DSSUR[LPDWHG DV

1:3%6 «M§

IRUVLPSOLFLW\LQ WKH FDOFXODWLRQV 7KH PRLVW DG&DEDWLF ODSVH UD
DQG ZKLFK FDQ LQ WXUQ EH XMHETWR GHKWBURVQ®J WKH DERYH HTXDWLR
o§ILHOG FDQ EH HYWLPDWHG &RPELQLQJ WKLWGILHHQ@G ELWK WKH YHUWLFD
RQH ILQGV WKH HV Wdg PRDUVBHIGO IKHHQ GKRNOY D RYXMPLL@GH RI WKH FORXG OD\HU )

E VKRZVDQ/:3ILHOG DV FbgDNXO/DVLIRG WWIGQURP D UHIHUHQFH fVDWHOOL

D 7KHLUJRRG OLNLQJLV DOVR GHPRQVWUDWHG E\ WKH GLIIHUHQFH E}F
VKRZLQJWKHHVWLPDWHG /:3LVDOZD\VVOLJKWO\KLJKHU WKDQ WKH DFW X

JLIXUH 6QDSVKRWV RI D UHIHUHQFH /:3I1LHOG WjkHLHDAWBGCWDRPIFWAOWMGCQUWKWKHIHUHQ
ILHOG DQG WKH GLIIHUHQFH EHWZHHQ WKHWZR ILHOGY 7KHUHIHUHQFH /:3ILHOG LV WDNHQ I
WUHDWHG DV D VDWHOOLWH REVHUYDWLRQ 'HWDLOV RIDMXGI XVHG '$/(6 UXQ DUHJLYHQ LQ VHF

(VWLPDWLRQ RI WKHWKHUPRG\QDPLFILHOGYV

,Q WXUGEIMHKOG FDQ EH XVHG WR P D N M5B Q\@LIPHDOVA\R Q\K R IPKMK RG SURSRVHG E
GRHV VR E\ DVVXPLQJ D OLQHDU (DQ BiDIOREQNWKWS FEBIWHWMEH VORSH LQ WKL
XVLQJVXUIDFH PHDVXUHPHQWY 7KLV LVDQRYHO PHWKRG FUHDWHG HVSHF

SUHYLREX¥OY DVVXPHG WR EH FRQVWDQW DW DOO KHLJKW® GO WKH FORXG ¢
DVVXPHG WR EH FRQVWDQW DW DOO KHLJKWV LQ WKH ERXQGDU\ OD\HU 5H)\
VKRZV WKDW LQ WKH VWUDWRFXPXOXV FORXG OD\HU WKH IOXFWXDWLRQV
KXPLGLW\ VDWLVI\ DQ DSSUR[LPDWHO\ OLQHDU UHODWLRQVKLS 7KH VDPH
UHVXOWYV XVHG LQ WKLV WHWREZIVUF K H )WH X ¥ B W L QEDVFRMOMHKIHSPLRAAG RH R |
WKH FORXG OD\HU DOVRILQGLQJDQ DSSUR[LPDWH OLQHDU UHWODWLRQ 7K}
DQG&ILHOGYV

Y bjsofy
ZKH@@LV DFRQVWDQW UHODWLQJWKHWZR YDULDEOHYV $V '$/(6 XVHV WKH (

D SURJQRVWLF YDULDEOH LQVWHIX®R ROW KEH \WR @% H 0 WMEXBIRVERQV R |
EHH[SUHV¥EGDRSO\LQJ 5H\QROGYV GHFRPSRVLWLRQ DQG DYHUDJLQJRQHT

YES (£ & ibg{og

+HUH LWLV DOVR MW XPUIGBDVROWEOH DSSUR[LPDWLRQ IRU ZLWKLQ WKH ERX!
DQG/RV GHS5RRGH 7R UHSEBDFM KLY HTXDWLRQ WKHWWHTUHVLWLRQ IRU WK
UHZULWWHQLQD VLPLODU ZD\JLYLQJ
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