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5IFTJT BEWJTPS� 1SPGFTTPS ;IJNJOH ,VBOH +JBIVB (VP

" $POWFDUJWFMZ�$PVQMFE 'SBNFXPSL GPS 6OEFSTUBOEJOH
)VSSJDBOF "[JNVUIBM "TZNNFUSJFT BOE 4FDPOEBSZ &ZFXBMM

'PSNBUJPO

"ঋজঝছঊঌঝ

5SPQJDBM DZDMPOFT 	5$T
 PS IVSSJDBOFT BSF BNPOH UIF NPTU EFWBTUBUJOH OBUVSBM EJTBTUFST� *NQSPWF�

NFOU PG JOUFOTJUZ GPSFDBTUT PG IVSSJDBOFT JT OPU ZFU TBUJTGBDUPSZ� "NPOH BMM UIF GBDUPST UIBU DBO JO�

୯୳VFODF UIF JOUFOTJUZ PG B IVSSJDBOF
 UIF TUSVDUVSF JT DSVDJBM GPS BDDVSBUF JOUFOTJUZ BOE USBDL GPSFDBTUT�

*NQPSUBOU TUSVDUVSBM GFBUVSFT JODMVEF BTZNNFUSJD GFBUVSFT TVDI BT TQJSBM SBJOCBOET BOE BYJTZNNFUSJD

GFBUVSFT TVDI BT TFDPOEBSZ FZFXBMM GPSNBUJPO� 5ISPVHIPVU UIJT EJTTFSUBUJPO
 XF BSF HPJOH UP JOWFT�

UJHBUF UIF QPUFOUJBM NFDIBOJTNT BTTPDJBUFE XJUI UIFTF GFBUVSFT GSPN B DPOWFDUJWFMZ DPVQMFE QFSTQFD�

UJWF�

*O $IBQUFS �
 XF BQQMJFE TQBDF�UJNF TQFDUSBM BOBMZTJT UP TUVEZ UIF BTZNNFUSJD QFSUVSCBUJPOT JO B

IVSSJDBOF BOE GPVOE UXP EJTUJODU QPXFS QFBLT JO NPTU PG UIF WBSJBCMFT� 8F PCUBJOFE UIF TUSVDUVSF

PG FBDI NPEF CZ SFHSFTTJOH FBDI ୮ୢFME POUP B XJOEPX�୮ୢMUFSFE JOEFY� 8F GPVOE UIBU UIF TUSVDUVSF PG

UIF GBTU�QSPQBHBUJOH XBWF JT TJNJMBS UP UIBU PG UIF VOTUBCMF NJYFE WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ XBWF�

5IF TMPX�QSPQBHBUJOH XBWF IBT B SFUSPHSBEF JOUSJOTJD QSPQBHBUJOH TQFFE BOE B WFSUJDBM TUSVDUVSF UIBU

SFTFNCMFT UIBU PG DPOWFDUJWFMZ DPVQMFE XBWFT�

*OTQJSFE CZ UIF ୮ୢOEJOHT GSPN $IBQUFS �
 XF UIFO EFWFMPQFE B DPOWFDUJWFMZ DPVQMFE FJHFOGSF�

RVFODZ NPEFM UP JOWFTUJHBUF UIF MJOFBS JOTUBCJMJUZ PG 5$�MJLF WPSUJDFT JO $IBQUFS �� 8F DPO୮ୢSNFE UIBU
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5IFTJT BEWJTPS� 1SPGFTTPS ;IJNJOH ,VBOH +JBIVB (VP

UIF JOTUBCJMJUZ PG UIF NJYFE WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ XBWF JT DPOTJTUFOU XJUI UIF GBTU�QSPQBHBUJOH

TJHOBM PCTFSWFE JO UIF 83' TJNVMBUJPOT� 8JUI DPOWFDUJWFMZ DPVQMFE EZOBNJDT
 B CSBODI PG UIF

OFBSMZ TUBUJPOBSZ XBWF CFDPNFT VOTUBCMF�

5P NPSF BDDVSBUFMZ DPOTUSBJO UIF DPOWFDUJWF QBSBNFUFSJ[BUJPO VTFE JO $IBQUFS �
 XF BEPQUFE UIF

NFUIPEPMPHZ EFWFMPQFE CZ ,VBOH <����> JO $IBQUFS �� 8F ୮ୢSTU DPOTUSVDUFE TFWFSBM TFUT PG MJOFBS

SFTQPOTF GVODUJPOT BMPOH UIF SBEJVT PG UIF IVSSJDBOF� 8F UIFO EFSJWFE UIF QBSBNFUFST JO UIF DPOWFD�

UJWF QBSBNFUFSJ[BUJPO GSPN UIFTF MJOFBS SFTQPOTF GVODUJPOT UISPVHI NPEFM PSEFS SFEVDUJPOT� 5IF

GSBNFXPSL IFMQT UP FTUJNBUF UIF QBSBNFUFST XJUI NPSF RVBOUJUBUJWF BDDVSBDZ�

*O $IBQUFS �
 XF JOUSPEVDFE BO BYJTZNNFUSJD GSBNFXPSL UIBU DBO QPUFOUJBMMZ CF BQQMJFE UP TUVEZ

UIF NFDIBOJTNT CFIJOE TFDPOEBSZ FZFXBMM GPSNBUJPO 	4&'
� 5IF BYJTZNNFUSJD GSBNFXPSL DPO�

TJTUT PG B ESZ BYJTZNNFUSJD EZOBNJD NPEFM UIBU TJNVMBUFT IVSSJDBOF�TDBMF DJSDVMBUJPO BOE B DMPVE�

SFTPMWJOH NPEFM UIBU SFTPMWFT MPDBM DPOWFDUJPO� 1PUFOUJBMMZ
 UIJT GSBNFXPSL BMMPXT NPSF ୯୳FYJCJMJUZ UP

JOWFTUJHBUF WBSJPVT IZQPUIFTFT PG 4&'�
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$POUFOUT

� *গঝছঘ঍ঞঌঝ঒ঘগ �
��� .PUJWBUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� $MBTTJ୮ୢDBUJPO PG BTZNNFUSJFT JO USPQJDBM DZDMPOFT � � � � � � � � � � � � � � � � � � �
��� $VSSFOU VOEFSTUBOEJOH PG BTZNNFUSJFT JO 5$T BOE UIFJS MJNJUBUJPOT � � � � � � � � �
��� $VSSFOU VOEFSTUBOEJOH PG TFDPOEBSZ FZFXBMM GPSNBUJPO BOE UIFJS MJNJUBUJPOT � � � �
��� 0VUMJOF PG UIF UIFTJT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 4ঙঊঝ঒ঊক ঊগ঍ ঝ঎খঙঘছঊক ঌ঑ঊছঊঌঝ঎ছ঒জঝ঒ঌজ ঘএ ঊজঢখখ঎ঝছ঒঎জ ঒গ ঝছঘঙ঒ঌঊক ঌঢ�
ঌকঘগ঎জ ��
��� *OUSPEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� .PEFM DPO୮ୢHVSBUJPO BOE JOJUJBM DPOEJUJPO � � � � � � � � � � � � � � � � � � � � � ��
��� %BUB BOE NFUIPEPMPHZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3FTVMUT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $PODMVTJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� $ঘগট঎ঌঝ঒ট঎কঢ ঌঘঞঙক঎঍ ক঒গ঎ঊছ ঒গজঝঊঋ঒ক঒ঝঢ ঒গ 5$�ক঒ঔ঎ টঘছঝ঒ঌ঎জ ��
��� *OUSPEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� .PEFM EFTDSJQUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3FTVMUT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $PODMVTJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 'ছঘখ ক঒গ঎ঊছ ছ঎জঙঘগজ঎ এঞগঌঝ঒ঘগজ ঝঘ ঊ জ঒খঙক঎ খঘ঍঎ক ঘএ ঌঘগট঎ঌঝ঒ট঎ ঙঊ�
ছঊখ঎ঝ঎ছ঒ণঊঝ঒ঘগ ��
��� *OUSPEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $POTUSVDUJPO PG UIF MJOFBS SFTQPOTF GVODUJPOT GSPN $43.T � � � � � � � � � � � � ��
��� -JOFBS JOTUBCJMJUZ GSPN MJOFBS SFTQPOTF GVODUJPOT � � � � � � � � � � � � � � � � � � ��
��� .PEFM PSEFS SFEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� #SJEHF UP UIF TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPO NPEFM � � � � � � � � � � � � � � ��
��� 3FWJTJU UIF DPOWFDUJWFMZ DPVQMFE JOTUBCJMJUZ JO UIF FJHFOGSFRVFODZ NPEFM � � � � � � ��
��� $PODMVTJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� " গ঎ঠ এছঊখ঎ঠঘছঔ ঝঘ জঝঞ঍ঢ 4&' ���
��� *OUSPEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� *EFBMJ[FE TJNVMBUJPO PG 4&' JO 83' � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 5IF DPOWFDUJWFMZ DPVQMFE BYJTZNNFUSJD GSBNFXPSL � � � � � � � � � � � � � � � � ���
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��� 1SFMJNJOBSZ SFTVMUT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 1PUFOUJBM GVUVSF EJSFDUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� $ঘগঌকঞজ঒ঘগজ ঊগ঍ 'ঞঝঞছ঎ 8ঘছঔ ���
��� $PODMVTJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 'VUVSF XPSL � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

"ঙঙ঎গ঍঒ড " %঒জঌছ঎ঝ঒ণ঎঍ &঒ঐ঎গটঊকঞ঎ 1ছঘঋক঎খ ���

"ঙঙ঎গ঍঒ড # 3঎এ঒গ঎খ঎গঝ ঘএ ক঒গ঎ঊছ ছ঎জঙঘগজ঎ এঞগঌঝ঒ঘগজ ঝ঑ছঘঞঐ঑ 47% ঍঎�
ঌঘখঙঘজ঒ঝ঒ঘগ ���

"ঙঙ঎গ঍঒ড $ "গঊকঢঝ঒ঌঊক জঘকঞঝ঒ঘগজ ঘএ ঝ঑঎ ঌঘগট঎ঌঝ঒ট঎কঢ ঌঘঞঙক঎঍ ঒গজঝঊঋ঒ক�
঒ঝঢ ঠ঒ঝ঑ ক঒খ঒ঝ঒গঐ ঙঊছঊখ঎ঝ঎ছজ ���

3঎এ঎ছ঎গঌ঎জ ���
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"DLOPXMFEHNFOUT

5IJT XPSL XPVME OPU IBWF CFFO QPTTJCMF XJUIPVU UIF FOEMFTT MPWF
 TVQQPSU
 BOE LJOEOFTT PG NBOZ

QFPQMF�

* XPVME MJLF UP FYQSFTT NZ EFFQ HSBUJUVEF UP 1SPGFTTPS ;IJNJOH ,VBOH
 NZ SFTFBSDI BEWJTPS BOE

NFOUPS
 GPS IJT DPOUJOVPVT TVQQPSU PG NZ TUVEZ BOE SFTFBSDI UISPVHIPVU UIF QBTU TFWFSBM ZFBST� )JT

QBUJFOU HVJEBODF BOE JOTJHIUGVM BEWJDF IBWF CFFO HVJEJOH NF UISPVHI BOE BMXBZT LFFQJOH NF NPUJ�

WBUFE� )JT FOUIVTJBTN GPS TDJFODF BOE FODPVSBHJOH BUUJUVEF XJMM DPOUJOVF UP MFBE NZ XBZ BOE IFMQ

NF UP CFDPNF B CFUUFS POF� .Z HSBUFGVM UIBOLT BSF BMTP FYUFOEFE UP NZ DPNNJUUFF NFNCFST
 1SP�

GFTTPS .BSJBOOB -JO[
 1SPGFTTPS #SJBO 'BSSFMM BOE 1SPGFTTPS &MJ 5[JQFSNBO GPS UBLJOH UIFJS QSFDJPVT

UJNF UP EJTDVTT NZ SFTFBSDI XJUI NF BOE QSPWJEJOH WBMVBCMF DPNNFOUT GPS XSJUJOH UIF UIFTJT�

* XPVME MJLF UP UIBOL %S� +J /JF
 %S� (JVTFQQF 5PSSJ
 %S� -FJ 8BOH
 %S� %JOH .B
 %S� :BOH 5JBO

BOE %S� .BSZ .PPSF GPS UIFJS FOPSNPVT TVQQPSU BOE FODPVSBHFNFOU
 BOE GPS TIBSJOH UIFJS WBMVBCMF

FYQFSJFODF BCPVU SFTFBSDI BOE UFBDIJOH� * XPVME BMTP MJLF UP FYUFOE NZ UIBOLT UP NZ GFMMPX HSBEVBUF

TUVEFOUT
 .BSFOB -JO
 -FBI #JSDI
 +FTTJDB ,VOLF
 8BOHZJOH ,BOH
 1BDLBSE $IBO
 %VP $IBO
 %BWJE

8FJ
 9JBPUJOH :BOH
 .JONJO 'V
 /FE ,MFJOFS
 ;FZVBO )V BOE /BUIBOBFM 8POH GPS UIF GSJFOETIJQ

BOE UIFJS VODPOEJUJPOBM TVQQPSU�

* BN BMTP EFFQMZ HSBUFGVM UP .JMFOB 1FSF[
 4BSBI $PMHBO
 .BSZPSJF (SBOEF BOE "JNFF 4NJUI GPS

UIFJS XIPMFIFBSUFE TVQQPSU� .Z MJGF BT B TUVEFOU
 SFTFBSDIFS BOE QFSTPO IFSF DPVME OPU IBWF CFFO

WJJJ



FBTJFS XJUI UIFN�

.Z BQQSFDJBUJPO BMTP HPFT UP NZ GSJFOET JO UIF #PTUPO BSFB
 +JOH 8BOH
 ;IFOH -J
 ;IJDIFOH :BOH


'FOH -POH
 9JONFJ /JV
 :JOBO 8BOH
 VOUBPތ ;IVBOH
 :JDIFO ;IBOH BOE $IBP -BOH
 XIP NBEF

NZ MJGF IFSF B CFBVUJGVM BOE VOGPSHFUUBCMF FYQFSJFODF�

* XPVME MJLF UP FYQSFTT NZ WFSZ HSFBU BQQSFDJBUJPO UP ,BUIFSJOF .BSUJO 8JENFS BOE UIF QBJOUJOH

TDIPPM TIF DSFBUFE NPSF UIBO �� ZFBST BHP� 5IF QBJOUJOH TDIPPM IBT CFFO B HSFBU SFMJFG EVSJOH NZ

MFJTVSF UJNF� * BN QBSUJDVMBSMZ HSBUFGVM UP CFDPNF QBSU PG UIF DPNNVOJUZ� * XPVME MJLF UP FYUFOE

NZ TQFDJBM UIBOLT UP BMM UIF CFBVUJGVM NJOET * NFU BU UIF QBJOUJOH TDIPPM
 "NZ 8BSE
 3PC 1BSLFS


4UFQIBOJF $BNQCFMM
 4BSBI 8FEEMF
 3FCFDDB $BSQFOUFS
 /BUBTIB &SENBO
 $IBSMFT .BSDIBOZ BOE

$BJUMJO $PPQFS�

'JOBMMZ
 OPCPEZ IBT CFFO NPSF JNQPSUBOU UP NF JO UIF QVSTVJU PG UIJT EPDUPSBUF UIBO UIF NFN�

CFST PG NZ GBNJMZ� .Z QBSFOUT IBWF BMXBZT CFFO MPWJOH NF UISPVHI UIFJS FOEMFTT TVQQPSU BOE FO�

DPVSBHFNFOU� * XPVME MJLF UP FYUFOE NZ HSBUFGVM UIBOLT UP NZ HSBOEQBSFOUT
 NZ BVOU
 NZ DPVTJO


BOE NZ OFQIFX BOE OJFDF
 GPS BMXBZT TUBOEJOH CZ NF BOE CF NZ TPVSDF PG TUSFOHUI TJODF CJSUI� .Z

TQFDJBM UIBOLT TIPVME CF HJWFO UP NZ MPWJOH BOE TVQQPSUJWF )VTCBOE
 $IVUFOH ;IPV� 5IBOL ZPV

GPS MPWJOH NF OP NBUUFS XIBU�
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1
*OUSPEVDUJPO

��� .ঘঝ঒টঊঝ঒ঘগ

5SPQJDBM DZDMPOFT 	5$T

 BMTP LOPXO BT IVSSJDBOFT JO /PSUI "NFSJDB PS UZQIPPOT JO &BTU "TJB
 BSF

BNPOH UIF NPTU EFWBTUBUJOH OBUVSBM EJTBTUFST� *O UIF 64
 USPQJDBM DZDMPOFT BSF SFTQPOTJCMF GPS UIF

IJHIFTU OVNCFS PG EFBUIT 	�
���
 TJODF ����� 5IFZ IBWF DBVTFE UIF NPTU TJHOJ୮ୢDBOU FDPOPNJD MPTTFT

	������ CJMMJPO
 $1*�BEKVTUFE
 PWFS UIF QBTU �� ZFBST
 BOE UIFZ BMTP IBWF UIF IJHIFTU BWFSBHF DPTU QFS

�



FWFOU 	����� CJMMJPO
 BNPOH BMM XFBUIFS BOE DMJNBUF EJTBTUFST </0""
 ����>� *O UFSNT PG B TJOHMF

FWFOU
 CPUI UIF NPTU MFUIBM BOE UIF NPTU FYQBOTJWF OBUVSBM EJTBTUFST JO 64 IJTUPSZ XFSF USPQJDBM DZ�

DMPOFT� 5IF (BMWFTUPO )VSSJDBOF PG ���� LJMMFE BCPVU ���� UP ���� QFPQMF
 BOE )VSSJDBOF ,BUSJOB

PG ���� DBVTFE NPSF UIBO ���� CJMMJPO JO EBNBHF <&NBOVFM
 ����>� (MPCBMMZ
 USPQJDBM DZDMPOFT
 UP�

HFUIFS XJUI PUIFS TUPSNT
 DPTU NPSF UIBO ��ॎ PG UPUBM SFQPSUFE DMJNBUF�SFMBUFE MPTTFT BOE SBOLFE UIF

TFDPOE NPTU GBUBM OBUVSBM EJTBTUFST 	GPMMPXJOH FBSUIRVBLFT
 PWFS ���������
 XJUI USPQJDBM DZDMPOFT CF�

JOH B NBKPS DPOUSJCVUPS <$3&% FU BM�
 ����>� 8JUI B XBSNJOH DMJNBUF
 DMJNBUF NPEFMT QSPKFDU TPNF

JODSFBTFT JO UIF JOUFOTJUJFT PG USPQJDBM DZDMPOFT BOE UIFJS SBJOGBMM SBUFT
 JODSFBTFE GSFRVFODZ PG JOUFOTF

USPQJDBM DZDMPOFT
 JODSFBTFE TUPSN TVSHF SJTL XJUI TFB�MFWFM SJTF
 BOE FYBDFSCBUFE EJTBTUFS SJTL <,OVU�

TPO FU BM�
 ����
 8BMTI FU BM�
 ����
 &NBOVFM
 ����
 8FCTUFS FU BM�
 ����
 1FEV[[J FU BM�
 ����>� 5IFSF�

GPSF
 JU CFDPNFT JODSFBTJOHMZ JNQPSUBOU UP IBWF NPSF BDDVSBUF GPSFDBTUT BOE B CFUUFS VOEFSTUBOEJOH

PG USPQJDBM DZDMPOFT UP NJUJHBUF UIF EBNBHF�

8JUI UIF JNQMFNFOUBUJPO PG BEWBODFE TUBUJTUJDBM QSFEJDUJPO NPEFMT BOE PQFSBUJPOBM IVSSJDBOF

NPEFMT 	TVDI BT UIF ('%- NPEFM <#FOEFS FU BM�
 ����>

 XF IBWF TFFO TUBUJTUJDBMMZ TJHOJ୮ୢDBOU JN�

QSPWFNFOU JO UIF JOUFOTJUZ BOE USBDL GPSFDBTUT PG IVSSJDBOFT TJODF NJE�����T <.D"EJF � -BXSFODF


����
 %F.BSJB FU BM�
 ����>� )PXFWFS
 DPNQBSFE UP UIF USBDL GPSFDBTUT
 UIF JNQSPWFNFOU PG UIF JO�

UFOTJUZ GPSFDBTUT XBT BMNPTU BO PSEFS PG NBHOJUVEF TMPXFS PWFS ���� � ����� 5IF JNQSPWFNFOU SBUFT

PG UIF CFTU BWBJMBCMF HVJEBODF IBWF POMZ CFFO BCPVU POF�UIJSE UP POF�IBMG UIPTF PG UIF USBDL NPEFM

JNQSPWFNFOUT PWFS UIF MBTU �� ZFBST <%F.BSJB FU BM�
 ����>� 5IF SFBTPO XIZ UIF JOUFOTJUZ GPSFDBTUT

BSF MFTT TLJMMGVM UIBO UIF USBDL GPSFDBTUT JT UIBU B NVDI NPSF FYUFOTJWF SBOHF PG QSPDFTTFT BSF JOWPMWFE

BOE NVTU CF BDDVSBUFMZ NPEFMFE UP CF BCMF UP QSFEJDU UIF JOUFOTJUZ BDDVSBUFMZ� 4VDI QSPDFTTFT JODMVEF

�



UIF MBSHF�TDBMF FOWJSPONFOU
 UIF BJS�TFB JOUFSBDUJPO
 DPOWFDUJPO
 NJDSPQIZTJDBM QSPDFTTFT
 BOE NBOZ

PUIFST�

"NPOH BMM UIF GBDUPST UIBU DBO JO୯୳VFODF UIF JOUFOTJUZ BOE USBDL PG B IVSSJDBOF
 VOEFSTUBOEJOH UIF

TUSVDUVSF PG B IVSSJDBOF JT DSVDJBM GPS BDDVSBUF JOUFOTJUZ BOE USBDL GPSFDBTUT <8BOH � 8V
 ����>� 4JH�

OJ୮ୢDBOU TUSVDUVSBM GFBUVSFT JODMVEF CPUI BTZNNFUSJD GFBUVSFT
 TVDI BT EFGPSNBUJPO PG FZFXBMMT BOE

TQJSBM SBJOCBOET
 BOE TZNNFUSJD GFBUVSFT
 TVDI BT DPODFOUSJD FZFXBMMT� 4UVEJFT <4DIVCFSU FU BM�
 ����


,PTTJO � 4DIVCFSU
 ����
 )FOESJDLT FU BM�
 ����
 )FOESJDLT � 4DIVCFSU
 ����
 /BZMPS � 4DIFDUFS


����> IBWF TIPXO UIBU UIF EFGPSNBUJPO PG FZFXBMMT
 TVDI BT FMMJQUJDBM PS QPMZHPOBM FZFXBMMT DBO JO�

୯୳VFODF UIF TUSVDUVSF BOE JOUFOTJUZ PG B IVSSJDBOF UISPVHI WPSUJDJUZ SFBSSBOHFNFOU� 5IFTF TUVEJFT

TVHHFTU UIBU B IVSSJDBOF�MJLF WPSUFY SJOH VTVBMMZ VOEFSHPFT JOOFS�DPSF WPSUJDJUZ NJYJOH BOE NFTPWPS�

UJDFT NFSHJOH QSPDFTTFT UIBU MFBE UP B EFDSFBTF JO DFOUFS QSFTTVSF BOE NBYJNVN UBOHFOUJBM XJOE�

8JUI UIF DPOUSJCVUJPO PG DPOWFDUJPO OFBS UIF FZFXBMM
 /BZMPS � 4DIFDUFS <����> GPVOE UIBU UIF WPS�

UJDJUZ SJOH DBO CF TVQQPSUFE CZ UIF DPOWFDUJPO
 BOE UIF NBYJNVN B[JNVUIBM XJOE UFOET UP SFDPWFS

UP JUT PSJHJOBM NBHOJUVEF� /PMBO FU BM� <����> IBWF BMTP TIPXO UIBU UIF XBWFOVNCFS�POF JOTUBCJMJUZ

PG UIF FZFXBMM JT BTTPDJBUFE XJUI B EJTQMBDFNFOU PG UIF WPSUFY DFOUFS BOE UIVT MFBET UP UIF QFSTJTUFOU


TNBMM�BNQMJUVEF USPDIPJEBM XPCCMF PG୴FO PCTFSWFE JO IVSSJDBOF USBDLT� 0VUTJEF UIF FZFXBMMT
 TQJSBM

SBJOCBOET BSF BOPUIFS PSHBOJ[FE BTZNNFUSJD GFBUVSF
 XIJDI JT BTTPDJBUFE XJUI JOUFOTF QSFDJQJUBUJPO

BOE BMTP IBT BO JNQBDU PO UIF TJ[F BOE JOUFOTJUZ PG B IVSSJDBOF UISPVHI CPUI EZOBNJD BOE UIFSNP�

EZOBNJD QSPDFTTFT <.POUHPNFSZ � ,BMMFOCBDI
 ����
 8BOH
 ����>� .POUHPNFSZ � ,BMMFOCBDI

<����> QSPQPTFE UIBU UIF WPSUFY�3PTTCZ XBWF USBWFMJOH SBEJBMMZ PVUXBSET XPVME JOUFOTJGZ UIF NFBO

UBOHFOUJBM XJOET PVUTJEF UIF XBWF�FYDJUBUJPO SFHJPO� 'SPN UIF QFSTQFDUJWF PG IZESPTUBUJD BEKVTUNFOU


�



8BOH <����> TIPXFE UIBU FOIBODFE DPOWFDUJWF DPPMJOH 	PS XFBLFOFE DPOWFDUJWF IFBUJOH
 JO UIF

PVUFS TQJSBM SBJOCBOET NBJOUBJOT CPUI UIF JOUFOTJUZ PG B USPQJDBM DZDMPOF BOE JUT JOOFS�DPSF DPNQBDU�

OFTT� *O DPOUSBTU
 UIF PQQPTJUF UFOET UP XFBLFO UIF JOUFOTJUZ BOE UP JODSFBTF UIF TJ[F PG B USPQJDBM

DZDMPOF�

5IF NPTU SFNBSLBCMF TZNNFUSJD GFBUVSF SFMBUFE UP IVSSJDBOF JOUFOTJUJFT JT DPODFOUSJD 	PS TFD�

POEBSZ
 FZFXBMM GPSNBUJPOT BOE FZFXBMM SFQMBDFNFOU DZDMFT <8JMMPVHICZ FU BM�
 ����>� 5IF TFDPOEBSZ

FZFXBMM VTVBMMZ GPSNT GSPN PSHBOJ[FE DPOWFDUJPO BU TFWFSBM UJNFT UIF SBEJVT PG UIF QSJNBSZ FZFXBMM

BOE DPJODJEFT XJUI B TFDPOEBSZ UBOHFOUJBM XJOE NBYJNVN� "T UIF TFDPOEBSZ FZFXBMM DPOUSBDUT BOE

BNQMJ୮ୢFT
 UIF JOOFS FZFXBMM XFBLFOT BOE JT FWFOUVBMMZ SFQMBDFE CZ UIF PVUFS FZFXBMM� 5IF FZFXBMM

SFQMBDFNFOU DZDMF JT PG୴FO BTTPDJBUFE XJUI B UFNQPSBSZ XFBLFOJOH BOE UIFO BO JOUFOTJ୮ୢDBUJPO PG UIF

IVSSJDBOF
 BOE GPMMPXFE CZ BO JODSFBTF JO UIF BSFB DPWFSFE CZ TUSPOH XJOET BOE DPOTFRVFOU EBNBHFT

<4JULPXTLJ FU BM�
 ����>� 5IFSFGPSF JU JT CFMJFWFE UP CF SFTQPOTJCMF GPS MBSHF ୯୳VDUVBUJPOT JO IVSSJDBOF

JOUFOTJUZ <)PV[F FU BM�
 ����>� 0O UIF PUIFS IBOE
 PCTFSWBUJPOT JO 8FTUFSO /PSUI 1BDJ୮ୢD <,VP FU BM�


����> TVHHFTU UIBU UIF DPODFOUSJD FZFXBMM GPSNBUJPO BQQFBST UP IFMQ NBJOUBJO B IJHI JOUFOTJUZ PG B

IVSSJDBOF GPS B MPOHFS EVSBUJPO
 SBUIFS UIBO SBQJEMZ WBSZJOH UIF JOUFOTJUZ PG B IVSSJDBOF�

��� $কঊজজ঒এ঒ঌঊঝ঒ঘগ ঘএ ঊজঢখখ঎ঝছ঒঎জ ঒গ ঝছঘঙ঒ঌঊক ঌঢঌকঘগ঎জ

"TZNNFUSJFT PG IVSSJDBOFT DBO CF SPVHIMZ DMBTTJ୮ୢFE JOUP EFGPSNBUJPOT PG UIF FZFXBMM BOE EJ୭GFSFOU

UZQFT PG TQJSBM SBJOCBOET
 EFQFOEJOH PO UIF EJTUBODF PG UIF BTZNNFUSJFT GSPN UIF DFOUFS PG UIF IVS�

SJDBOFT� %FGPSNBUJPOT PG UIF FZFXBMM
 TVDI BT FMMJQUJDBM PS QPMZHPOBM FZFXBMMT PS NFTPWPSUJDFT
 BSF

�



WJFXFE BT WPSUFY�3PTTCZ XBWFT <,VP FU BM�
 ����
 3FBTPS FU BM�
 ����> BOE BSF DPOTJEFSFE UP CF B SF�

TVMU PG CBSPUSPQJD JOTUBCJMJUZ <4DIVCFSU FU BM�
 ����>
 BT UIFZ PDDVS JO UIF JOOFS DPSF SFHJPO XIFSF UIF

CBDLHSPVOE WPSUJDJUZ JT TUSPOH
 BOE JUT SBEJBM�HSBEJFOU SFWFSTFT UIF TJHO�

4QJSBM SBJOCBOET BSF B CSPBE DPODFQU PG DPOWFDUJPO PSHBOJ[FE JO B CBOEFE TQJSBM TUSVDUVSF BOE DBO

CF DMBTTJ୮ୢFE CZ JUT SPUBUJOH TQFFE PS MPDBUJPO� #BTFE PO UIFJS NPUJPOT
 UIFSF BSF TUBUJPOBSZ CBOET BOE

NPWJOH CBOET� "DDPSEJOH UP UIFJS SFMBUJWF EJTUBODF GSPN UIF DFOUFS PG B USPQJDBM DZDMPOF
 TQJSBM SBJO�

CBOET BSF VTVBMMZ DMBTTJ୮ୢFE BT JOOFS BOE EJTUBOU SBJOCBOET� 3BJOCBOET UIBU BSF JNNFEJBUFMZ PVUTJEF

UIF FZFXBMM BSF JEFOUJ୮ୢFE BT JOOFS SBJOCBOET
 XIFSFBT SBJOCBOET UIBU BSF GBS GSPN UIF WPSUFY BSF DPO�

TJEFSFE EJTUBOU SBJOCBOET� %J୭GFSFOU UZQFT PG TQJSBM SBJOCBOET NBZ CF DPOTJEFSFE BT EJ୭GFSFOU UZQFT PG

XBWFT BOE DPVME CF BTTPDJBUFE XJUI EJ୭GFSFOU JOTUBCJMJUZ NFDIBOJTNT <)PV[F
 ����>�

1SJODJQBM SBJOCBOET
 XIJDI BSF B UZQF PG JOOFS SBJOCBOE
 UFOE UP CF TUBUJPOBSZ SFMBUJWF UP UIF

TUPSN DFOUFS� 5IFZ VTVBMMZ IBWF B TUSPOH B[JNVUIBM XBWFOVNCFS�� TJHOBUVSF� "U UIF VQXJOE FOE PG

UIF JOOFS SBJOCBOE
 UIF DMPVET BOE QSFDJQJUBUJPO UFOE UP CF MFTT B୭GFDUFE CZ UIF JOOFS�DPSF WPSUFY BOE

NPSF DPOWFDUJWFMZ ESJWFO� *O DPOUSBTU
 BU JUT EPXOXJOE FOE XIFSF JU JT BUUBDIFE UP PS JO UIF WJDJOJUZ

PG UIF FZFXBMM
 UIF QSJODJQBM SBJOCBOE JT NPSF TUSBUJGPSN <#BSOFT FU BM�
 ����
 1PXFMM
 ����B
C
 )FODF

� )PV[F +S
 ����>� 5IF GPSNBUJPO NFDIBOJTN BTTPDJBUFE XJUI UIF QSJODJQBM SBJOCBOE IBT OPU CFFO

୮ୢSNMZ FTUBCMJTIFE�

"OPUIFS UZQF PG JOOFS SBJOCBOE JT DBMMFE TFDPOEBSZ SBJOCBOET
 XIJDI BSF USBOTJFOU BOE TNBMMFS

JO TJ[F UIBO UIF QSJODJQBM SBJOCBOET� 5IFZ BSF PG୴FO MPDBUFE JO UIF JOOFS�DPSF SFHJPO
 SBEJBMMZ JOTJEF

QSJODJQBM SBJOCBOET� 5IFZ QSPQBHBUF SBQJEMZ JO CPUI SBEJBM BOE B[JNVUIBM EJSFDUJPOT
 CVU TMJHIUMZ

TMPXFS SFMBUJWF UP UIF CBDLHSPVOE UBOHFOUJBM XJOE� .POUHPNFSZ � ,BMMFOCBDI <����> TVHHFTUFE

�



UIBU UIFTF CBOET BSF QBDLFUT PG WPSUFY 3PTTCZ XBWFT
 XIPTF EJTQFSTJPO JT TJNJMBS UP QMBOFUBSZ 3PTTCZ

XBWFT
 XJUI UIF QMBOFUBSZ CFUB QBSBNFUFS HFOFSBMJ[FE UP UIF SBEJBM HSBEJFOU PG B[JNVUIBMMZ NFBO

WPSUJDJUZ� *O B GVMM QIZTJDT IVSSJDBOF TJNVMBUJPO
 $IFO � :BV <����> TIPXFE UIBU UIF DMPVE CBOET BSF

TUSPOHMZ DPVQMFE XJUI QPUFOUJBM WPSUJDJUZ CBOET
 XIPTF QSPQBHBUJPO QSPQFSUJFT BSF DPOTJTUFOU XJUI

QSFEJDUJPOT PG WPSUFY 3PTTCZ XBWF UIFPSZ�

%JTUBOU 	PS PVUFS
 SBJOCBOET BSF MPDBUFE GBS FOPVHI GSPN UIF JOOFS WPSUFY UIBU UIFZ BSF MFTT BG�

GFDUFE CZ UIF EZOBNJDT PG UIF WPSUFY� #PHOFS FU BM� <����> GPVOE UIBU EJTUBOU SBJOCBOET NBJOMZ

PDDVS BU UIF SBEJVT XIFSF $"1& JT TJHOJ୮ୢDBOU� UIFSFGPSF EJTUBOU SBJOCBOET BSF UIPVHIU UP CF NPSF

DPOWFDUJWFMZ ESJWFO UIBO UIF JOOFS SBJOCBOET� "T B SFTVMU
 TUSPOH VQESBG୴T BOE EPXOESBG୴T BSF B OP�

UBCMF GFBUVSF JO PVUFS SBJOCBOET�

0OF PG UIF RVFTUJPOT UIBU SFNBJOT VODMFBS JT XIBU NFDIBOJTNT MFBE UP UIF GPSNBUJPO PG UIF PSHB�

OJ[FE
 CBOEFE BOE TQJSBM TUSVDUVSF PG SBJOCBOET� 1SFWJPVT TUVEJFT <3FBTPS FU BM�
 ����
 8BOH
 ����


$IFO � :BV
 ����
 8BOH
 ����
 $PSCPTJFSP FU BM�
 ����> IBWF JOWFTUJHBUFE UIF DIBSBDUFSJTUJDT PG TQJSBM

SBJOCBOET GSPN FJUIFS PCTFSWBUJPOT PS GVMM QIZTJDT TJNVMBUJPOT BOE USJFE UP BTTPDJBUF UIFN XJUI WBSJ�

PVT XBWF EZOBNJDT
 TVDI BT WPSUFY�3PTTCZ XBWFT PS HSBWJUZ XBWFT� )PXFWFS
 B TZTUFNBUJD BQQSPBDI

PG JEFOUJGZJOH UIF XBWF GFBUVSFT PG TQJSBM SBJOCBOET BOE JOWFTUJHBUF UIFJS JOTUBCJMJUZ NFDIBOJTNT JT

TUJMM MBDLJOH� 5IFSFGPSF
 JO $IBQUFS �
 XF BSF HPJOH UP EJWF JOUP UIF GSFRVFODZ BOE XBWFOVNCFS TQBDF

BOE DMBTTJGZ UIF BTZNNFUSJFT CBTFE PO UIFJS EPNJOBOU EJTQFSTJPO SFMBUJPOT� 0ODF EJ୭GFSFOU UZQFT PG

BTZNNFUSJFT BSF JEFOUJ୮ୢFE
 XF XJMM DPOUJOVF UP TUVEZ UIFJS JOTUBCJMJUZ NFDIBOJTNT JO $IBQUFS � BOE

$IBQUFS �
 NBJOMZ GSPN B DPOWFDUJWFMZ DPVQMFE QFSTQFDUJWF�

�



��� $ঞছছ঎গঝ ঞগ঍঎ছজঝঊগ঍঒গঐ ঘএ ঊজঢখখ঎ঝছ঒঎জ ঒গ 5$জ ঊগ঍ ঝ঑঎঒ছ ক঒খ঒ঝঊঝ঒ঘগজ

4QJSBM SBJOCBOET BSF HFOFSBMMZ WJFXFE BT FJUIFS JOFSUJB�HSBWJUZ XBWFT <"CEVMMBI
 ����
 ,VSJIBSB


����
 8JMMPVHICZ
 ����
 %JFSDLT � "OUIFT
 ����
 8JMMPVHICZ FU BM�
 ����> PS WPSUFY�3PTTCZ XBWFT

<.BDEPOBME
 ����
 (VJOO � 4DIVCFSU
 ����
 .POUHPNFSZ � ,BMMFOCBDI
 ����
 3FBTPS FU BM�
 ����


$IFO � :BV
 ����
 8BOH
 ����
 $PSCPTJFSP FU BM�
 ����>� 4JODF UIFTF UXP UZQFT PG XBWFT BSF CPUI

NBSHJOBMMZ TUBCMF CZ UIFNTFMWFT
 UIFZ SFRVJSF FJUIFS TPNF TPSU PG JOTUBCJMJUZ NFDIBOJTNT PS FYUFSOBM

GPSDJOH UP TVTUBJO� 4VDI JOTUBCJMJUZ NFDIBOJTNT JODMVEF UIF CBSPUSPQJD JOTUBCJMJUZ <.POUHPNFSZ �

4IBQJSP
 ����> BOE UIF NJYFE WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ XBWF JOTUBCJMJUZ <'PSE
 ����B
 4DIFDUFS �

.POUHPNFSZ
 ����
 .FOFMBPV FU BM�
 ����>
 CPUI PG XIJDI IBWF CFFO FYUFOTJWFMZ TUVEJFE
 FTQFDJBMMZ

XJUIJO UIF ESZ EZOBNJDT GSBNFXPSL�

)PXFWFS
 UIF TUPSZ XJMM OPU CF DPNQMFUF XJUIPVU UBLJOH DPOWFDUJPO JOUP BDDPVOU� .BOZ TUVE�

JFT <$IFO � :BV
 ����
 8BOH
 ����> IBWF TVHHFTUFE UIBU WPSUFY�3PTTCZ XBWFT BOE UIF DPOWFDUJWF

BTZNNFUSJFT BSF B IJHIMZ DPVQMFE TZTUFN
 ZFU UIF DPOWFDUJWFMZ DPVQMFE BTQFDU PG XBWF EZOBNJDT BOE

JOTUBCJMJUZ NFDIBOJTNT JO USPQJDBM DZDMPOFT BSF OPU FYUFOTJWFMZ FYQMPSFE� $POWFDUJPO JT FTTFOUJBM JO

USPQJDBM DZDMPOFT CFDBVTF JU OPU POMZ B୭GFDUT UIF DZDMPOF�TDBMF DJSDVMBUJPO UISPVHI EJBCBUJD GPSDJOH CVU

JUTFMG JT BMTP NPEJ୮ୢFE CZ UIF DZDMPOF�TDBMF DJSDVMBUJPO UISPVHI MBSHF�TDBMF DPOWFSHFODF PS NPJTUVSF

BEWFDUJPO� 5IFSFGPSF
 JU JT DSVDJBM UP JODPSQPSBUF UIF GFFECBDL PG DPOWFDUJPO XJUI UIF ESZ EZOBNJDT

PG UIF USPQJDBM DZDMPOFT�

%JFSDLT � "OUIFT <����> ୮ୢSTU BUUFNQUFE UP JODMVEF UIF F୭GFDU PG DPOWFDUJPO� 5IFZ JODPSQPSBUFE

B POF�MBZFS QBSBNFUFSJ[FE DPOWFDUJWF IFBUJOH XJUI B UXP�MBZFS MJOFBSJ[FE EZOBNJD NPEFM UP TUVEZ

�



UIF JOTUBCJMJUZ PG CBSPUSPQJD WPSUJDFT
 BOE UIFZ GPVOE UIBU JOUFSOBM JOFSUJB�HSBWJUZ XBWFT BSF UIF POMZ

QPTTJCMF VOTUBCMF NPEFT JO UIF TZTUFN XIFO VOTUBCMF TUBUJD TUBCJMJUZ JT BQQMJFE�

0O UPQ PG UIF NJYFE WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ XBWF JOTUBCJMJUZ
 F୭GPSUT IBWF CFFO NBEF

UP JODMVEF UIF F୭GFDU PG DPOWFDUJPO� 4DIFDUFS � .POUHPNFSZ <����> TUVEJFE UIF F୭GFDU PG OPO�

QSFDJQJUBUJOH DMPVET PO TVDI MJOFBS JOTUBCJMJUZ JO 5$�MJLF WPSUJDFT
 BOE UIFZ GPVOE UIBU UIF MPDBMMZ

SFEVDFE TUSBUJ୮ୢDBUJPO EVF UP DPOWFDUJPO XFBLFOFE UIF CBSPUSPQJD JOTUBCJMJUZ OFBS UIF FZFXBMM� %VF

UP FOIBODFE DSJUJDBM MBZFS EBNQJOH
 JU BMTP EBNQFE UIF EJTDSFUF WPSUFY 3PTTCZ XBWFT UIBU XPVME IBWF

HSPXO CZ SBEJBUJOH TQJSBM JOFSUJB�HSBWJUZ XBWFT�

-BIBZF � ;FJUMJO <����> TUVEJFE UIF TBUVSBUJPO PG JOTUBCJMJUJFT PG 5$�MJLF WPSUJDFT VTJOH B OPO�

MJOFBS
 TIBMMPX�XBUFS NPEFM
 JODMVEJOH UIF F୭GFDUT PG NPJTU DPOWFDUJPO� *O UIFJS DPOWFDUJWF QBSBN�

FUFSJ[BUJPO
 UIFZ BTTVNFE QSFDJQJUBUJPO UP CF QSPQPSUJPOBM UP DPOWFSHFODF
 XIFSFBT UIF TVSGBDF

FWBQPSBUJPO JT QSPQPSUJPOBM UP UIF NBHOJUVEF PG WFMPDJUZ� $PNQBSFE UP UIF ESZ TJNVMBUJPOT
 UIFZ

DPO୮ୢSNFE UIBU UIF NPJTU TJNVMBUJPOT FYIJCJU B OFU JODSFBTF PG XJOET
 FWFO BU UIF SBEJVT PG NBYJNVN

XJOE� *O UFSNT PG UIF B[JNVUIBMMZ BTZNNFUSJD DPNQPOFOU
 UIFZ GPVOE UIBU UIF BNQMJUVEF PG JOFSUJB�

HSBWJUZ XBWF FNJTTJPO JT TVCTUBOUJBMMZ IJHIFS BOE MBTUT GPS B NVDI MPOHFS UJNF DPNQBSFE UP UIF ESZ

DBTF BOE UIF TJNVMBUJPO XJUIPVU FWBQPSBUJPO
 EVF UP B TUSPOH DPOWFSHFODF [POF PVUTJEF PG UIF WPS�

UFY�

5IF TUVEJFT UIBU JODPSQPSBUFE UIF F୭GFDU PG DPOWFDUJPO TIPXFE TPNF FODPVSBHJOH SFTVMUT
 CVU

DPOWFDUJPO DBO IBWF B NVDI NPSF DPNQMJDBUFE F୭GFDU PO UIF EZOBNJDT UIBO TJNQMZ SFEVDJOH UIF

TUSBUJ୮ୢDBUJPO� 5IFSFGPSF
 JO $IBQUFS �
 XF BSF HPJOH UP JOWFTUJHBUF UIF F୭GFDU PG DPOWFDUJPO PO UIF

MJOFBS JOTUBCJMJUZ PG 5$�MJLF WPSUJDFT BOE JUT QPUFOUJBM DPOOFDUJPOT UP TQJSBM SBJOCBOET
 XJUI B NPSF

�



TPQIJTUJDBUFE DPOWFDUJWF QBSBNFUFSJ[BUJPO�

��� $ঞছছ঎গঝ ঞগ঍঎ছজঝঊগ঍঒গঐ ঘএ জ঎ঌঘগ঍ঊছঢ ঎ঢ঎ঠঊকক এঘছখঊঝ঒ঘগ ঊগ঍ ঝ঑঎঒ছ ক঒খ�

঒ঝঊঝ঒ঘগজ

0WFS UIF ZFBST
 NBOZ IZQPUIFTFT PO 4&' IBWF CFFO QSPQPTFE
 BOE UIFZ DBO SPVHIMZ CF HSPVQFE JOUP

UXP DBUFHPSJFT CBTFE PO UIFJS NFDIBOJTNT� UIF EZOBNJD BEKVTUNFOU UP MBUFOU IFBUJOH PVUTJEF UIF QSJ�

NBSZ FZFXBMM <4IBQJSP � 8JMMPVHICZ
 ����
 4DIVCFSU � )BDL
 ����
 )BDL � 4DIVCFSU
 ����
 .PPO

� /PMBO
 ����
 3P[P୭G FU BM�
 ����>
 BOE UIF VOCBMBODFE CPVOEBSZ MBZFS EZOBNJDT <4NJUI FU BM�
 ����


)VBOH FU BM�
 ����
 ,FQFSU
 ����
 "CBSDB � .POUHPNFSZ
 ����>� 5IF IZQPUIFTJT CBTFE PO EZOBNJD

BEKVTUNFOU NFDIBOJTN TVHHFTUT UIBU UIF MBUFOU IFBUJOH PVUTJEF UIF QSJNBSZ FZFXBMM JT B QSFDVSTPS UP

4&' BOE XIFUIFS 4&' DBO TVDDFTTGVMMZ FNFSHF EFQFOET PO UIF TUSFOHUI PG UIF MBUFOU IFBUJOH BOE UIF

F୭୮ୢDJFODZ PG MBUFOU IFBUJOH XBSNJOH UIF USPQPTQIFSF BOE FOIBODJOH UIF MPDBM UBOHFOUJBM XJOE <3P�

[P୭G FU BM�
 ����
 ;IV � ;IV
 ����>� 0O UIF PUIFS IBOE
 TFWFSBM TUVEJFT <4NJUI FU BM�
 ����
 )VBOH

FU BM�
 ����
 ,FQFSU
 ����> BSHVF UIBU UIF VOCBMBODFE CPVOEBSZ MBZFS JT FTTFOUJBM JO JOJUJBUJOH PS BT�

TJTUJOH UIF 4&' BOE UIF FZFXBMM SFQMBDFNFOU DZDMF
 UISPVHI UIF TVQFSHSBEJFOU UBOHFOUJBM XJOE
 UIF

PWFS�TIPPUJOH SBEJBM JO୯୳PX
 BOE B SFTVMUJOH DPOWFSHFODF SFHJPO JO UIF CPVOEBSZ MBZFS�

/VNFSJDBM FYQFSJNFOUT IBWF CFFO EFTJHOFE UP UFTU UIF SFMBUJWF JNQPSUBODF PG UIF EZOBNJDBM BE�

KVTUNFOU BOE UIF VOCBMBODFE CPVOEBSZ MBZFS QSPDFTTFT� 3P[P୭G FU BM� <����> GPVOE UIBU UIF SFTQPOTF

UP EJBCBUJD GPSDJOH EPNJOBUFT UIF SFTQPOTF UP GSJDUJPOBM GPSDJOH
 BOE .FOFMBPV FU BM� <����> BSHVFE

UIBU UIF TFDPOEBSZ XJOE NBYJNB DPVME CF HFOFSBUFE FWFO XJUIPVU CPVOEBSZ MBZFS QIZTJDT� )PXFWFS


�



B DPOWJODJOH NFDIBOJTN PG 4&' JT TUJMM MBDLJOH
 BOE UIFSF BSF MJNJUBUJPOT JO CPUI PG UIF BSHVNFOUT�

5IF TUVEJFT UIBU GPDVTFE PO UIF EZOBNJDBM BEKVTUNFOU UP DPOWFDUJWF IFBUJOH EJE OPU UBLF JOUP BD�

DPVOU IPX UIF DPOWFDUJWF IFBUJOH SFTQPOEFE UP UIF EZOBNJDT� *O DPOUSBTU
 UIF TUVEJFT UIBU BSHVFE

UIF JNQPSUBODF PG CPVOEBSZ MBZFS EZOBNJDT BTTVNFE B ୮ୢYFE GSFF�USPQPTQIFSF WPSUFY TUSVDUVSF BOE

EJE OPU BMMPX UIF WPSUFY UP FWPMWF� 0OF DBWFBU PG VTJOH B DPNQSFIFOTJWF GVMM�QIZTJDT NPEFM JT UIBU

BMM UIF QSPDFTTFT BSF FOUBOHMFE XJUI FBDI PUIFS
 BOE JU JT OPU FBTZ UP EFQJDU B DMFBS DPODMVTJPO PG UIF

DBVTBMJUZ� 5IFSFGPSF
 XF BUUFNQU UP CVJME B TJNQMF GSBNFXPSL UIBU XJMM BMMPX VT UP IBWF CFUUFS DPO�

USPM PG UIF GFFECBDL QSPDFTTFT
 BOE XF XJMM JOUSPEVDF UIJT GSBNFXPSL BOE TPNF TJNQMF FYQFSJNFOUT

JO $IBQUFS ��

��� 0ঞঝক঒গ঎ ঘএ ঝ঑঎ ঝ঑঎জ঒জ

*O UIJT EJTTFSUBUJPO
 UIF GPDVT XJMM QSJNBSJMZ CF PO VOEFSTUBOEJOH UIF GPSNBUJPOT PG TQJSBM SBJOCBOET

BOE TFDPOEBSZ FZFXBMM� *O $IBQUFS �
 XF XJMM JOUSPEVDF UIF EPNJOBOU BTZNNFUSJD NPEFT UIBU XF

JEFOUJGZ GSPN BO FOTFNCMF PG 83' TJNVMBUJPOT BOE DMBTTJGZ UIFN UP EJ୭GFSFOU UZQFT PG XBWFT CBTFE

PO UIFJS EJTQFSTJPO SFMBUJPOT� 8F XJMM NBJOMZ GPDVT PO UIF DPOWFDUJWF QFSTQFDUJWF PG UIFTF NPEFT
 *O

$IBQUFS �
 XF XJMM GVSUIFS JOWFTUJHBUF UIF F୭GFDU PG DPOWFDUJPO PO UIF VOTUBCMF NJYFE WPSUFY�3PTTCZ�

JOFSUJB�HSBWJUZ XBWFT
 BOE UP TFF XIFUIFS DPOWFDUJPO DBO USJHHFS PUIFS UZQFT PG JOTUBCJMJUZ� 8F JO�

DPSQPSBUF B UXP�CBSPDMJOJD�NPEF DPOWFDUJWF QBSBNFUFSJ[BUJPO XJUI B MJOFBSJ[FE EZOBNJD NPEFM UP

BDDPVOU GPS UIF F୭GFDU PG DPOWFDUJPO� 5P SF୮ୢOF UIF QBSBNFUFST JO UIF DPOWFDUJWF QBSBNFUFSJ[BUJPO
 XF

XJMM CVJME MJOFBS SFTQPOTF NBUSJDFT BOE EFSJWF B SFEVDFE�PSEFS NPEFM GSPN UIF NBUSJDFT JO $IBQUFS ��

��



*O $IBQUFS �
 XF XJMM GPDVT NPSF PO 4&' BOE JOUSPEVDF B OPWFM GSBNFXPSL UIBU DPVQMFT BO BYJTZN�

NFUSJD IVSSJDBOF�TDBMF EZOBNJDT NPEFM BOE B DMPVE�SFTPMWJOH NPEFM� 5IJT GSBNFXPSL DBO IFMQ VT

IBWF CFUUFS DPOUSPM PG UIF GFFECBDL QSPDFTTFT BOE QPUFOUJBMMZ B CFUUFS VOEFSTUBOEJOH PG UIF GFFECBDL

NFDIBOJTNT� 8F XJMM EJTDVTT TFWFSBM FYQFSJNFOUT XJUI UIJT OFX GSBNFXPSL UP EFNPOTUSBUF UIF BQQMJ�

DBUJPO PG UIJT NPEFM� 'JOBMMZ
 XF XJMM DPODMVEF UIJT UIFTJT XPSL XJUI LFZ ୮ୢOEJOHT BOE GVUVSF SFTFBSDI

EJSFDUJPOT JO $IBQUFS ��

��



2
4QBUJBM BOE UFNQPSBM DIBSBDUFSJTUJDT PG

BTZNNFUSJFT JO USPQJDBM DZDMPOFT

��� *গঝছঘ঍ঞঌঝ঒ঘগ

5P UIF [FSPUI PSEFS
 B IVSSJDBOF DBO CF JEFBMJ[FE BT BO B[JNVUIBMMZ TZNNFUSJD WPSUFY JO HSBEJFOU

XJOE CBMBODF BCPWF UIF CPVOEBSZ MBZFS� 0O UPQ PG UIJT B[JNVUIBMMZ�TZNNFUSJD CBDLHSPVOE WPS�

��



UFY
 UIFSF DPVME CF TNBMMFS BNQMJUVEF QFSUVSCBUJPOT
 EVF UP TZOPQUJD�TDBMF GPSDJOH
 UVSCVMFODF BOE

DPOWFDUJPO� 4PNF PG UIFTF QFSUVSCBUJPOT BSF PSHBOJ[FE BU B TDBMF UIBU JT MBSHF FOPVHI UP JO୯୳VFODF

UIF IVSSJDBOF TDBMF EZOBNJDT� &YBNQMFT JODMVEF FMMJQUJDBM PS QPMZHPOBM FZFXBMMT <,VP FU BM�
 ����


4DIVCFSU FU BM�
 ����
 3FBTPS FU BM�
 ����>
 XIJDI IBWF BO JO୯୳VFODF PO UIF USBDL </PMBO FU BM�
 ����>


TUSVDUVSF
 BOE JOUFOTJUZ <4DIVCFSU FU BM�
 ����
 ,PTTJO � 4DIVCFSU
 ����
 )FOESJDLT FU BM�
 ����
 )FO�

ESJDLT � 4DIVCFSU
 ����
 /BZMPS � 4DIFDUFS
 ����> PG B IVSSJDBOF
 BOE TQJSBM SBJOCBOET
 XIJDI BSF

BTTPDJBUFE XJUI JOUFOTF QSFDJQJUBUJPO BOE NBZ BMTP IBWF BO JNQBDU PO B IVSSJDBOFؠT TJ[F BOE JOUFOTJUZ

<.POUHPNFSZ � ,BMMFOCBDI
 ����
 8BOH
 ����>� 5IFSFGPSF
 JU JT PG JNQPSUBODF UP CFUUFS VOEFS�

TUBOE UIFTF PSHBOJ[FE BTZNNFUSJFT� "MUIPVHI UIJT TUVEZ XJMM OPU EJSFDUMZ UBDLMF UIF QSPCMFN PG IPX

BTZNNFUSJFT NPEVMBUF UIF JOUFOTJUZ PS USBDL PG B IVSSJDBOF
 UIF SFTVMUT GSPN UIJT TUVEZ DBO QSPWJEF

JOTJHIUT UP GVUVSF XPSLT UIBU TUVEZ UIF F୭GFDU PG BTZNNFUSJFT�

"TZNNFUSJFT PG IVSSJDBOFT BSF SPVHIMZ DMBTTJ୮ୢFE JOUP EFGPSNBUJPOT PG FZFXBMM
 JOOFS SBJOCBOET

BOE PVUFS SBJOCBOET CBTFE PO UIFJS EJTUBODF GSPN UIF DFOUFS PG UIF IVSSJDBOFT <8BOH
 ����
 )PV[F


����
 .PPO � /PMBO
 ����>
 BOE EJ୭GFSFOU BTZNNFUSJFT NBZ CF BTTPDJBUFE XJUI EJ୭GFSFOU EZOBNJDT�

)PXFWFS
 UIF DMBTTJ୮ୢDBUJPO CBTFE PO EJTUBODF JT TPNFXIBU TVCKFDUJWF
 BOE UIF DPOOFDUJPO CFUXFFO

BTZNNFUSJFT BU EJ୭GFSFOU SBEJJ NBZ QPTTJCMZ CF JHOPSFE� 1SFWJPVT TUVEJFT <3FBTPS FU BM�
 ����
 8BOH


����
 $IFO � :BV
 ����
 8BOH
 ����
 $PSCPTJFSP FU BM�
 ����> VTVBMMZ GPDVT PO B MJNJUFE SFHJPO PG

SBEJVT BOE TUVEZ UIF DIBSBDUFSJTUJDT PG BTZNNFUSJFT GSPN FJUIFS )PWN¶MMFS EJBHSBNT PS B TFSJFT PG

TOBQTIPU TUSVDUVSFT� )PXFWFS
 XJUIPVU EJWJOH JOUP UIF GSFRVFODZ BOE XBWFOVNCFS TQBDF
 JU JT IBSE

UP QSPQFSMZ EJTFOUBOHMF EJ୭GFSFOU XBWF TJHOBMT� 5IFSFGPSF
 POF PG PVS HPBMT JT UP TZTUFNBUJDBMMZ DMBTTJGZ

UIF BTZNNFUSJFT CBTFE PO UIFJS EPNJOBOU EJTQFSTJPO SFMBUJPOT FYBNJOFE CPUI OFBS BOE CFZPOE UIF

��



FZFXBMM� 0ODF EJ୭GFSFOU UZQFT PG BTZNNFUSJFT BSF JEFOUJ୮ୢFE
 XF DBO UIFO TIFE MJHIU POUP UIF NFDIB�

OJTNT UIBU HJWF SJTF UP UIF BTZNNFUSJFT�

&BSMJFS TUVEJFT <"CEVMMBI
 ����
 ,VSJIBSB
 ����
 8JMMPVHICZ
 ����
 %JFSDLT � "OUIFT
 ����


8JMMPVHICZ FU BM�
 ����> NBJOMZ WJFX UIF TQJSBM SBJOCBOET BT JOFSUJB�HSBWJUZ XBWFT
 XIJMF .BDEPO�

BME <����> ୮ୢSTU TVHHFTUT UIF FYJTUFODF PG 3PTTCZ�MJLF XBWFT CBTFE PO UIF PCTFSWBUJPOT GSPN TBUFM�

MJUF BOE SBEBS
 BOE OFBS�TVSGBDF XJOE� 'PS UIF BTZNNFUSJFT BEKBDFOU UP PS DMPTF UP UIF JOOFS DPSF

SFHJPO
 (VJOO � 4DIVCFSU <����> BOE .POUHPNFSZ � ,BMMFOCBDI <����> EFWFMPQ UIF UIFPSZ PG

WPSUFY�3PTTCZ XBWFT
 BOE WJFX UIPTF JOOFS SBJOCBOET BT QBDLFUT PG WPSUFY�3PTTCZ XBWFT� 4JNV�

MBUJPOT <$IFO � :BV
 ����
 8BOH
 ����> BOE PCTFSWBUJPOT <3FBTPS FU BM�
 ����
 $PSCPTJFSP FU BM�


����> GVSUIFS DPO୮ୢSN UIF FYJTUFODF PG DMPVE CBOET BOE WPSUJDJUZ CBOET
 XIPTF QSPQBHBUJPO QSPQFS�

UJFT BSF DPOTJTUFOU XJUI UIF QSFEJDUJPO PG WPSUFY�3PTTCZ XBWF UIFPSZ� )PXFWFS
 CPUI WPSUFY�3PTTCZ

XBWFT BOE JOFSUJB�HSBWJUZ XBWFT BSF NBSHJOBMMZ TUBCMF CZ UIFNTFMWFT
 TP UIFZ SFRVJSF FJUIFS FYUFSOBM

GPSDJOH UP FYDJUF BOE NBJOUBJO UIFN
 PS DPVQMJOH NFDIBOJTNT GPS UIFN UP CF MJOFBSMZ VOTUBCMF� 1PT�

TJCMF JOTUBCJMJUZ NFDIBOJTNT JODMVEF CBSPUSPQJD JOTUBCJMJUZ UIBU PSJHJOBUFT GSPN UXP QIBTF�MPDLFE

DPVOUFSQSPQBHBUJOH WPSUFY 3PTTCZ XBWFT PO FBDI TJEF PG UIF QPUFOUJBM WPSUJDJUZ 	17
 QFBL <.POU�

HPNFSZ � 4IBQJSP
 ����>� 4VDI JOTUBCJMJUZ IBT CFFO VTFE UP FYQMBJO UIF GFBUVSFT TVDI BT QPMZHPOBM

FZF TUSVDUVSF BOE NFTPWPSUJDFT JO SFBM XPSME 5$T <3FBTPS FU BM�
 ����
 ,PTTJO � 4DIVCFSU
 ����>�

*O BEEJUJPO UP UIF CBSPUSPQJD JOTUBCJMJUZ
 TUVEJFT <'PSE
 ����
 ����B
 4DIFDUFS � .POUHPNFSZ
 ����


.FOFMBPV FU BM�
 ����> TVHHFTU BOPUIFS JOTUBCJMJUZ NFDIBOJTN XIFSF B WPSUFY�3PTTCZ XBWF DBO HSPX

CZ FNJUUJOH B GSFRVFODZ�NBUDIFE PVUXBSE�QSPQBHBUJOH JOFSUJB�HSBWJUZ XBWF� $IPX FU BM� <����>

୮ୢOET UIBU UIF SBEJBM TUSVDUVSF PG MBSHF�TDBMF NPWJOH TQJSBMT GSPN BO JEFBMJ[FE GVMM�QIZTJDT TJNVMBUJPO

��



BSF TJNJMBS UP UIF BOBMZUJDBM TPMVUJPO PG JOFSUJB�HSBWJUZ XBWFT SBEJBUFE CZ WPSUJDJUZ ୯୳VDUVBUJPOT GSPN

UIF JOOFS WPSUFY� .FOFMBPV FU BM� <����> BMTP FYQMPSFT UIF TJUVBUJPO XIFSF CPUI CBSPUSPQJD JOTUBCJM�

JUZ BOE WPSUFY 3PTTCZ JOFSUJB�HSBWJUZ XBWF JOTUBCJMJUZ DPFYJTU� *OTUFBE PG WPSUFY�3PTTCZ XBWFT BOE

JOFSUJB�HSBWJUZ XBWFT
 .PPO � /PMBO <����> TVHHFTUT UIBU UIF JOOFS SBJOCBOET JO UIFJS TJNVMBUJPO BSF

TJNQMZ DPOWFDUJPO CFJOH BEWFDUFE BOE EFGPSNFE CZ UIF TUSPOH TIFBS PG UIF NFBO�WPSUFY�

"MUIPVHI TPNF TUVEJFT <$IFO � :BV
 ����
 8BOH
 ����> TVHHFTU UIBU WPSUFY 3PTTCZ XBWFT BOE

UIF DPOWFDUJWF BTZNNFUSJFT BSF B IJHIMZ DPVQMFE TZTUFN
 UIF DPOWFDUJWFMZ DPVQMFE BTQFDUT BSF OPU

FYUFOTJWFMZ TUVEJFE CZ UIF BGPSFNFOUJPOFE QBQFST� 4PNF SFDFOU TUVEJFT <4DIFDUFS � .POUHPNFSZ


����
 .FOFMBPV FU BM�
 ����
 -BIBZF � ;FJUMJO
 ����>
 IBWF JODMVEFE DPOWFDUJWF DPVQMJOH JOUP UIFJS

GSBNFXPSL
 BOE BEESFTTFE UIF F୭GFDU PG DPOWFDUJPO PO UIF JOTUBCJMJUZ NFDIBOJTNT� *O UIFJS DPVQMFE

NPEFM
 UIF DPOWFDUJWF IFBUJOH JT TJNQMZ QBSBNFUFSJ[FE UP CF QSPQPSUJPOBM UP MPX MFWFM IPSJ[POUBM

DPOWFSHFODF
 UIVT POMZ UIF F୭GFDU PG SFEVDFE TUSBUJ୮ୢDBUJPO EVF UP DPOWFDUJPO JT JODMVEFE� )PXFWFS


UIF F୭GFDU PG DPOWFDUJPO DPVME CF NVDI NPSF DPNQMJDBUFE UIBO UIBU� :FU
 B TZTUFNBUJD TUVEZ PG UIF

DPOWFDUJWFMZ DPVQMFE BTQFDU PG UIF B[JNVUIBM BTZNNFUSJFT JO IVSSJDBOFT JT TUJMM MBDLJOH� *U JT OPU ZFU

DMFBS XIFUIFS UIFSF FYJTU BOZ EPNJOBOU NPEFT JO UIF GVMM QIZTJDT TJNVMBUJPOT PG IVSSJDBOFT
 XIBU

UIFJS QSFGFSSFE B[JNVUIBM XBWFOVNCFST BOE SPUBUJOH GSFRVFODJFT BSF
 BOE IPX UIFJS TUSVDUVSFT MPPL

MJLF�

5P TVNNBSJ[F
 UIF HPBM PG UIJT TUVEZ JT UP TZTUFNBUJDBMMZ EPDVNFOU UIF BTZNNFUSJD DIBSBDUFSJTUJDT

PG BO JEFBMJ[FE TJNVMBUJPO PG IVSSJDBOFT
 J�F� UIFJS QSFGFSSFE GSFRVFODJFT BOE B[JNVUIBM XBWFOVNCFS


BOE UIFJS TUSVDUVSFT
 UP DMBTTJGZ UIF BTZNNFUSJFT CBTFE PO UIF EJTQFSTJPO SFMBUJPO OFBS BOE CFZPOE

UIF FZFXBMM
 BOE UP DPOOFDU UIF EPNJOBOU BTZNNFUSJFT UP QMBVTJCMF JOTUBCJMJUZ NFDIBOJTNT� *O BEEJ�

��



UJPO
 XF XJMM GPDVT PO UIF DPOWFDUJWFMZ DPVQMFE OBUVSF PG UIFTF BTZNNFUSJFT� 8F XJMM JOUSPEVDF PVS

NPEFM DPO୮ୢHVSBUJPOT BOE TJNVMBUJPOT JO TFDUJPO ���
 BOE EFTDSJCF UIF TUBUJTUJDBM NFUIPEPMPHZ CFJOH

VTFE JO TFDUJPO ���� *O TFDUJPO ���
 XF XJMM EJTDVTT UIF SFTVMUT GSPN UIF TQBDF�UJNF TQFDUSBM BOBMZTJT BOE

UIF TUSVDUVSF PG UIF EPNJOBOU NPEFT� 4FDUJPO ��� XJMM IJHIMJHIU UIF NBJO DPODMVTJPOT BOE EJTDVTT

QPUFOUJBM EJSFDUJPOT GPS GVUVSF XPSLT�

��� .ঘ঍঎ক ঌঘগএ঒ঐঞছঊঝ঒ঘগ ঊগ঍ ঒গ঒ঝ঒ঊক ঌঘগ঍঒ঝ঒ঘগ

*O PSEFS UP DPOEVDU NFBOJOHGVM TQBDF�UJNF TQFDUSBM BOBMZTJT BOE DPNQBSF XJUI EJTQFSTJPO SFMBUJPO�

TIJQ PG EJ୭GFSFOU UZQFT PG XBWFT
 XF SFRVJSF PVUQVU XJUI IJHI TQBUJPUFNQPSBM SFTPMVUJPO <3FBTPS

FU BM�
 ����>� 5IFSFGPSF
 UIF 8FBUIFS 3FTFBSDI BOE 'PSFDBTUJOH 	83'
 NPEFM JT VTFE JO UIJT TUVEZ

UP HFOFSBUF B ���NFNCFS FOTFNCMF TJNVMBUJPO PG BO JEFBMJ[FE USPQJDBM DZDMPOF� 5IF NPEFM DPO୮ୢHVSB�

UJPO JT TJNJMBS UP UIPTF VTFE JO B QSFWJPVT JEFBMJ[FE IVSSJDBOF TUVEZ <;IV � ;IV
 ����>� 5IF NPEFM

TVSGBDF JT TFU UP CF TFB TVSGBDF XJUI IPNPHFOPVT TVSGBDF UFNQFSBUVSF PG ��◦$� "MM TJNVMBUJPOT BSF

QFSGPSNFE PO BO G�QMBOF XJUI B DPOTUBOU $PSJPMJT QBSBNFUFS FRVJWBMFOU UP UIBU BU ��◦/� 4JNVMBUJPOT

BSF EPOF PWFS UISFF UXP�XBZ OFTUFE EPNBJOT XJUI B IPSJ[POUBM SFTPMVUJPO PG �LN
 �LN
 BOE ��LN

BOE EPNBJO TJ[F PG ���LN×���LN
 ����LN×����LN BOE ����LN×����LN� %PVCMZ�QFSJPEJD

MBUFSBM CPVOEBSZ DPOEJUJPOT BSF BQQMJFE UP UIF PVUFSNPTU MBUFSBM CPVOEBSJFT� 5IF PVUFSNPTU EPNBJO

JT MBSHF FOPVHI UP QSFWFOU UIF JOUFSBDUJPO BNPOH IVSSJDBOFT BDSPTT UIF MBUFSBM CPVOEBSJFT� 5IFSF BSF

�� MFWFMT JO UIF WFSUJDBM XJUI B NPEFM UPQ BU BQQSPYJNBUFMZ ��I1B� 3BZMFJHI EBNQJOH JT BQQMJFE UP

UIF UPQ � LN PG UIF EPNBJO� &BDI TJNVMBUJPO JT SVO GPS �� EBZT
 XIJDI BMMPXT UIF WPSUFY UP SFBDI B

��



TV୭୮ୢDJFOUMZ MPOH TUFBEZ TUBUF GPS GVSUIFS BOBMZTJT
 BOE UIF PVUQVU PG UIF ୮ୢSTU UXP EBZT JT EJTDBSEFE BT

TQJO�VQ� )JTUPSZ TOBQTIPUT BSF PVUQVU FWFSZ �� NJOVUFT�

8F VTF UIF .FMMPS�:BNBEB�+BOKJD 	.:+
 TDIFNF <+BOKJÇ
 ����
 ����> GPS UIF TVCHSJE�TDBMF 	4(4


WFSUJDBM UVSCVMFOU NJYJOH
 BOE UIF ��% 4NBHPSJOTLZ <����> UVSCVMFODF TDIFNF GPS IPSJ[POUBM EJ୭GV�

TJPO� 5IF $IBSOPL GPSNVMB <$IBSOPDL
 ����>
 VTFE JO UIF .:+ TVSGBDF TDIFNF UP EFUFSNJOF TVSGBDF

SPVHIOFTT
 JT SFQMBDFE CZ UIF GPSNVMB QSPQPTFE CZ %BWJT FU BM� <����> UP SF୯୳FDU UIF PCTFSWFE WBSJB�

UJPO PG ESBH DPF୭୮ୢDJFOU JO UIF IJHI XJOE SFHJNF <%POFMBO FU BM�
 ����>� 8F DIPPTF UIF 5IPNQTPO

TDIFNF <5IPNQTPO FU BM�
 ����
 ����> GPS NJDSPQIZTJDT
 BOE UIF ,BJO�'SJUTDI TDIFNF <,BJO
 ����>

BT UIF DVNVMVT QBSBNFUFSJ[BUJPO GPS UIF PVUFSNPTU EPNBJO� /P DVNVMVT QBSBNFUFSJ[BUJPO JT VTFE

JO UIF UXP JOOFS EPNBJOT� 'PS MPOHXBWF SBEJBUJPO
 XF VTF UIF 3BQJE 3BEJBUJWF 5SBOTGFS .PEFM SBEJB�

UJPO 	335.
 TDIFNF <.MBXFS FU BM�
 ����>� %J୭GFSFOU GSPN ;IV � ;IV <����>
 JODPNJOH TIPSUXBWF

SBEJBUJPO JT TFU UP [FSP UP QSFWFOU BOZ QFSJPEJD FYUFSOBM GPSDJOH� 4JODF UIJT JEFBMJ[FE TUVEZ GPDVTFT PO

JOUFSOBMMZ�HFOFSBUFE BTZNNFUSJFT JO 5$T
 WFSUJDBM XJOE TIFBS BOE PUIFS FOWJSPONFOUBM GPSDJOH BSF

OPU JNQPTFE JO UIF TJNVMBUJPOT� 4VDI TJNQMJ୮ୢDBUJPO BMMPXT VT UP DPOOFDU UIF BTZNNFUSJFT GPVOE JO

UIJT TUVEZ UP QSFWJPVT UIFPSFUJDBM TUVEJFT <.POUHPNFSZ � 4IBQJSP
 ����
 'PSE
 ����
 ����B
 4DIFDUFS

� .POUHPNFSZ
 ����
 .FOFMBPV FU BM�
 ����>�

5IF FOTFNCMF TJNVMBUJPOT BSF JOJUJBMJ[FE XJUI BO JEFBMJ[FE DBUFHPSZ�� IVSSJDBOF WPSUFY
 BOE UIF

UFNQFSBUVSF BOE UIF QSFTTVSF ୮ୢFMET BSF JO IZESPTUBUJD CBMBODF BOE HSBEJFOU XJOE CBMBODF XJUI UIF

WPSUFY XJOE� 5IF SBEJBM QSP୮ୢMF PG UIF UBOHFOUJBM XJOE JT EFUFSNJOFE CBTFE PO 8PPE � 8IJUF Tؠ<����>

GPSNVMB
 BOE UIF WFSUJDBM FYUFOTJPO JT CBTFE PO BO BOBMZUJDBM GVODUJPO QSPQPTFE CZ /PMBO � .POU�

HPNFSZ <����>� 5IF JOJUJBM GBS�୮ୢFME UFNQFSBUVSF BOE IVNJEJUZ QSP୮ୢMFT BSF TQFDJ୮ୢFE CZ UIF OPO�
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4BIBSBO BJS MBZFS TPVOEJOH PG %VOJPO � .BSSPO <����>
 XIJDI JT B NPEJ୮ୢFE BOE FYUSBQPMBUFE WFS�

TJPO PG +PSEBO <����>� &BDI FOTFNCMF NFNCFS JT JOJUJBMJ[FE XJUI UIF TBNF JOJUJBM WPSUFY BOE JOJUJBM

TPVOEJOH
 CVU XJUI SBOEPN QFSUVSCBUJPOT PG ���, JO UFNQFSBUVSF CFMPX ���N
 XIJDI JT EJ୭GFSFOU

GSPN ;IV � ;IV <����> XIFSF OP SBOEPN OPJTF JT BQQMJFE�

��� %ঊঝঊ ঊগ঍ খ঎ঝ঑ঘ঍ঘকঘঐঢ

5IF EBUB JO UIF JOOFSNPTU EPNBJO GSPN UIF 83' TJNVMBUJPOT JT VTFE GPS GVSUIFS BOBMZTJT� 5IF EBUB

JT NBQQFE GSPN UIF $BSUFTJBO DPPSEJOBUF POUP B QPMBS DPPSEJOBUF (S,ɓ)XJUI DPBSTFOFE B[JNVUIBM

SFTPMVUJPO
 XIFSF S JT UIF SBEJBM DPPSEJOBUF
 BOE ɓ JT UIF B[JNVUIBM BOHMF� 5IF SFTPMVUJPO JT �LN JO

S BOE ɍ/�� JO ɓ 
 XIPTF B[JNVUIBM SFTPMVUJPO JT F୭GFDUJWFMZ ��LN BU B SBEJVT PG ��LN� 5IF NBQQJOH

JT EPOF CZ BWFSBHJOH BMM UIF BWBJMBCMF HSJE QPJOUT XJUIJO B TJOHMF BSD�TIBQFE BSFB ES×Eɓ BSPVOE FBDI

	S�,ɓ�
� "MM UIF ୮ୢFMET
 FYDFQU GPS DPOWFDUJWF IFBUJOH
 BSF PCUBJOFE CZ UIJT NBQQJOH NFUIPE� 'PS DPO�

WFDUJWF IFBUJOH
 XF OFFE UP JODMVEF UIF DPOUSJCVUJPO GSPN TDBMFT TNBMMFS UIBO UIBU PG UIF DPBSTFOFE

QPMBS DPPSEJOBUF SFTPMVUJPO JO BEEJUJPO UP EJBCBUJD IFBUJOH
 BMUIPVHI EJBCBUJD IFBUJOH JT B NBKPS DPN�

QPOFOU PG DPOWFDUJWF IFBUJOH� 5IFSFGPSF
 UIF DPOWFDUJWF IFBUJOH JT DBMDVMBUFE BT UIF EJBCBUJD IFBUJOH

QMVT UIF FEEZ DPOUSJCVUJPO

+DPOW = Ʌ̇+ ∂V′Ʌ′
∂S +

�
S
∂W′Ʌ′
∂ɓ +

�
.

∂ɖ′Ʌ′
∂Ʉ , 	���


XIFSF Ʌ̇ JT UIF EJBCBUJD IFBUJOH
 V′, W′, ɖ′ BOE Ʌ′ BSF UIF QFSUVSCBUJPO SBEJBM WFMPDJUZ
 B[JNVUIBM WF�

MPDJUZ
 QSFTTVSF WFSUJDBM WFMPDJUZ BOE QPUFOUJBM UFNQFSBUVSF
 BOE. JT UIF DPMVNO NBTT JO QSFTTVSF
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VOJUT� 5IF PWFSCBS JT VTFE BT GPS NPTU SBEJJ
 UIF NBQQJOH JOUP QPMBS DPPSEJOBUF XJUI �� QPJOUT JO UIF

B[JNVUIBM SFQSFTFOUT BO BWFSBHF�

*O PSEFS UP ୮ୢOE UIF QSFGFSSFE B[JNVUIBM XBWFOVNCFS BOE GSFRVFODZ PG UIF B[JNVUIBM BTZNNF�

USJFT
 B QPXFS TQFDUSVN JT PCUBJOFE GPS FBDI ୮ୢFME BU B TQFDJ୮ୢD SBEJVT CZ B ��% TQFDUSBM BOBMZTJT JO UJNF

BOE B[JNVUIBM BOHMF� 'PS B ��% ୮ୢFME
 TVDI BT UFNQFSBUVSF BOE TQFDJ୮ୢD IVNJEJUZ
 JUT QPXFS TQFDUSVN

JT CBTFE PO JUT MPXFS�MFWFM 	BCPVU ���I1B
 ୮ୢFME� &BDI ୮ୢFME IBT B EJNFOTJPO PG ���� JO UJNF 	� EBZT

GPS FBDI TJNVMBUJPO XJUI ���NJOVUF TBNQMJOH GSFRVFODZ
 BG୴FS EJTDBSEJOH UIF ୮ୢSTU � EBZT BT TQJO�VQ


BOE �� JO UIF B[JNVUIBM EJSFDUJPO� 'PS FBDI TJNVMBUJPO
 UIF QPXFS TQFDUSVN JT PCUBJOFE BOE BWFSBHFE

PWFS TVDDFTTJWF ��EBZ TFHNFOUT XJUI ��EBZ PWFSMBQQJOH� 8JUIJO FBDI TFHNFOU
 UIF PSJHJOBM EBUB JT MJO�

FBSMZ EF�USFOEFE� #PUI FOET PG FBDI TFHNFOU BSF UIFO UBQFSFE UP [FSP CZ NVMUJQMZJOH CZ UIF )BOO

XJOEPX GVODUJPO� 5IF UJNF�BWFSBHFE DPNQPOFOU JT UIFO BEEFE CBDL UP UIF UJNF TFSJFT UP SFUBJO [FSP�

GSFRVFODZ QPXFS� 'JOBMMZ
 UIF QPXFS TQFDUSVN JT PCUBJOFE CZ BWFSBHJOH PWFS �� SBEJJ 	PS ��LN
 OFBS

UIF TQFDJ୮ୢFE SBEJVT
 BOE PWFS UIF �� FOTFNCMF TJNVMBUJPOT UP JODSFBTF JUT TJHOBM�UP�OPJTF SBUJP�

#PUI UIF WFSUJDBM BOE IPSJ[POUBM TUSVDUVSFT PG B EJTUJODU NPEF BSF PCUBJOFE UISPVHI MJOFBS SFHSFT�

TJPO PG B ୮ୢMUFSFE ୮ୢFME BHBJOTU B ୮ୢMUFSFE UJNF�TFSJFT JOEFY� 5P PCUBJO UIF ୮ୢMUFSFE UJNF�TFSJFT JOEFY
 B

HJWFO WBSJBCMF BU B TQFDJ୮ୢD SBEJVT 	BOE B TQFDJ୮ୢD IFJHIU GPS ��% WBSJBCMFT
 JT ୮ୢMUFSFE CZ B QSF�EF୮ୢOFE

GSFRVFODZ�XBWFOVNCFS XJOEPX CBTFE PO UIF QPXFS TQFDUSVN BOBMZTJT� 5IFO XF DIPPTF UIF ୮ୢMUFSFE

WBSJBCMF BU BOZ B[JNVUIBM BOHMF UP CF UIF UJNF�TFSJFT JOEFY� %VF UP UIF TZNNFUSZ PG UIF WBSJBCJMJUZ

PG UIF HJWFO WBSJBCMF BMPOH UIF B[JNVUIBM EJSFDUJPO
 UIF DIPJDF PG B[JNVUIBM MPDBUJPO PG UIF ୮ୢMUFSFE

JOEFY EPFT OPU NBLF NVDI EJ୭GFSFODF UP UIF SFTVMUJOH TUSVDUVSF
 FYDFQU GPS B QIBTF TIJG୴� 0UIFS ୮ୢFMET

୮ୢMUFSFE CZ UIF TBNF GSFRVFODZ�XBWFOVNCFS XJOEPX BSF UIFO MJOFBSMZ SFHSFTTFE BHBJOTU UIF ୮ୢMUFSFE

��



UJNF�TFSJFT JOEFY� 5IF TUSVDUVSFT BSF DPOTUSVDUFE VTJOH TJNVMBUJPOT GSPN EBZ � UP EBZ ��
 BOE BSF

TDBMFE UP DPSSFTQPOE UP ��ɐ PG UIF ୮ୢMUFSFE JOEFY�

0OF ESBXCBDL PG UIF NFUIPEPMPHZ EJTDVTTFE BCPWF JT UIBU UIF TFMFDUJPO PG UIF GSFRVFODZ�XBWFOVNCFS

XJOEPXT GPS ୮ୢMUFSJOH DBO CF TPNFXIBU TVCKFDUJWF� 5IFSFGPSF
 JO BEEJUJPO UP UIF SFHSFTTJPO NFUIPE


XF BQQMJFE &0' BOBMZTJT PO UIF DPNCJOFE ୮ୢFME PG UFNQFSBUVSF
 WFSUJDBM WFMPDJUZ BOE TQFDJ୮ୢD IVNJE�

JUZ
 UP TFF JG UIF GBTU BOE UIF TMPX XBWFT DBO CF FYUSBDUFE PCKFDUJWFMZ� 5IF QFSUVSCBUJPO UFNQFSBUVSF


TQFDJ୮ୢD IVNJEJUZ BOE QSFTTVSF WFSUJDBM WFMPDJUZ BU B HJWFO SBEJVT BSF EFUSFOEFE BOE OPSNBMJ[FE TP

UIBU UIFJS NBHOJUVEFT BSF DPNQBSBCMF BOE DBO CF DPODBUFOBUFE JOUP B TJOHMF ୮ୢFME GPS UIF &0' BOBMZ�

TJT�

��� 3঎জঞকঝজ

����� .঎ঊগ জঝঊঝ঎

#FGPSF XF EJTDVTT UIF BTZNNFUSJD WBSJBCJMJUZ PG UIF IVSSJDBOFT
 XF ୮ୢSTU TIPX UIF B[JNVUIBM NFBO

TUSVDUVSF PG UIF FOTFNCMF TJNVMBUJPOT
 CFDBVTF BOZ BTZNNFUSJD WBSJBCJMJUJFT BSF TVCKFDU UP UIF B[JNVUIBM�

BWFSBHFE CBDLHSPVOE TUSVDUVSF� 'JHVSF ��� TIPXT UIF FOTFNCMF�BWFSBHFE UJNF�BWFSBHFE 	��I UP ���I


B[JNVUIBM NFBO TUSVDUVSF PG B[JNVUIBM WFMPDJUZ
 SBEJBM WFMPDJUZ
 WFSUJDBM WFMPDJUZ BOE QPUFOUJBM WPSUJD�

JUZ� 5IF NBYJNVN B[JNVUIBM NFBO B[JNVUIBM WFMPDJUZ SFBDIFT ���N�T BU BSPVOE ��LN UP ��LN JO

SBEJVT� *UT NBYJNVN JT UJMUFE PVUXBSE XJUI JODSFBTJOH IFJHIU� 4USPOH VQXBSE NPUJPO JT DP�MPDBUFE

XJUI UIF NBYJNVN PG B[JNVUIBM WFMPDJUZ� 0VUTJEF UIF FZFXBMM
 CFUXFFO ��LN UP ���LN
 UIF B[�

JNVUIBM NFBO WFSUJDBM WFMPDJUZ JT XFBLMZ EFTDFOEJOH� 5IF SBEJBM WFMPDJUZ IBT B TUSPOH JO୯୳PX XJUIJO
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UIF CPVOEBSZ MBZFS CFMPX ��� I1B
 BOE BO PVU୯୳PX MBZFS BCPWF ��� I1B� 1PUFOUJBM WPSUJDJUZ 	17
 JT

TUSPOHFS JO UIF MPXFS USPQPTQIFSF
 BOE QFBLT BSPVOE B SBEJVT PG ��LN�

(a) (b)

(c) (d)

Figure 2.1: Ensemble-averaged time-averaged (48h-144h) azimuthal mean structure of (a) tangential wind speed (m/s),

(b) radial wind speed (m/s), (c) vertical wind speed (m/s), and (d) potential vorticity (PVU)

'JHVSF ��� TIPXT UIF UJNF TFSJFT PG UIF NBYJNVN B[JNVUIBM XJOE TQFFE BU UIF TVSGBDF BOE JUT DPS�

SFTQPOEJOH SBEJVT
 GPS FBDI FOTFNCMF NFNCFS BOE GPS UIFJS BWFSBHF� *U JOEJDBUFT UIBU UIF TJNVMBUFE

IVSSJDBOFT VOEFSHP TVCTUBOUJBM JOUFOTJ୮ୢDBUJPO EVSJOH UIF ୮ୢSTU EBZ
 BOE USBOTJUJPO UP B TMPX JOUFOTJ�

୮ୢDBUJPO QFSJPE GSPN EBZ � UP EBZ �
 BOE ୮ୢOBMMZ EFWFMPQ JOUP B TUFBEZ TUBHF BG୴FS EBZ �� 8JUI UIF ୮ୢSTU

UXP EBZT EJTDBSEFE BT TQJO�VQ
 UIF TQFDUSBM BOBMZTJT DBO CF NFBOJOHGVMMZ EPOF PWFS UIF SFNBJOJOH
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EBZT
 BOE BT XF XJMM TFF JO TFDUJPO ����� UIF SFTVMUT BSF OPU TFOTJUJWF UP XIFUIFS UIF TMPX JOUFOTJDBUJPO

QFSJPE JT JODMVEFE PS OPU�

(a) (b)

Figure 2.2: Time series of (a) maximum azimuthal mean tangential wind speed at surface (m/s), and (b) the correspond-

ing radius of themaximum surface azimuthal wind (km), of each ensemblemember (in light grey) and the ensemble

average (in thick blue).

����� 1ঘঠ঎ছ জঙ঎ঌঝছঞখ

*O UIJT TFDUJPO
 XF XJMM DPOEVDU TQBDF�UJNF TQFDUSBM BOBMZTJT OFBS BOE CFZPOE UIF FZFXBMM UP EFUFS�

NJOF XIFUIFS UIFSF BSF EJTUJODUJWF QPXFS QFBLT
 BOE UP JEFOUJGZ UIF EJTQFSTJPO SFMBUJPOTIJQ UIFZ GPM�

MPX� 8F DIPPTF UIF SBEJVT PG ��LN BOE ��LN UP CF UIF BSFBT BSPVOE XIJDI UIF QPXFS TQFDUSBM BOBM�

ZTJT XJMM CF DPOEVDUFE
 CFDBVTF UIF B[JNVUIBM WBSJBODF PG UFNQFSBUVSF BOE NPJTUVSF QFBLT BSPVOE

UIFTF UXP SBEJJ BT TIPXO JO 'JHVSF ����

'JHVSF ��� TIPXT UIF FOTFNCMF�BWFSBHFE QPXFS TQFDUSVN PG MPXFS MFWFM 	���LN
 TJNVMBUFE SBEBS SF�

୯୳FDUJWJUZ BSPVOE ��LN BOE ��LN� 5IF CMBDL MJOF JOEJDBUFT UIF MPDBM CBDLHSPVOE SPUBUJPO TQFFE� 5IF

SFE CPYFT JOEJDBUF UIF GSFRVFODZ BOE XBWFOVNCFS XJOEPX UIBU XJMM CF VTFE UP ୮ୢMUFS UIF GBTU XBWF
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(a) (b)

Figure 2.3: Ensemble-averaged total azimuthal variance of lower-level (a) specific humidity ((H/LH)�) and (b) tempera-
ture (,�) as a function of radius and time. The blue lines indicate the time-mean variance.

BOE UIF TMPX XBWF SFTQFDUJWFMZ� #PUI PG UIF QPXFS TQFDUSB IBWF UXP EJTUJODUJWF QFBLT
 POF OFBSMZ

TUBUJPOBSZ 	IFSFBG୴FS TMPX XBWF

 BOE UIF PUIFS POF 	IFSFBG୴FS GBTU XBWF
 UIBU IBT B GSFRVFODZ XIJDI

JT TMPXFS UIBO UIF MPDBM SPUBUJPO SBUF BU ��LN
 CVU GBTUFS UIBO UIF SPUBUJPO BU ��LN� /PUF UIBU IFSF

UIF TMPX PS UIF GBTU XBWF JT EF୮ୢOFE JO UIF BCTPMVUF SFGFSFODF GSBNF
 XIJMF QSFWJPVT TUVEJFT VTVBMMZ

EF୮ୢOF B أTMPXأ PS أGBTUأ SFHJNF SFMBUJWF UP UIF MPDBM CBDLHSPVOE SPUBUJPO� 5IF SFBTPO XIZ XF EPOؠU

GPMMPX UIJT DPOWFOUJPO IFSF JT CFDBVTF UIF CBDLHSPVOE SPUBUJPO WBSJFT B MPU XJUI SBEJVT
 BOE B EJ୭GFS�

FOU SFGFSFODF GSBNF XPVME CF OFFEFE XIFO XF EJTDVTT BTZNNFUSJFT BU EJ୭GFSFOU SBEJJ� 4P XF UIJOL JU

JT MFTT DPOGVTJOH UP VTF BO BCTPMVUF SFGFSFODF GSBNF� 'JHVSF ��� TIPXT UIF QPXFS TQFDUSVN PG SBEBS

SF୯୳FDUJWJUZ BU ��LN CBTFE PO TJNVMBUJPOT GSPN EBZ � UP EBZ �� BOE GSPN EBZ � UP EBZ ��� 5IF TJNJ�

MBSJUZ CFUXFFO 'JHVSFT ��� BOE ���	C
 JOEJDBUFT UIBU UIF SFTVMUT BSF OPU TFOTJUJWF UP XIFUIFS UIF TMPX

JOUFOTJ୮ୢDBUJPO QFSJPE JT JODMVEFE PS OPU�

5IF TMPX XBWF JT OFBSMZ TUBUJPOBSZ BOE SFUSP�QSPQBHBUJOH SFMBUJWF UP UIF CBDLHSPVOE SPUBUJPO OFBS

BOE CFZPOE UIF FZFXBMM� *UT QIBTF TQFFE JT BCPVU ��N�T SFMBUJWF UP UIF FZFXBMM SPUBUJPO
 BOE BCPVU
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(a) R=30km (b) R=80km

Figure 2.4: Ensemble-averaged power spectrum of lower-level radar reflectivity averaged over radius from (a) 20km

to 40km, and (b) 70km to 90km. The black line indicates the background rotation speed, and the red boxes indicate the

frequency andwavenumber window that will be used to filter the fast wave and the slowwave respectively.

(a) Power spectrum from day4 to day10 (b) Power spectrum from day5 to day10

Figure 2.5: Ensemble-averaged power spectrum of lower-level radar reflectivity (dBz) averaged over radius from 70km

to 90km, based on simulations from (a) day 4 to day 10, and (b) day 5 to day 10. The black line indicates the background

rotation speed
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��N�T SFMBUJWF UP UIF CBDLHSPVOE SPUBUJPO BU ��LN� 5IF TMPX XBWF JT VOMJLFMZ UP CF B WPSUFY�3PTTCZ

XBWF
 CFDBVTF JUT SFMBUJWF QIBTF TQFFE OFBS UIF FZFXBMM JT UPP GBTU UP CF DPNQBUJCMF XJUI UIF WPSUFY�

3PTTCZ XBWF EJTQFSTJPO SFMBUJPOTIJQ <.POUHPNFSZ � ,BMMFOCBDI
 ����
 .¶MMFS � .POUHPNFSZ


����>
 BMUIPVHI UIF CBDLHSPVOE 17 HSBEJFOU JT MBSHF OFBS UIF FZFXBMM� #FZPOE UIF FZFXBMM
 UIF CBDL�

HSPVOE 17 HSBEJFOU JT UPP XFBL UP TVQQPSU B WPSUFY�3PTTCZ XBWF XJUI ��N�T SFUSP�QSPQBHBUJOH

QIBTF TQFFE�

5IF GBTU XBWF JT EPNJOBUFE CZ B XBWFOVNCFS�UXP GFBUVSF OFBS UIF FZFXBMM BOE CFZPOE UIF FZF�

XBMM� 5IF QIBTF TQFFE PG UIF GBTU XBWF 	SPVHIMZ BCPVU ��N�T
 JT BCPVU IBMG PG UIF MPDBM SPUBUJPO SBUF

OFBS UIF FZFXBMM 	BCPVU ��N�T

 XIJDI JT DPOTJTUFOU XJUI UIF QIBTF TQFFE PG B XBWFOVNCFS�UXP

WPSUFY�3PTTCZ FEHF XBWF QSPQBHBUJOH PO UIF WPSUJDJUZ EJTDPOUJOVJUZ PG B 3BOLJOF WPSUFY <-BNC


����>� #FZPOE UIF FZFXBMM BSPVOE ��LN
 UIF GSFRVFODZ PG UIF GBTU XBWF CFDPNFT GBTUFS UIBO UIF MP�

DBM SPUBUJPO SBUF
 UIFSFGPSF JU JT OP MPOHFS QPTTJCMF GPS UIF GBTU XBWF UP CF B WPSUFY�3PTTCZ XBWF UIFSF�

"T XF XJMM TFF JO TFDUJPO �����
 JU SFTFNCMFT NPSF DIBSBDUFSJTUJDT PG BO JOFSUJBM�HSBWJUZ XBWF� 5IF GSF�

RVFODZ PG UIF GBTU XBWF TVHHFTUT UIBU JU JT WFSZ MJLFMZ UP CF B NJYFE WPSUFY�3PTTCZ�JOFSUJBM�HSBWJUZ

XBWF <.POUHPNFSZ � -V
 ����
 ;IPOH FU BM�
 ����>�

5P TFF JG UIF UXP QFBLT JO UIF QPXFS TQFDUSVN PG SBEBS SF୯୳FDUJWJUZ BSF B DPOTJTUFOU GFBUVSF BNPOH

PUIFS WBSJBCMFT
 QPXFS TQFDUSB PG MPXFS�MFWFM UFNQFSBUVSF
 TQFDJ୮ୢD IVNJEJUZ
 WFSUJDBM WFMPDJUZ
 DPO�

WFDUJWF IFBUJOH
 PVUHPJOH MPOHXBWF SBEJBUJPO 	0-3
 BOE QSFDJQJUBUJPO BSPVOE ��LN BSF TIPXO JO

'JHVSF ���� 'PS ��% WBSJBCMFT
 UIF QPXFS TQFDUSB BSF UBLFO BU B MPXFS MFWFM
 BSPVOE ��� I1B� 1PXFS

TQFDUSB PG TPNF PUIFS ୮ୢFMET BSF BMTP DBMDVMBUFE
 CVU OPU TIPXO IFSF
 BT UIFZ BSF MBSHFMZ SFEVOEBOU UP

UIF POFT TIPXO�
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(e) OLR

(a) Temperature

(c) Vertical velocity

(b) Specific humidity

(d) Convective heating

(f) Precipitation

Figure 2.6: Ensemble-averaged power spectrum of (a) lower-level temperature (K), (b) specific humidity (kg/kg), (c)

vertical velocity (m/s), (d) convective heating (K/s), (e) OLR (W/N�) and (f) precipitation (mm/10min) averaged over

radius from 70km to 90km. The black line indicates the background rotation speed.
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%FTQJUF UIF TJNJMBSJUZ BNPOH QPXFS TQFDUSB PG EJ୭GFSFOU WBSJBCMFT
 UIFSF BSF DFSUBJO EJ୭GFSFODFT

BDSPTT UIFN� 'JSTU
 UIF QPXFS TQFDUSVN PG WFSUJDBM WFMPDJUZ 	'JHVSF ���	D

 JT NPSF TQSFBE JOUP IJHIFS

B[JNVUIBM XBWF OVNCFST BOE B XJEFS GSFRVFODZ SBOHF
 CFDBVTF UIF WFSUJDBM WFMPDJUZ JT OPJTJFS BOE

TNBMMFS JO TDBMF� *O BEEJUJPO
 UIF TQFDJ୮ୢD IVNJEJUZ IBT MJUUMF QPXFS GPS UIF GBTU XBWF XIJDI JT DPOTJT�

UFOU XJUI UIF EJ୭GFSFODF JO NBHOJUVEF PG JUT WFSUJDBM TUSVDUVSFT 	'JHVSFT ���	E
 BOE ����	E

� 5IJSE


UIF QPXFS TQFDUSVN PG 0-3 IBT TUSPOHFS QPXFS GPS UIF GBTU XBWF
 XIFSFBT PUIFS WBSJBCMFT IBWF UIFJS

QPXFS NBJOMZ DPODFOUSBUFE JO UIF OFBSMZ TUBUJPOBSZ XBWF� 5IJT JT CFDBVTF 0-3 DPVME CF HSFBUMZ

B୭GFDUFE CZ IJHI DMPVET BOE VQQFS�MFWFM UFNQFSBUVSF
 XIJMF PUIFS QPXFS TQFDUSB BSF CBTFE PO MPXFS�

MFWFM 	BSPVOE ���I1B
 ୮ୢFMET�5IJT IFJHIU EFQFOEFODF DBO CF NPSF DMFBSMZ TFFO GSPN UIF WFSUJDBM TUSVD�

UVSF PG UFNQFSBUVSF 	'JHVSF ����	C

 PG UIF GBTU XBWF� -BTUMZ
 VOMJLF PUIFS ୮ୢFMET
 UIF QPXFS TQFDUSVN

PG UIF QSFDJQJUBUJPO SBUF 	'JHVSF ���	ૄ

 EPFT OPU IBWF UXP EJTUJODUJWF QFBLT
 CVU SBUIFS NFSHF JO UIF

NJEEMF� 5IJT JT CFDBVTF UIF SBJO SBUF JT OPU MJOFBSMZ SFMBUFE XJUI PUIFS ୮ୢFMET
 BOE JU IBT WFSZ B TLFXFE

EJTUSJCVUJPO BOE MPOH UBJM PG QPTJUJWF BOPNBMZ 	OPU TIPXO
� *G XF TJNQMZ DPOWFSU UIF SBEBS SF୯୳FDUJW�

JUZ JOUP SBJOGBMM SBUF CZ BO FYQPOFOUJBM SFMBUJPOTIJQ
 XF XJMM CF BCMF UP SFDPOTUSVDU UIF QPXFS TQFD�

USVN PG QSFDJQJUBUJPO SBUF 	OPU TIPXO
�

����� 4ঝছঞঌঝঞছ঎ ঘএ ঝ঑঎ ঍ঘখ঒গঊগঝ খঘ঍঎জ

(JWFO UIF TJNJMBSJUZ PG TQBDF�UJNF TQFDUSVN BDSPTT EJ୭GFSFOU ୮ୢFMET BOE PVS NBJO GPDVT PO DPOWFD�

UJWFMZ DPVQMFE XBWFT
 XF DIPPTF MPX�MFWFM SBEBS SF୯୳FDUJWJUZ
 XIPTF IPSJ[POUBM TUSVDUVSF PG UIF TMPX

BOE UIF GBTU XBWFT BSF TIPXO JO 'JHVSFT ���	B
 BOE ���	B

 UP DPOTUSVDU UIF XJOEPX�୮ୢMUFSFE JOEFY

UP GVSUIFS PCUBJO UIF WFSUJDBM BOE IPSJ[POUBM TUSVDUVSF PG UIF EPNJOBOU QFSUVSCBUJPO� #BTFE PO UIF
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NFUIPEPMPHZ EFTDSJCFE JO TFDUJPO ���
 UIF TUSVDUVSFT BSF PCUBJOFE CZ ୮ୢSTU UBLJOH UIF SFHSFTTJPO PG

FBDI ୮ୢMUFSFE ୮ୢFME BHBJOTU UIF ୮ୢMUFSFE SBEBS SF୯୳FDUJWJUZ
 BOE UIFO QMVHHJOH JO � TUBOEBSE EFWJBUJPOT PG

UIF JOEFY UP UIF MJOFBS SFHSFTTJPO NPEFM�

'JHVSFT ��� BOE ��� TIPX UIF IPSJ[POUBM BOE WFSUJDBM TUSVDUVSF PG UIF TMPX XBWF SFTQFDUJWFMZ� 5IF

TMPX�QSPQBHBUJOH XBWF TIPXT B QSFEPNJOBOU XBWFOVNCFS�POF GFBUVSF� #FDBVTF UIF GSFRVFODZ PG

UIF TMPX XBWF JT TMPXFS UIBO UIF MPDBM CBDLHSPVOE SPUBUJPO
 UIF XBWF QBUUFSO TIPVME QSPQBHBUF BOUJ�

DZDMPOJDBMMZ 	PS MFG୴XBSE JO UIF WFSUJDBM TUSVDUVSF QMPU
 SFMBUJWF UP UIF NFBO ୯୳PX� "U ��LN
 UIF QPTJ�

UJWF UFNQFSBUVSF QFSUVSCBUJPO MBHT UIF EFTDFOEJOH WFSUJDBM WFMPDJUZ CZ ɍ/� UPXBSE UIF SJHIU
 JOEJDBU�

JOH UIBU B EFTDFOEJOH WFSUJDBM NPUJPO JT GPMMPXFE CZ B QPTJUJWF UFNQFSBUVSF BOPNBMZ� 4VDI CFIBWJPS

JT DPOTJTUFOU XJUI B HSBWJUZ XBWF QSPQBHBUJOH BOUJ�DZDMPOJDBMMZ� 5IF UFNQFSBUVSF QFSUVSCBUJPO GFB�

UVSFT B TUSVDUVSF PG UIF TFDPOE CBSPDMJOJD WFSUJDBM NPEF BCPWF UIF CPVOEBSZ MBZFS JO୯୳PX 	���I1B


BOE CFMPX UIF VQQFS PVU୯୳PX MBZFS 	���I1B

 XIJMF UIF WFSUJDBM WFMPDJUZ BOE DPOWFDUJWF IFBUJOH ୮ୢFMET

GFBUVSF B TUSPOHFS ୮ୢSTU CBSPDMJOJD WFSUJDBM NPEF DPNQPOFOU
 BOE B XFBL TFDPOE CBSPDMJOJD NPEF UIBU

UJMUT UIF ୮ୢFMET UPXBSE SJHIU XJUI JODSFBTJOH IFJHIU� 5IF TUSPOHFTU IVNJEJUZ QFSUVSCBUJPO JT DBQQFE

VOEFS ���I1B
 BOE UIF QFSUVSCBUJPO JT TMBOUFE WFSUJDBMMZ BHBJOTU UIF EJSFDUJPO PG XBWF QSPQBHBUJPO�

5IF WFSUJDBM TUSVDUVSF PG CPUI UIFSNPEZOBNJD BOE EZOBNJD ୮ୢFMET BSF TJNJMBS UP UIF TUSVDUVSF

PG DPOWFDUJWFMZ DPVQMFE XBWFT GPVOE JO )BFSUFM � ,JMBEJT <����>
 ,JMBEJT FU BM� <����>
 TVHHFTUJOH

B DPOWFDUJWFMZ DPVQMFE PSJHJO PG UIJT XBWF� 5IF DPFYJTUFODF PG UIF ୮ୢSTU BOE UIF TFDPOE CBSPDMJOJD

TUSVDUVSFT BMTP TVHHFTU UIF JNQPSUBOU SPMF UIBU UIF JOUFSBDUJPO CFUXFFO WFSUJDBM NPEFT QMBZT JO UIF

TMPX XBWF�

5IF IPSJ[POUBM TUSVDUVSFT PG UFNQFSBUVSF BOE IVNJEJUZ PG UIF TMPX XBWF TIPX B DMFBS XBWFOVNCFS�
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Figure 2.7: Horizontal structure of (a) radar reflectivity (dBZ), (b) temperature (K), (c) specific humidity (g/kg), (d) ver-

tical velocity (Pa/s), (e) convective heating(K/s), (f) vorticity (/s), (g) divergence (/s) and (h) geopotential (m�/s�) of the

slowwave. ��
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Figure 2.8: Vertical structure of (a) and (b) temperature (K), (c) and (d) specific humidity (g/kg), (e) and (f) vertical veloc-

ity (Pa/s) and (g) and (h) convective heating (K/h) of the slowwave at the radius of 30km (left panel) and 80km (right

panel). ��
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 BOE CFZPOE UIF FZFXBMM 	'JHVSF ���	C
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 TIPX UIF WPSUJDJUZ
 EJWFSHFODF BOE HFPQPUFOUJBM PG UIF TMPX XBWF� "MUIPVHI XF TVTQFDU UIF TMPX

XBWF UP CF BO JOFSUJB HSBWJUZ XBWF
 JU TUJMM IBT B TMJHIU WPSUJDJUZ DPNQPOFOU ;IPOH � ;IBOH <����>�

5IF EJWFSHFODF BOE HFPQPUFOUJBM ୮ୢFMET BSF OPU FYBDUMZ RVBESBUJD JO QIBTF BT BSF UIF JOFSUJB HSBWJUZ

XBWFT JO TJNQMF FJHFOGSFRVFODZ NPEFMT .POUHPNFSZ � -V <����>
 ;IPOH � ;IBOH <����>� 8F TVT�

QFDU UIBU UIJT JT CFDBVTF UIF TUSBUJ୮ୢDBUJPO BOE PUIFS DPOWFDUJWF SFTQPOTFT DBO WBSZ BMPOH SBEJVT BOE

BMUFS UIF TUSVDUVSF PG UIFTF ୮ୢFMET�

'JHVSFT ��� BOE ���� TIPX UIF IPSJ[POUBM BOE WFSUJDBM TUSVDUVSF PG UIF GBTU�QSPQBHBUJOH XBWF� 5IF

TUSVDUVSFT BSF EPNJOBUFE CZ B XBWFOVNCFS�� QFSUVSCBUJPO
 BT FYQFDUFE GSPN UIF QPXFS TQFDUSBM

BOBMZTJT� " XBWFOVNCFS�� EPNJOBUFE QFSUVSCBUJPO JO UIF FZFXBMM JT BMTP DPOTJTUFOU XJUI UIF ୮ୢOEJOHT

JO PCTFSWBUJPOT <3FBTPS FU BM�
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 ,VP FU BM�
 ����>� "U ��LN
 UIF QPTJUJWF UFNQFSBUVSF QFSUVSCB�

UJPO MBHT UIF EFTDFOEJOH WFSUJDBM WFMPDJUZ CZ ɍ/� JO QIBTF UPXBSE UIF MFG୴
 XIJDI JT DPOTJTUFOU XJUI B

HSBWJUZ XBWF QSPQBHBUJOH DZDMPOJDBMMZ� 6OMJLF UIF TMPX XBWF
 UIF WFSUJDBM TUSVDUVSF PG UIF GBTU XBWF JT

QSFEPNJOBUFMZ CBSPUSPQJD CFMPX UIF PVU୯୳PX MBZFS� /PUF UIBU UIF WFSUJDBM UFNQFSBUVSF BOE TQFDJ୮ୢD

IVNJEJUZ TUSVDUVSFT PG UIF GBTU XBWF BOE UIF TMPX XBWF BSF QMPUUFE JO UIF TBNF DPMPS TDBMF 	BMUIPVHI

UIF DPMPSCBST BSF EJ୭GFSFOU

 UIFSFGPSF JU DBO CF FBTJMZ TFFO UIBU UIF GBTU XBWF IBT B TMJHIUMZ XFBLFS UFN�

QFSBUVSF ୮ୢFME CFMPX UIF PVU୯୳PX MBZFS BOE B NVDI XFBLFS TQFDJ୮ୢD IVNJEJUZ ୮ୢFME DPNQBSFE UP UIPTF

PG UIF TMPX XBWF� *UT IPSJ[POUBM TUSVDUVSF TIPXT B TUSPOHFS QFSUVSCBUJPO XJUIJO UIF JOOFS WPSUFY BOE
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CMF NJYFE WPSUFY 3PTTCZ JOFSUJB HSBWJUZ XBWF GPVOE CZ 4DIFDUFS � .POUHPNFSZ <����>
 .FOFMBPV

FU BM� <����>� 5IJT UZQF PG XBWF IBT B TUSPOH WPSUFY 3PTTCZ XBWF DPNQPOFOU JO UIF JOOFS DPSF SFHJPO


XIFSF UIF SBEJBM HSBEJFOU PG CBDLHSPVOE QPUFOUJBM WPSUJDJUZ JT TUSPOH
 XIJMF FNJUUJOH B GSFRVFODZ

NBUDIFE HSBWJUZ XBWF PVUXBSE XIFSF UIF 17 HSBEJFOU CFDPNFT OFHMJHJCMF� 5IF JOTUBCJMJUZ PG TVDI B

XBWF PSJHJOBUFT GSPN UIF JOUFSBDUJPO CFUXFFO UIF WPSUFY 3PTTCZ XBWF BOE JOFSUJB HSBWJUZ XBWF� 6O�

MJLF DPOWFDUJWFMZ DPVQMFE JOTUBCJMJUZ
 UIF JOTUBCJMJUZ PG TVDI B XBWF EPFT OPU SFRVJSF BOZ JOUFSBDUJPO

CFUXFFO WFSUJDBM NPEFT
 XIJDI JT DPOTJTUFOU XJUI JUT CBSPUSPQJD WFSUJDBM TUSVDUVSF� 5IF ୮ୢOEJOHT TVH�

HFTU UIBU UIF GBTU XBWF JT B WFSZ EJ୭GFSFOU UZQF PG XBWF UIBO UIF TMPX XBWF
 BOE UIFZ NBZ IBWF WFSZ

EJ୭GFSFOU JOTUBCJMJUZ NFDIBOJTNT
 XIJDI XF XJMM FYQMPSF JO B GPMMPXJOH TUVEZ�

#FDBVTF UIF TFMFDUJPO PG UIF ୮ୢMUFSJOH XJOEPXT JT TPNFXIBU TVCKFDUJWF
 XF BMTP BQQMJFE &0' BOBM�

ZTJT PO UIF DPNCJOFE ୮ୢFME PG UFNQFSBUVSF
 WFSUJDBM WFMPDJUZ BOE TQFDJ୮ୢD IVNJEJUZ
 UP FYUSBDU UIF GBTU

BOE UIF TMPX XBWFT NPSF PCKFDUJWFMZ� 8F GPVOE UIBU UIF ୮ୢSTU UXP QBJST PG &0' NPEFT BSF BCMF UP

DBQUVSF UIF TUSVDUVSF PG UIF GBTU BOE UIF TMPX XBWF
 BMUIPVHI UIF WBSJBUJPO FYQMBJOFE CZ UIFN JT MFTT

UIBO ��%� 'JHVSF ���� JT TIPXJOH BO FYBNQMF PG UIF ୮ୢSTU GPVS &0'T PG POF PG UIF FOTFNCMF NFN�

CFST� &0'� BOE &0'� SFTFNCMF UIF TUSVDUVSF PG UIF TMPX XBWF
 BOE &0'� BOE &0'� SFQSPEVDF UIF
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Figure 2.9: Horizontal structure of (a) radar reflectivity (dBZ), (b) temperature (K), (c) specific humidity (g/kg), (d) verti-

cal velocity (Pa/s), (e) convective heating(K/s), (f) vorticity (/s), (g) divergence (/s) and (h) geopotential (m�/s�) of the fast

wave. ��
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Figure 2.10: Vertical structure of (a) and (b) temperature (K), (c) and (d) specific humidity (g/kg), (e) and (f) vertical

velocity (Pa/s) and (g) and (h) convective heating (K/h) of the fast wave at the radius of 30km (left panel) and 80km

(right panel). ��



TUSVDUVSF PG UIF GBTU XBWF� 8F OFFE UP OPUF UIBU UIF PSEFS PG UIF MFBEJOH &0'T BSF TQFDJ୮ୢD UP UIJT
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5IFSF BSF UXP EJTUJODU TQFDUSBM QFBLT JO UIF QPXFS PG BTZNNFUSJFT JO UIF TJNVMBUFE IVSSJDBOFT OFBS

BOE PVUTJEF UIF FZFXBMM CBTFE PO UIF TQBDF�UJNF TQFDUSBM BOBMZTJT� 5IF GBTU QSPQBHBUJOH XBWF QSPQ�

BHBUFT NVDI GBTUFS UIBO UIF MPDBM CBDLHSPVOE SPUBUJPO PVUTJEF UIF FZFXBMM
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BTTPDJBUFE XJUI WPSUFY 3PTTCZ QFSUVSCBUJPOT JO UIF JOOFS DPSF SFHJPO� 5IF VOTUBCMF NJYFE WPSUFY�
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.FOFMBPV FU BM�
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 BOE SFMBUJWFMZ XFBL QFSUVSCBUJPOT
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 JOUSJOTJDBMMZ JU JT B GBTU

SFUSP�QSPQBHBUJOH HSBWJUZ XBWF� 5IF WFSUJDBM TUSVDUVSF PG UIF EZOBNJD BOE DPOWFDUJWF ୮ୢFMET PG UIJT

XBWF SFTFNCMF UIPTF PG DPOWFDUJWFMZ DPVQMFE XBWFT
 BOE FODPVSBHF VT UP FYQMPSF NPSF PO UIF F୭GFDU
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Figure 2.11: Leading EOFs of the temperature (left panel), specific humidity (middle panel) and vertical velocity (right

panel) of one of the ensemblemembers at the radius of 80km.
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PG DPOWFDUJWF DPVQMJOH�
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BTZNNFUSJD TJHOBMT BOE SPVHIMZ DMBTTJ୮ୢFE UIFJS XBWF UZQFT BDDPSEJOH UP UIFJS EJTQFSTJPO SFMBUJPOTIJQ
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WPSUFY SFTPOBUJOH XJUI B GSFRVFODZ�NBUDIFE PVUXBSE�QSPQBHBUJOH JOFSUJB�HSBWJUZ XBWF� 5IF JOTUBCJM�
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C> ୮ୢSTU JOWFTUJHBUFE UIF JOTUBCJMJUZ PG BO BYJTZNNFUSJD WPSUFY XJUI B TJOHMF SBEJBM EJTDPO�

UJOVJUZ JO QPUFOUJBM WPSUJDJUZ XJUI B TIBMMPX�XBUFS NPEFM BOE TVHHFTUFE UIBU UIF HSPXUI SBUF PG UIF

JOTUBCJMJUZ XBT UPP XFBL UP CF PG QSBDUJDBM JOUFSFTU XJUI UIF PSEFS PG VOJUZ 'SPVEF OVNCFST 	'S
 BOE

3PTTCZ OVNCFST 	3P
� 4DIFDUFS � .POUHPNFSZ <����> JOWFTUJHBUFE UIF JOTUBCJMJUZ NFDIBOJTN PG

3BOLJOF�UZQF WPSUJDFT XJUI 3P≫ �
 XIJDI JT UZQJDBM GPS JOUFOTF IVSSJDBOFT� 5IFZ GPVOE UIBU UIF

F�GPMEJOH HSPXUI UJNF TDBMF DBO CF BT TNBMM BT TFWFSBM SPUBUJPO QFSJPET JO TPNF DBTFT
 CVU UIF HSPXUI

SBUF EFDBZT XJUI UIF TNPPUIOFTT PG UIF WPSUFY FEHF� .FOFMBPV FU BM� <����> GVSUIFS FYQMPSFE UIF JO�

TUBCJMJUZ XJUI OPO�NPOPUPOJD CBDLHSPVOE WPSUJDFT BOE GPVOE UIBU CBSPUSPQJD JOTUBCJMJUZ DPOUSJCVUFT

UP UIF PWFSBMM JOTUBCJMJUZ JO BEEJUJPO UP UIF WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ JOTUBCJMJUZ� *O BO JEFBMJ[FE

GVMM�QIZTJDT TJNVMBUJPO
 $IPX FU BM� <����> PCTFSWFE UIBU UIF QFSUVSCBUJPO WFSUJDBM WFMPDJUZ CFIBWFT

BT MBSHF�TDBMF NPWJOH TQJSBMT
 BOE UIFJS TUSVDUVSF JT TJNJMBS UP UIF BOBMZUJDBM TPMVUJPO PG JOFSUJB�HSBWJUZ

XBWFT SBEJBUFE CZ WPSUJDJUZ ୯୳VDUVBUJPOT GSPN UIF JOOFS WPSUFY�

)PXFWFS
 UIF WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ JOTUBCJMJUZ TUJMM IBT JUT MJNJUBUJPOT JO FYQMBJOJOH UIF

BTZNNFUSJFT PG USPQJDBM DZDMPOFT JO UIF GPMMPXJOH XBZT� 'JSTU
 UIF JOTUBCJMJUZ JT TFOTJUJWF UP UIF CBDL�

HSPVOE WPSUFY
 TVDI BT UIF TUSFOHUI PG UIF JOOFS WPSUFY
 UIF TNPPUIOFTT PG UIF WPSUFY FEHF <4DIFDUFS

� .POUHPNFSZ
 ����>
 UIF EFQUI PG UIF JOOFS WPSUFY IPMF
 UIF UIJDLOFTT PG UIF BOOVMVT
 UIF CBDL�

HSPVOE TUSBUJ୮ୢDBUJPO BOE UIF TUSFOHUI PG B 17 TLJSU PVUTJEF UIF NBJO WPSUFY <.FOFMBPV FU BM�
 ����>�

(JWFO TVDI TFOTJUJWJUZ
 UIF JOTUBCJMJUZ JT OPU WFSZ SPCVTU BT UIF CBDLHSPVOE WPSUFY WBSJFT� 4FDPOE
 UIF

��



NJYFE WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ XBWF IBT SFMBUJWFMZ XFBLFS JOFSUJB�HSBWJUZ XBWF TQJSBMT DPNQBSFE

UP JUT JOOFS�DPSF WPSUFY�3PTTCZ XBWF QFSUVSCBUJPOT� 5IFSFGPSF UIJT JOTUBCJMJUZ NFDIBOJTN JT NPTUMZ

VTFE UP FYQMBJO UIF EFWFMPQNFOU PG FMMJQUJDBM PS QPMZHPOBM FZFXBMM SBUIFS UIBO TQJSBM SBJOCBOET�

$POWFDUJWF DPVQMJOH JT BOPUIFS NFDIBOJTN UIBU DBO QPUFOUJBMMZ MFBE UP JOTUBCJMJUZ PG UIF BTZN�

NFUSJFT JO USPQJDBM DZDMPOFT� .BOZ TUVEJFT <$IFO � :BV
 ����
 8BOH
 ����> IBWF TVHHFTUFE UIBU

WPSUFY 3PTTCZ XBWFT BOE UIF DPOWFDUJWF BTZNNFUSJFT BSF B IJHIMZ DPVQMFE TZTUFN� 0O POF IBOE


DPOWFDUJPO JO୯୳VFODFT UIF DZDMPOF�TDBMF DJSDVMBUJPO UISPVHI EJBCBUJD GPSDJOH� 0O UIF PUIFS IBOE
 DPO�

WFDUJPO JT NPEJ୮ୢFE CZ UIF MBSHF�TDBMF ୯୳PX
 TVDI BT MBSHF�TDBMF DPOWFSHFODF PS UIF NPJTUVSF BEWFDUJPO�

)PXFWFS
 UIF SPMF PG DPOWFDUJPOT PO UIF XBWF JOTUBCJMJUJFT JO USPQJDBM DZDMPOFT JT OPU GVMMZ VOEFS�

TUPPE� 5IFSFGPSF
 JU JT DSVDJBM UP JODPSQPSBUF UIF GFFECBDL CFUXFFO DPOWFDUJPOT BOE UIF EZOBNJDT PG

UIF USPQJDBM DZDMPOFT UP VOEFSTUBOE UIF JOTUBCJMJUZ NFDIBOJTNT�

4PNF F୭GPSUT IBWF CFFO NBEF UP TUVEZ UIF F୭GFDU PG DPOWFDUJPO PO 5$�MJLF WPSUJDFT� 4DIFDUFS �

.POUHPNFSZ <����> JOWFTUJHBUFE UIF F୭GFDU PG OPO�QSFDJQJUBUJOH DMPVET PO UIF MJOFBS JOTUBCJMJUZ PG

5$�MJLF WPSUJDFT� 5IFZ BQQMJFE B CVPZBODZ SFEVDUJPO GBDUPS JO UIFJS MJOFBSJ[FE NPEFM UP BDDPVOU GPS

UIF MPDBMMZ SFEVDFE TUSBUJ୮ୢDBUJPO EVF UP DPOWFDUJWF IFBUJOH
 BOE UIFZ GPVOE UIBU UIF SFEVDFE TUSBUJ୮ୢ�

DBUJPO OFBS UIF FZFXBMM XFBLFOFE UIF CBSPUSPQJD JOTUBCJMJUZ� *U BMTP EBNQT UIF NJYFE WPSUFY�3PTTCZ�

JOFSUJB�HSBWJUZ JOTUBCJMJUZ CZ FOIBODJOH UIF DSJUJDBM MBZFS EBNQJOH� -BIBZF � ;FJUMJO <����> GVSUIFS

TUVEJFE UIF TBUVSBUJPO PG JOTUBCJMJUJFT PG 5$�MJLF WPSUJDFT VTJOH B OPO�MJOFBS NPEFM XJUI UIF F୭GFDUT

PG NPJTU DPOWFDUJPO� 5IFZ GPVOE UIBU UIF JOFSUJB�HSBWJUZ XBWF FNJTTJPO JT TVCTUBOUJBMMZ TUSPOHFS BOE

MBTUT GPS B NVDI MPOHFS UJNF DPNQBSFE UP UIF ESZ DBTF BOE UIF TJNVMBUJPO XJUIPVU FWBQPSBUJPO
 EVF

UP B TUSPOH DPOWFSHFODF [POF PVUTJEF PG UIF WPSUFY�

��



)PXFWFS
 UIF F୭GFDU PG DPOWFDUJPO DBO CF NVDI NPSF DPNQMJDBUFE UIBO TJNQMZ SFEVDJOH TUSBUJ୮ୢDB�

UJPO� (JWFO UIF DPNQMFYJUZ PG DPOWFDUJPO BOE JUT TJHOJ୮ୢDBOU F୭GFDU PO JOTUBCJMJUZ NFDIBOJTNT PG UIF

IVSSJDBOF BTZNNFUSJFT
 XF BSF HPJOH UP JOWFTUJHBUF UIF DPOWFDUJWFMZ DPVQMFE JOTUBCJMJUZ PG 5$�MJLF

WPSUJDFT JO UIJT DIBQUFS
 CZ JODPSQPSBUJOH B UXP�CBSPDMJOJD�NPEF DPOWFDUJWF QBSBNFUFSJ[BUJPO XJUI

BO FJHFOGSFRVFODZ NPEFM� 8F XJMM JOUSPEVDF UIF FJHFOGSFRVFODZ GSBNFXPSL BOE B TJNQMF NPEFM GPS

DPOWFDUJWF QBSBNFUFSJ[BUJPO JO TFDUJPO ���� *O TFDUJPO ���
 XF XJMM EJTDVTT UIF SFTVMUT GSPN UIF DPOWFD�

UJWFMZ DPVQMFE FJHFOGSFRVFODZ NPEFM� 4FDUJPO ��� XJMM IJHIMJHIU UIF NBJO DPODMVTJPOT BOE EJTDVTT

QPUFOUJBM EJSFDUJPOT GPS GVUVSF XPSL�

��� .ঘ঍঎ক ঍঎জঌছ঒ঙঝ঒ঘগ

*O UIJT TFDUJPO
 XF BSF HPJOH UP JOUSPEVDF UIF DPOWFDUJWFMZ DPVQMFE FJHFOGSFRVFODZ GSBNFXPSL UIBU

XJMM CF VTFE UP TUVEZ UIF VOTUBCMF OPSNBM NPEFT PG 5$�MJLF WPSUJDFT� 5IF GSBNFXPSL DPOTJTUT PG

UIF EZOBNJD QFSUVSCBUJPO FRVBUJPOT BT B SFTQPOTF UP DPOWFDUJWF IFBUJOH BOE B TJNQMF UXP�NPEF

DPOWFDUJWF QBSBNFUFSJ[BUJPO� 5IF DPVQMFE NPEFM XJMM VMUJNBUFMZ MFBE UP B TUBOEBSE NBUSJY FJHFOWBMVF

QSPCMFN
 XIPTF FJHFOWBMVFT SFQSFTFOU UIF HSPXUI 	PS EBNQJOH
 SBUF BOE UIF QSPQBHBUJOH TQFFE PG

UIF OPSNBM NPEFT
 BOE UIF DPSSFTQPOEJOH FJHFOWFDUPST SFQSFTFOU UIF SBEJBM TUSVDUVSF PG UIF OPSNBM

NPEFT�

����� %ঢগঊখ঒ঌ ছ঎জঙঘগজ঎ ঝঘ ঌঘগট঎ঌঝ঒ট঎ ঑঎ঊঝ঒গঐ

8F OPX QSFTFOU UIF �% QFSUVSCBUJPO FRVBUJPOT MJOFBSJ[FE BSPVOE B CBSPUSPQJD WPSUFY XIPTF NFBO

TUBUF JT JO IZESPTUBUJD BOE HSBEJFOU XJOE CBMBODF� 'JSTU
 XF TUBSU XJUI UIF QSJNJUJWF FRVBUJPOT JO B

��



DZMJOESJDBM DPPSEJOBUF (S,Ɉ, [)XJUI IZESPTUBUJD BOE #PVTTJOFTR BQQSPYJNBUJPOT


∂V
∂U + V∂V

∂S +
W
S
∂V
∂Ɉ + X∂V

∂[ − (G+ W
S )W = − �

Ɏ
∂Q
∂S 	���B


∂W
∂U + V∂W

∂S +
W
S
∂W
∂Ɉ + X∂W

∂[ + (G+ W
S )V = − �

ɎS
∂Q
∂Ɉ 	���C


∂5
∂U + V∂5

∂S +
W
S
∂5
∂Ɉ + X(∂5

∂[ +
H
DQ
) = + 	���D


− ∂Q
∂[ = ɎH 	���E


�
SɎ
∂(SɎV)
∂S +

�
S
∂W
∂Ɉ +

�
Ɏ
∂(ɎX)
∂[ = �, 	���F


XIFSF (V, W,X) BSF UIF SBEJBM
 B[JNVUIBM BOE WFSUJDBM WFMPDJUZ SFTQFDUJWFMZ JO UIF DZMJOESJDBM DPPSEJ�

OBUF� Q BOE Ɏ SFQSFTFOU UIF QSFTTVSF BOE EFOTJUZ� 5 JT UFNQFSBUVSF
 + JT DPOWFDUJWF IFBUJOH
 BOE G JT UIF

$PSJPMJT QBSBNFUFS� 0WFSCBST SFQSFTFOU UIF CBTJD TUBUF JO IZESPTUBUJD BOE HSBEJFOU�XJOE CBMBODF
 BOE

QSJNFT EFOPUF EFWJBUJPO GSPN UIJT CBTJD TUBUF
 XIJDI JT BTTVNFE UP CF TNBMM� &RT� 	���B
 BOE 	���C
 BSF

UIF IPSJ[POUBM NPNFOUVN FRVBUJPOT� &R� 	���D
 JT UIF IFBU FRVBUJPO XJUI EJBCBUJD IFBUJOH JODPSQP�

SBUFE� &R� 	���E
 SFQSFTFOUT UIF IZESPTUBUJD CBMBODF� BOE &R� 	���F
 JT UIF NBTT DPOUJOVJUZ FRVBUJPO�

(JWFO UIBU UIF SFGFSFODF TUBUF JT B CBSPUSPQJD WPSUFY JO IZESPTUBUJD BOE HSBEJFOU XJOE CBMBODF


− ∂Q
∂[ = ɎH 	���B


(G+ W
S )W =

�
Ɏ
∂Q
∂S , 	���C


XF UIFO MJOFBSJ[F UIF HPWFSOJOH FRVBUJPOT BCPVU JUT CBTJD TUBUF
 V = V′, W = W′ + W(S),X = X′, Q =

��



Q′ + Q(S, [),5 = 5′ + 5(S, [), + = +′ 
 BOE XF XJMM IBWF

(
∂

∂U + ̉ ∂

∂Ɉ)V
′ − ɋW′ = − �

Ɏ
∂Q′
∂S 	���B


(
∂

∂U + ̉ ∂

∂Ɉ)W
′ + ɄV′ = − �

ɎS
∂Q′
∂Ɉ 	���C


(
∂

∂U + ̉ ∂

∂Ɉ)5
′ + X′(

∂5
∂[ +

H
DQ
) = +′ 	���D


− �
Ɏ
∂Q′
∂[ +

H
55

′ = � 	���E


�
SɎ
∂(SɎV′)
∂S +

�
S
∂W′
∂Ɉ +

�
Ɏ
∂(ɎX′)

∂[ = �, 	���F


XIFSF ̉ = W/S JT UIF NFBO BOHVMBS WFMPDJUZ� ɋ = G + �W/S JT UIF F୭GFDUJWF $PSJPMJT QBSBNFUFS� BOE

Ʉ = G+ W/S+ EW/ES JT UIF NFBO WFSUJDBM BCTPMVUF WPSUJDJUZ�

#Z GVSUIFS BTTVNJOH B SJHJE MJE BU UIF UPQ PG UIF USPQPTQIFSF BOE DPOTUBOU CVPZBODZ GSFRVFODZ


XF UIFO FYQBOE UIF WBSJBCMFT JO UFSNT PG UIF CBSPDMJOJD NPEFT OVNCFSFE K


(ɎV′, ɎW′, Q′) =
∑

K
(VK(S), WK(S), QK(S)))5

�K DPT ( Kɍ[)5
) 	���


(
HɎ
55′,

HɎ
5 +′,/�ɎX′) =

∑

K
(5K(S), +K(S),XK(S))ɍ� TJO ( Kɍ[)5

) 	���


XIFSF)5 JT UIF IFJHIU PG UIF MJE BU UIF UPQ PG UIF USPQPTQIFSF
 BOE/� = H
5(

∂5
∂[ + H

DQ ) JT UIF CVPZ�

BODZ GSFRVFODZ�

4VCTUJUVUJOH UIF FYQBOTJPO GPSNT JOUP UIF MJOFBSJ[FE QFSUVSCBUJPO FRVBUJPOT BOE XJUI TPNF NB�

��



OJQVMBUJPOT
 XF XJMM IBWF

(
∂

∂U + ̉ ∂

∂Ɉ)VK(S)− ɋWK(S) =
∂5K(S)
∂S 	���B


(
∂

∂U + ̉ ∂

∂Ɉ)WK(S) + ɄVK(S) = JOS 5K(S) 	���C


(
∂

∂U + ̉ ∂

∂Ɉ)5K(S)− D�K (
�
S
∂(SVK(S))

∂S +
�
S
∂WK(S)
∂Ɉ ) = +K(S) 	���D


XIFSF DK = /)5/(Kɍ) JT UIF HSBWJUZ XBWF TQFFE PG UIF KUI WFSUJDBM NPEF� 8IFO DPOWFDUJWF IFBUJOH

JT EFDPVQMFE GSPN UIF TZTUFN
 J�F�
 +J = �
 UIF QFSUVSCBUJPO FRVBUJPOT CFDPNF FTTFOUJBMMZ UIF TBNF BT

UIF ESZ EZOBNJD FRVBUJPOT VTFE JO 4DIFDUFS � .POUHPNFSZ <����>
 .FOFMBPV FU BM� <����>�

����� $ঘগট঎ঌঝ঒ট঎ ঙঊছঊখ঎ঝ঎ছ঒ণঊঝ঒ঘগ

5IF DPOWFDUJWF QBSBNFUFSJ[BUJPO DMPTFMZ GPMMPXT ,VBOH <����B>
 "OEFSTFO � ,VBOH <����>
 BOE

UIF LFZ QSPDFTTFT BOE BTTVNQUJPOT XJMM CF CSJF୯୳Z EJTDVTTFE IFSF� 5IF QIZTJDBM NFBOJOHT PG UIF QB�

SBNFUFST VTFE JO UIF DPOWFDUJWF QBSBNFUFSJ[BUJPO BOE UIFJS EFGBVMU WBMVFT GSPN ,VBOH <����B>
 "O�

EFSTFO � ,VBOH <����> BSF TVNNBSJ[FE JO 5BCMF ����

'PS UIF SFTU PG UIJT DIBQUFS
 XF SFTUSJDU UIF NPEFM UP UIF ୮ୢSTU UXP CBSPDMJOJD NPEFT
 K = �, �
 GPS

TJNQMJDJUZ
 CFDBVTF UIFZ BSF TV୭୮ୢDJFOU UP FYQMBJO NPTU PG UIF DPOWFDUJWF BDUJWJUZ
 XIJDI XJMM CF WFSJ୮ୢFE

GSPN $IBQUFS �� 'PS DPOWFDUJWF QBSBNFUFSJ[BUJPO
 UXP NPSF QSPHOPTUJD WBSJBCMFT BSF JOUSPEVDFE
 R
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UIF NJE�USPQPTQIFSJD NPJTUVSF BOPNBMZ
 BOE -
 UIF MPXFS�USPQPTQIFSJD IFBUJOH BOPNBMZ


(
∂

∂U +
W
S
∂

∂Ɉ)R = B�X� + B�X� − E�+� − E�+� 	���B


(
∂

∂U +
W
S
∂

∂Ɉ)- =
�
ɑ-

(-FR − -), 	���C


XIFSF BK BOE EK SFQSFTFOU UIF NJE�USPQPTQIFSJD NPJTUVSF UFOEFODJFT EVF UP WFSUJDBM BEWFDUJPO BOE

DPOWFDUJPO
 SFTQFDUJWFMZ� -FR JT UIF MPXFS�USPQPTQIFSJD DPOWFDUJWF IFBUJOH UIBU LFFQT UIF TUSJDU RVBTJ�

FRVJMJCSJVN CFUXFFO UIF CPVOEBSZ MBZFS BOE UIF GSFF USPQPTQIFSF
 BOE ɑ- JT UIF UJNF TDBMF PG -

SFMBYJOH UP -FR� +� BOE +� BSF DPOWFDUJWF IFBUJOH PG UIF ୮ୢSTU UXP CBSPDMJOJD NPEFT
 BOE UIFZ DBO CF

SFXSJUUFO JO UFSNT PG MPXFS� 	-
 BOE VQQFS� 	6
 USPQPTQIFSJD IFBUJOH BOPNBMJFT


+� = -+ 6 	���B


+� = -− 6, 	���C


5IF UPUBM VQQFS�USPQPTQIFSJD IFBUJOH JT BTTVNFE UP CF QSPQPSUJPOBM UP UIF MPXFS�USPQPTQIFSJD IFBU�

JOH


6� + 6
-� + - = S� + SRR 	���


XIFSF6� BOE -� JT UIF NFBO�TUBUF VQQFS� BOE MPXFS�USPQPTQIFSJD IFBUJOH BOE S� = 6�/-� JT UIF

SBUJP CFUXFFO UIFTF UXP� SR JT UIF MJOFBS EFQFOEFODF PG UIF SBUJP PO NJE�USPQPTQIFSJD NPJTUVSF� 5IF

QIZTJDBM JOUVJUJPO CFIJOE UIJT GPSNVMBUJPO JT UIBU BO BOPNBMPVTMZ NPJTU NJE�USPQPTQIFSF UFOET

UP NBLF UIF FOUSBJOFE BJS NPJTUFS UIBO OPSNBM BOE UIF FWBQPSBUJWF DPPMJOH XFBLFS UIBO OPSNBM�

��



5IJT F୭GFDU MFBET UP QBSDFMT SJTJOH UP B HSFBUFS BMUJUVEF BOE IFBUJOH UIF VQQFS USPQPTQIFSF NPSF� 5IF

PQQPTJUF QSPDFTT IPMET GPS BO BOPNBMPVTMZ ESZ NJE�USPQPTQIFSF� &R�	���
 DBO CF MJOFBSJ[FE JOUP

6 = -�SRR+ S�-, 	����


UIFSFGPSF +� BOE +� DBO CF SFQSFTFOUFE JO UFSNT PG R BOE -


+� = (� + S�)-+ -�SRR 	����B


+� = (� − S�)-− -�SRR, 	����C


5P GVMMZ DMPTF UIF DPOWFDUJWF QBSBNFUFSJ[BUJPO
 MPXFS�USPQPTQIFSF IFBUJOH JT BTTVNFE UP SFMBY RVJDLMZ

UPXBSE UIF RVBTJ�FRVJMJCSJVN TUBUF XIFSF DPOWFDUJPO BDUT UP LFFQ UIF EJ୭GFSFODF CFUXFFO UIF CPVOE�

BSZ MBZFS NPJTU TUBUJD FOFSHZ 	.4&

 IC
 BOE UIF WFSUJDBMMZ BWFSBHFE MPXFS�USPQPTQIFSJD TBUVSBUJPO

NPJTU TUBUJD FOFSHZ ⟨I∗⟩-5 DPOTUBOU


(
∂

∂U +
W
S
∂

∂Ɉ)IC = (
∂

∂U +
W
S
∂

∂Ɉ)⟨I∗⟩-5. 	����


4QFDJ୮ୢDBMMZ
 UIF RVBTJ�FRVJMJCSJVN TUBUF JT BDIJFWFE CZ DPOWFDUJPO JO UIF XBZ UIBU B QPTJUJWF DPOWFD�

UJPO BOPNBMZ ESJFT BOE DPPMT UIF CPVOEBSZ MBZFS UISPVHI EPXOESBG୴T BOE UVSCVMFOU USBOTQPSU
 BOE

JU BMTP NPEJ୮ୢFT UIF MPXFS�USPQPTQIFSJD TBUVSBUJPO .4& CZ IFBUJOH UIF BUNPTQIFSF� 5IFTF QSPDFTTFT

��



BSF GPSNVMBUFE BT

(
∂

∂U +
W
S
∂

∂Ɉ)IC = −C�+� − C�+� 	����B


(
∂

∂U +
W
S
∂

∂Ɉ)⟨I∗⟩-5 = (
∂

∂U +
W
S
∂

∂Ɉ)('(ɀ5� + (� − ɀ)5�)), 	����C


XIFSF C� BOE C� EFTDSJCFT UIF SFEVDUJPO PG CPVOEBSZ MBZFS .4& CZ DPOWFDUJPO +� BOE +�� ' JT B DPO�

TUBOU GBDUPS SFMBUJOH UIF DIBOHF JO MPXFS�USPQPTQIFSF TBUVSBUJPO .4& QSPQPSUJPOBMMZ UP UIF DIBOHF

JO MPXFS�USPQPTQIFSF UFNQFSBUVSF
 BOE ɀ EFTDSJCFT UIF SFMBUJWF JO୯୳VFODF PG UIF UXP NPEFT PO UIF

UFNQFSBUVSF PG UIF MPXFS USPQPTQIFSF�

8JUI TPNF NBOJQVMBUJPOT PG &RT�	���D

 	����

 	����C
 BOE 	����

 UIF RVBTJ�FRVJMJCSJVN MPXFS�

USPQPTQIFSJD IFBUJOH -FR DBO CF FYQSFTTFE BT

-FR =
"-�SR
# R− 'ɀD��

# (∇) · V� − ε

D��
5�)−

'(� − ɀ)D��
# (∇) · V� − ε

D��
5�), 	����


XIFSF" = (C� − C�) + '(� − �ɀ)
 BOE # = '+ (C� + C�)−"S��
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Table 3.1: Description of parameters used in the convective parameterization

1BSBNFUFST /PSNBUJWF WBMVFT %FTDSJQUJPO
B�, B� 
ޓ�ސ ޏ�ޏ *ODSFBTF JO R UFOEFODZ QFS VOJU WFSUJDBM WFMPDJUZ CZ BEWFDUJPO
E�, E� 
ސ�ސ ޏ�ސ� %FDSFBTF JO R UFOEFODZ QFS VOJU IFBUJOH +� BOE +�
S� ޏ�ސ #BDLHSPVOE NFBO6/- SBUJP
SR ޏ�ސ ,−� -JOFBS EFQFOEFODF PG6/- SBUJP PO NPJTUVSF BOPNBMZ

C�, C� 
ޏ�ސ ޏ�ޑ 5FOEFODZ GPS SFEVDUJPO JO CPVOEBSZ MBZFS NPJTU TUBUJD FOFSHZ
QFS VOJU IFBUJOH +� BOE +�

' ޓ 3BUJP CFUXFFO TBUVSBUFE .4& BOE UFNQFSBUVSF JO UIF
MPXFS�USPQPTQIFSJD أOPO�FOUSBJOJOHأ DPOWFDUJPO SFHJPO

ɀ ޔ�ޏ 3FMBUJWF DPOUSJCVUJPO PG UIF ୮ୢSTU NPEF UFNQFSBUVSFT UP UIF
MPXFS�USPQPTQIFSJD UFNQFSBUVSF BOPNBMZ

ɑ- ޏ�ޏޒ NJO "EKVTUNFOU UJNF UP BQQSPBDI 2& PWFS UIF MPXFS USPQPTQIFSF
D�, D� 
ޏ�ޏޔ	 
ޏ�ޔޑ N�T %SZ HSBWJUZ XBWF TQFFET GPS UIF ୮ୢSTU BOE TFDPOE NPEFT
ɂ ޏ EBZ−� 5FNQFSBUVSF BOPNBMZ EBNQJOH DPF୭୮ୢDJFOU

����� &঒ঐ঎গএছ঎હঞ঎গঌঢ এঘছখঞকঊঝ঒ঘগ

8F IBWF GPSNVMBUFE B MJOFBS TZTUFN PG DPOWFDUJWFMZ DPVQMFE CBSPUSPQJD WPSUJDFT� 5IF TZTUFN JT UIFO

'PVSJFS USBOTGPSNFE JOUP B[JNVUIBM XBWFOVNCFS�GSFRVFODZ TQBDF


(VK, WK,5K,-, R) =
∑

O
(ṼK,O(S), W̃K,O(S), 5̃K,O(S), -̃O(S), R̃O(S))(FYQ (J(OɈ− ɖU)) + D.D), K = �, �

	����


4VCTUJUVUJOH UIF FYQBOTJPO GPSNT JOUP UIF MJOFBSJ[FE NPNFOUVN FRVBUJPOT ���	B
 BOE 	C
 ZJFMET

(−Jɖ+ JỎ)ṼO,K(S)− ɋW̃O,K(S) =
∂5̃O,K(S)

∂S 	����B


(−Jɖ+ JỎ)W̃O,K(S) + ɄṼO,K(S) = JOS 5̃O,K(S). 	����C


��



5IF QFSUVSCBUJPO UFNQFSBUVSF FRVBUJPOT XJUI DPOWFDUJWF IFBUJOH CFDPNF

(−Jɖ+ JỎ)5̃O,�(S) = D�� (
�
S
∂

∂S(SṼO,�(S)) + JOS W̃O,�(S)) + ((� + S�)-̃O(S) + -�SRR̃O(S)) 	����B


(−Jɖ+ JỎ)5̃O,�(S) = D��(
�
S
∂

∂S(SṼO,�(S)) + JOS W̃O,�(S)) + ((� − S�)-̃O(S)− -�SRR̃O(S)), 	����C


BOE UIF QSPHOPTUJD FRVBUJPOT GPS R BOE - CFDPNF

(−Jɖ+ JỎ)R̃O(S) =− B�D�� (
�
S
∂

∂S(SṼO,�(S)) + JOS W̃O,�(S))− B�D��(
�
S
∂

∂S(SṼO,�(S)) + JOS W̃O,�(S))

− E�((� + S�)-̃O(S) + -�SRR̃O(S))− E�((� − S�)-̃O(S)− -�SRR̃O(S)) 	����


(−Jɖ+ JỎ)-̃O(S) =− 'ɀ
#ɑ-

(D�� (
�
S
∂

∂S(SṼO,�(S) + JOS W̃O,�(S))− ε5̃O,�(S)))

− '(� − ɀ)
#ɑ-

(D��(
�
S
∂

∂S(SṼO,�(S) + JOS W̃O,�(S))− ε5̃O,�(S)))

+
"-�SR
#ɑ-

R̃O(S)− �
ɑ-

-̃O(S) 	����


5IF BCPWF FRVBUJPOT GPSNVMBUF B TUBOEBSE FJHFOWBMVF QSPCMFN XIJDI JT TPMWFE PO B SBEJBMMZ EJT�

DSFUJ[FE EPNBJO� 8F IBWF DIPTFO UIF EPNBJO TJ[F UP CF �
��� LN BMPOH UIF SBEJVT XJUI B �LN SFT�

PMVUJPO TP UIBU UIFSF BSF OP DPOWFDUJWF BDUJWJUJFT OFBS UIF CPVOEBSZ
 BOE XF DBO BQQMZ BO PVUHPJOH

SBEJBUJOH CPVOEBSZ DPOEJUJPO BU UIF PVUFS CPVOEBSZ� 'PS NPSF EFUBJMT PG UIF EJTDSFUJ[BUJPO BMPOH UIF

SBEJVT
 QMFBTF SFGFS UP "QQFOEJY "� 5IF SFTVMUJOH DPNQMFY GSFRVFODZ FJHFOWBMVFT ɖ DBO CF TFQBSBUFE

JOUP UIF SFBM QBSU
 XIJDI HJWFT UIF NPEBM GSFRVFODZ
 BOE UIF JNBHJOBSZ QBSU
 XIJDI HJWFT UIF NPEBM
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HSPXUI PS EFDBZ SBUF� 5IF DPSSFTQPOEJOH FJHFOWFDUPST QSPWJEF UIF NPEBM TUSVDUVSF PG UIF QSPHOPTUJD

୮ୢFMET 	VK
 WK
 5K
 R BOE -
�

��� 3঎জঞকঝজ

����� #ঊঌঔঐছঘঞগ঍ খ঎ঊগ টঘছঝ঎ড ঊগ঍ ঌঘগট঎ঌঝ঒ট঎ ঑঎ঊঝ঒গঐ

*O UIJT TFDUJPO
 XF XJMM QSFTFOU UIF CBDLHSPVOE WPSUFY TUSVDUVSF BSPVOE XIJDI UIF JOTUBCJMJUZ JT BO�

BMZ[FE
 BOE UIF CBDLHSPVOE IFBUJOH TUSVDUVSF UIBU XJMM CF JODPSQPSBUFE JO UIF DPOWFDUJWFMZ DPVQMFE

NPEFM�

Figure 3.1: Ensemble-averaged time-averaged (48h-144h) height-averaged azimuthal mean structure of tangential

wind speed (m/s), angular vorticity (/s) and absolute vorticity (/s)

8F PCUBJOFE UIF CBDLHSPVOE WPSUFY CZ BWFSBHJOH UIF B[JNVUIBM WFMPDJUZ WFSUJDBMMZ BOE B[JNVUIBMMZ
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PWFS UJNF GSPN UIF �SE EBZ UP UIF ��UI EBZ BOE PWFS UIF UFO FOTFNCMF NFNCFST PG UIF 83' TJNVMB�

UJPOT� 'JHVSF ��� TIPXT UIF NFBO UBOHFOUJBM WFMPDJUZ 	N�T

 UIF NFBO BOHVMBS WFMPDJUZ 	�T

 BOE UIF

NFBO BCTPMVUF WPSUJDJUZ 	�T
 BMPOH UIF SBEJVT� 5IF UBOHFOUJBM WFMPDJUZ QFBLT BSPVOE ��LN XIFSF

UIF FZFXBMM JT MPDBUFE
 BOE UIF BCTPMVUF WPSUJDJUZ QFBLT B MJUUMF JOXBSE BU BCPVU ��LN� 5IF OPO�

NPOPUPOJD TUSVDUVSF PG UIF BCTPMVUF WPSUJDJUZ TBUJT୮ୢFT UIF OFDFTTBSZ DPOEJUJPO GPS CBSPUSPQJD JO�

TUBCJMJUZ
 CVU JU EPFT OPU HVBSBOUFF UIBU UIF CBSPUSPQJD JOTUBCJMJUZ XJMM CF UIF EPNJOBOU JOTUBCJMJUZ

NFDIBOJTN� 5IF TUSPOH WPSUJDJUZ BOE JUT HSBEJFOU BU JOOFS SBEJJ BMTP QSPWJEF B GBWPSBCMF CBDLHSPVOE

TUBUF GPS UIF NJYFE WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ UZQF PG JOTUBCJMJUZ UP PDDVS�

Figure 3.2: Convective heating (K/s) structure derived from ensemble-averaged time-averaged (48h-144h) azimuthal

mean precipitation rate.

'JHVSF ��� TIPXT UIF NFBO DPOWFDUJWF IFBUJOH 	-�
 TUSVDUVSF GPS UIF DPOWFDUJWFMZ DPVQMFE NPEFM�

5IF IFBUJOH JT EFSJWFE GSPN UIF FOTFNCMF�BWFSBHFE
 UJNF�BWFSBHFE B[JNVUIBM NFBO QSFDJQJUBUJPO
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SBUF� 5IF SFBTPO XIZ XF BSF OPU VTJOH B[JNVUIBMMZ BOE WFSUJDBMMZ BWFSBHFE DPOWFDUJWF IFBUJOH EJ�

SFDUMZ JT CFDBVTF UIF NFBO DPOWFDUJWF IFBUJOH CFDPNFT OFHBUJWF JO UIF SFHJPOT XJUI TVCTJEFODF

NBJOMZ EVF UP UIF FWBQPSBUJPO BOE TVCMJNBUJPO PG QSFDJQJUBCMF XBUFS USBOTQPSUFE JOUP UIF BSFB CZ

UIF PVU୯୳PX BOE UIF NFBO DPOWFDUJWF IFBUJOH DBOOPU SFQSFTFOU UIF TUSFOHUI PG MPDBM DPOWFDUJPOT�

5IFSFGPSF
 XF VTF UIF QSFDJQJUBUJPO SBUF UP SFQSFTFOU UIF MPDBM TUSFOHUI PG DPOWFDUJPO BOE EFSJWF UIF

FRVJWBMFOU DPOWFDUJWF IFBUJOH
 -��

����� *গজঝঊঋ঒ক঒ঝঢ ঠ঒ঝ঑ গঘ ঌঘঞঙক঎঍ ঌঘগট঎ঌঝ঒ঘগ

#FGPSF XF JODPSQPSBUF UIF DPOWFDUJWF DPVQMJOH JOUP UIF FJHFOGSFRVFODZ GSBNFXPSL
 XF BSF HPJOH UP

EJTDVTT UIF SFTVMUT CBTFE PO UIF ESZ NPEFM ୮ୢSTU UP TFF JG UIFSF BSF BOZ JOTUBCJMJUJFT FNCFEEFE JO UIF

ESZ EZOBNJDT� 'JHVSF ��� TIPXT UIF HSPXUI SBUFT BOE UIF QSPQBHBUJOH TQFFET PG UIF VOTUBCMF NPEFT

BU FBDI B[JNVUIBM XBWFOVNCFS� 5IF QPTJUJPO PG UIF EPUT JOEJDBUFT UIF B[JNVUIBM XBWFOVNCFS BOE

UIF QSPQBHBUJOH TQFFET PG UIF VOTUBCMF NPEFT
 XIJMF UIF TJ[F PG UIF EPUT SFQSFTFOUT UIFJS HSPXUI

SBUFT� 5IF NPEF XJUI UIF MBSHFTU HSPXUI SBUF DBO HSPX BT GBTU BT ୮ୢWF�GPME QFS EBZ
 FWFO XJUIPVU DPO�

WFDUJWF DPVQMJOH� *U IBT BO B[JNVUIBM XBWFOVNCFS�UXP TUSVDUVSF BOE QSPQBHBUFT BU BCPVU �� N�T BU

UIF FZFXBMM
 XIJDI JT DPOTJTUFOU XJUI UIF GBTU QSPQBHBUJOH XBWF XF GPVOE JO UIF 83' TJNVMBUJPOT

CVU QSPQBHBUFT TMJHIUMZ GBTUFS�

'JHVSF ��� TIPXT UIF IPSJ[POUBM TUSVDUVSF PG UIF UFNQFSBUVSF
 EJWFSHFODF
 BOE WPSUJDJUZ PG UIF

NPTU VOTUBCMF NPEF� 5IF WPSUJDJUZ QFSUVSCBUJPO JT NPTUMZ DPO୮ୢOFE XJUIJO ��LN XIFSF UIF TUSPOH

CBDLHSPVOE WPSUJDJUZ HSBEJFOU JT MPDBUFE
 BOE JU JT JO QIBTF XJUI UIF QFSUVSCBUJPO UFNQFSBUVSF 	PS

QSFTTVSF

 XIJDI JOEJDBUFT UIBU UIF NPTU VOTUBCMF NPEF CFIBWFT MJLF B WPSUFY 3PTTCZ XBWF JO UIF
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JOOFS WPSUFY SFHJPO� 0VUTJEF UIF DFOUFS WPSUFY
 UIF UFNQFSBUVSF 	PS QSFTTVSF
 QFSUVSCBUJPO JT OP

MPOHFS JO QIBTF XJUI UIF WPSUJDJUZ QFSUVSCBUJPO CVU JT RVBESBUJD UP UIF EJWFSHFODZ QFSUVSCBUJPO� "

QPTJUJWF UFNQFSBUVSF BOPNBMZ GPMMPXT B EJWFSHFOU BOPNBMZ
 XIJDI JT DPOTJTUFOU XJUI UIF GFBUVSF PG

BO JOFSUJB HSBWJUZ XBWF� 5IFSFGPSF
 UIF IPSJ[POUBM TUSVDUVSF PG UIJT NPTU VOTUBCMF NPEF JT DPOTJTUFOU

XJUI UIF NJYFE WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ XBWF JO XIJDI UIF WPSUFY�3PTTCZ XBWF JO UIF JOOFS

WPSUFY SFTPOBUFT XJUI UIF HSBWJUZ XBWF PVUTJEF�

Figure 3.3: Propagating speeds and growth rates of the unstable modes from the dry eigenfrequencymodel. The size

of the dots indicate the strength of the growth rates.

����� $ঘগট঎ঌঝ঒ট঎কঢ ঌঘঞঙক঎঍ ঎ডঙ঎ছ঒খ঎গঝজ

/PX XF BSF HPJOH UP FYBNJOF UIF SFTVMUT GSPN UIF DPOWFDUJWFMZ DPVQMFE NPEFM� 5IF ୮ୢSTU FYQFSJNFOU

JT UIF DPOUSPM DBTF
 JO XIJDI UIF QBSBNFUFS WBMVFT BSF DIPTFO GSPN ,VBOH <����B> BOE "OEFSTFO �

��



(a)

(b) (c)

Figure 3.4: The horizontal structure of themost unstable mode from the dry eigenfrequencymodel in (a) temperature,

(b) vorticity and (c) divergency.
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,VBOH <����> BOE BSF TVNNBSJ[FE JO 5BCMF ���� 5IF LFZ QBSBNFUFST XJMM CF CSJF୯୳Z EFTDSJCFE IFSF�

'JSTU
 UIF CBDLHSPVOE6/- SBUJP
 S�
 JT TFU UP � JO UIF DPOUSPM DBTF
 NFBOJOH UIBU UIF BOPNBMPVT IFBU�

JOH IBT UIF TBNF TUSFOHUI JO UIF VQQFS� BOE MPXFS�USPQPTQIFSF XJUIPVU NJE�USPQPTQIFSJD NPJTUVSF

BOPNBMZ� *O BEEJUJPO
 SR
 XIJDI SFQSFTFOUT UIF EFQFOEFODF PG UIF TIBQF PG DPOWFDUJWF IFBUJOH PO UIF

NJE�USPQPTQIFSJD NPJTUVSF
 JT TFU UP �.� ,−� TP UIBU JU DBQUVSFT UIF F୭GFDU PG B NPSF UPQ�IFBWZ DPO�

WFDUJWF IFBUJOH QSP୮ୢMF EVF UP B NPJTU BOPNBMZ JO UIF NJE�USPQPTQIFSF� 5IFO
 ɀ JT TFU UP ���
 BTTVN�

JOH UIBU UIF CPVOEBSZ MBZFS .4& JT JO RVBTJ�FRVJMJCSJVN XJUI UIF MPXFS�USPQPTQIFSJD UFNQFSBUVSF

BOPNBMZ� -BTUMZ
 C� JT TFU UP � UP SFQSFTFOU UIF DPPMJOH PG UIF TVC�DMPVE MBZFS EVF UP UIF QSFDJQJUBUJPO

GSPN B QPTJUJWF EFFQ DPOWFDUJPO BOPNBMZ�

'JHVSF ��� QSFTFOUT UIF HSPXUI SBUFT BOE UIF QSPQBHBUJOH TQFFET PG UIF VOTUBCMF NPEFT PG UIF

DPOWFDUJWFMZ DPVQMFE FYQFSJNFOU XJUI UIF OPSNBUJWF WBMVFT PG UIF QBSBNFUFST� 8F OPUJDF UIBU UIF

HSPXUI SBUFT PG UIF GBTU�QSPQBHBUJOH CSBODI BSF XFBLFOFE XJUI UIF DPOWFDUJWF DPVQMJOH� 8F TVTQFDU

UIF SFBTPO CFJOH UIBU UIF ୮ୢSTU NPEF DPOWFDUJWF IFBUJOH XFBLFOT UIF FRVJWBMFOU CBDLHSPVOE TUSBUJ�

୮ୢDBUJPO BOE CPUI UIF CBSPUSPQJD JOTUBCJMJUZ BOE UIF NJYFE WPSUFY�3PTTCZ�JOFSUJB�HSBWJUZ JOTUBCJMJUZ

EFDSFBTFT XJUI XFBLFS TUSBUJ୮ୢDBUJPO� *O BEEJUJPO UP UIF JOTUBCJMJUZ PG UIF GBTU�QSPQBHBUJOH CSBODI


UIF DPOWFDUJWF DPVQMJOH MFBET UP B TFU PG VOTUBCMF NPEFT UIBU QSPQBHBUF NVDI TMPXFS UIBO UIF CBDL�

HSPVOE SPUBUJPO SBUF� *UT EJTQFSTJPO SFMBUJPOTIJQ JT DPOTJTUFOU XJUI B SFUSP�QSPQBHBUJOH JOFSUJB HSBWJUZ

XBWF XJUI B SBEJBM XBWFMFOHUI PG BCPVU ��� LN� 5IFSFGPSF XF DPOTJEFS UIFTF VOTUBCMF NPEFT BT DPO�

WFDUJWFMZ DPVQMFE JOFSUJB HSBWJUZ XBWFT�

5IF IPSJ[POUBM BOE WFSUJDBM UFNQFSBUVSF BOE IFBUJOH TUSVDUVSFT PG UIF NPTU VOTUBCMF DPOWFDUJWFMZ

DPVQMFE HSBWJUZ XBWF XJUI B[JNVUIBM XBWFOVNCFS UXP JT TIPXO JO 'JHVSF ���
 BOE UIF WFSUJDBM TUSVD�

��



Figure 3.5: Propagating speeds and growth rates of the unstable modes from the convectively-coupled eigenfrequency

model with normative parameters. The size of the dots indicate the strength of the growth rates.

UVSF JT QMPUUFE BU UIF SBEJVT PG ��LN� 5IF JOUFOTF IFBUJOH QFSUVSCBUJPOT 	FTQFDJBMMZ UIF TFDPOE CBSP�

DMJOJD NPEF
 BSF DPO୮ୢOFE BSPVOE ��LN
 XIFSF UIF CBDLHSPVOE IFBUJOH -� QFBLT� 'SPN UIF WFSUJDBM

TUSVDUVSFT BU ��LN
 XF DBO TFF UIBU UIF TFDPOE CBSPDMJOJD UFNQFSBUVSF BOE IFBUJOH TUSVDUVSFT BSF

TMJHIUMZ JO QIBTF
 XIJDI JT XIFSF UIF JOTUBCJMJUZ MJFT BOE JT DPOTJTUFOU XJUI UIF NPJTU�TUSBUJGPSN JOTUB�

CJMJUZ NFDIBOJTN <,VBOH
 ����B>�

"MUIPVHI UIF DPOWFDUJWFMZ DPVQMFE FYQFSJNFOU DBO QSPEVDF JOTUBCJMJUZ GPS UIF SFUSP�QSPQBHBUJOH

HSBWJUZ XBWFT
 UIF GFBUVSFT PG UIF DPOWFDUJWFMZ DPVQMFE VOTUBCMF NPEFT BSF TUJMM EJ୭GFSFOU JO NBOZ

XBZT GSPN UIF TMPX�QSPQBHBUJOH TJHOBM UIBU XF TFF JO UIF 83' TJNVMBUJPOT� 'JSTU
 UIF TMPX�QSPQBHBUJOH

TJHOBM GSPN 83' JT OFBSMZ TUBUJPOBSZ� UIFSFGPSF
 JU JT NVDI TMPXFS UIBO UIF VOTUBCMF NPEFT GSPN UIF

TJNQMF NPEFM� 4FDPOE
 JO UIF 83' TJNVMBUJPOT
 UIF UFNQFSBUVSF QFSUVSCBUJPO IBT B TFDPOE QFBL
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(a)

(c)

(d)

(b)

Figure 3.6: Horizontal and vertical structure of themost unstable mode from the convectively coupled eigenfrequency

model with normative parameters. (a) is the horizontal temperature structure; (b) is the horizontal heating structure;

(c) is the vertical temperature structure and (d) is the vertical heating structure.
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PVUTJEF UIF FZFXBMM
 XIJDI JT DPNQBSBCMF JO TUSFOHUI UP UIBU OFBS UIF FZFXBMM�

$POTJEFSJOH UIF EJTDSFQBODJFT CFUXFFO UIF DPOUSPM DBTF BOE UIF TJHOBMT GSPN UIF 83' TJNVMB�

UJPOT
 XF UIFO NPEJGZ UIF QBSBNFUFST CBTFE PO TPNF TJNQMF QIZTJDBM JOUVJUJPOT UP WFSJGZ XIFUIFS

JU DBO JNQSPWF UIF SFTVMUT� 5IF PSJHJOBM QBSBNFUFST GSPN ,VBOH <����B> BSF FTUJNBUFE GSPN UIF

$43. TJNVMBUJPOT JO ,VBOH <����C> XIPTF SFGFSFODF TUBUF JT UIF 50(" DBTF
 UIFSFGPSF UIF QBSBN�

FUFST NBZ OPU CF BQQMJDBCMF JO TPNF SFHJPOT PG B IVSSJDBOF
 F�H�
 BU UIF FZFXBMM PG B IVSSJDBOF� #BTFE

PO TJNQMF QIZTJDBM JOUVJUJPOT
 XF XJMM NPEJGZ UIF QBSBNFUFS DIPJDFT BU UIPTF SFHJPOT BOE BMMPX UIF

QBSBNFUFST UP WBSZ BMPOH UIF SBEJVT� SR JT UVOFE UP B WFSZ TNBMM WBMVF 	������ ,−�
 JO UIF JOOFS WPSUFY

CFDBVTF UIF DPOWFDUJPO JT EPNJOBUFE CZ OFBSMZ VOEJMVUFE VQESBG୴T BOE UIF FOWJSPONFOU JT BMSFBEZ

WFSZ NPJTU UIBU BEEJUJPOBM NPJTU BOPNBMZ XJMM OPU NBLF NVDI EJ୭GFSFODF UP UIF TIBQF PG UIF BOPNB�

MPVT IFBUJOH� 'PS B TJNJMBS SFBTPO
 ɀ JT JODSFBTFE UP � BU JOOFS SBEJJ CFDBVTF OFBSMZ VOEJMVUFE VQESBG୴T

LFFQ UIF CPVOEBSZ MBZFS .4& JO FRVJMJCSJVN XJUI B EFFQFS MBZFS PG UIF GSFF USPQPTQIFSF� C� JT BMTP

UXFBLFE UP B TNBMMFS WBMVF 	���
 BU JOOFS SBEJJ CFDBVTF UIF CPVOEBSZ MBZFS UIFSF JT WFSZ NPJTU UIBU UIF

QSFDJQJUBUJPO JOEVDFE FWBQPSBUJPO JT OPU WFSZ F୭GFDUJWF JO DPPMJOH UIF CPVOEBSZ MBZFS�

8JUI UIF TFU PG NPEJ୮ୢFE QBSBNFUFST
 'JHVSF ��� TIPXT UIF HSPXUI SBUFT BOE UIF QSPQBHBUJOH

TQFFET PG UIF VOTUBCMF NPEFT GSPN UIF DPOWFDUJWFMZ DPVQMFE NPEFM� 8JUI UIF NPEJ୮ୢFE QBSBN�

FUFST OFBS UIF FZFXBMM
 UIF HSBWJUZ XBWF CSBODI QSPQBHBUFT NVDI TMPXFS UIBO UIF DPOUSPM DBTF� *O

"QQFOEJY $
 XF EFSJWFE UIF BOBMZUJDBM TPMVUJPOT PG UIF NPJTU�TUSBUJGPSN JOTUBCJMJUZ XJUI B TFU PG TJN�

QMJ୮ୢFE QBSBNFUFST
 BOE GPVOE UIBU UIF HSPXUI SBUF JT QSPQPSUJPOBM UP -� BOE SR� 8JUI UIF NPEJ୮ୢFE

QBSBNFUFST JO UIJT FYQFSJNFOU
 -�SR OPX QFBLT BU B MBSHFS SBEJVT XJUI JOIJCJUFE SR F୭GFDU JO UIF JOOFS

WPSUFY
 BOE UIFSFGPSF UIF MPDBM CBDLHSPVOE SPUBUJPO SBUF XIFSF -�SR QFBLT CFDPNFT TMPXFS� 'JHVSF
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��� TIPXT CPUI UIF IPSJ[POUBM TUSVDUVSF BOE UIF WFSUJDBM TUSVDUVSF PG UFNQFSBUVSF BOE DPOWFDUJWF

IFBUJOH ୮ୢFMET PG UIF OFBSMZ TUBUJPOBSZ VOTUBCMF NPEF XJUI B[JNVUIBM XBWFOVNCFS��� 5IF UFNQFSB�

UVSF BOE IFBUJOH QFSUVSCBUJPOT OPX IBWF B TUSPOHFS TJHOBM PVUTJEF UIF FZFXBMM BOE TQJSBM TUSVDUVSFT�

5IF WFSUJDBM IFBUJOH TUSVDUVSF JT EPNJOBUFE CZ UIF ୮ୢSTU CBSPDMJOJD NPEF
 XIJMF UIF UFNQFSBUVSF

JT EPNJOBUFE CZ UIF TFDPOE CBSPDMJOJD NPEF
 XIJDI JT DPOTJTUFOU XJUI UIF VOTUBCMF DPOWFDUJWFMZ�

DPVQMFE NPEF GSPN ,VBOH <����B>� "MUIPVHI UIF FJHFOGSFRVFODZ NPEFM JT BCMF UP QSPEVDF JOTUB�

CJMJUJFT XJUI OFBSMZ TUBUJPOBSZ GSFRVFODJFT XJUI UIF NPEJ୮ୢFE QBSBNFUFST
 UIF HSBWJUZ XBWF CSBODI IBT

MBSHFS HSPXUI SBUF BU MBSHFS B[JNVUIBM XBWF�OVNCFS
 XIJDI JT JODPOTJTUFOU XJUI XIBU JT GPVOE JO UIF

83' TJNVMBUJPO
 BT UIF 83' TJNVMBUJPOT IBT UIF TUSPOHFTU TMPX�QSPQBHBUJOH TJHOBM BU B[JNVUIBM

XBWF�OVNCFS POF� 8F XJMM MFBWF JU UP $IBQUFS � GPS GVSUIFS JNQSPWFNFOUT PG UIF DPOWFDUJWF QBSBNF�

UFST�

��� $ঘগঌকঞজ঒ঘগ

"TZNNFUSJFT BSF BO JNQPSUBOU GFBUVSF JO USPQJDBM DZDMPOFT
 BOE UIF NFDIBOJTNT UIBU MFBE UP BTZN�

NFUSJFT JO USPQJDBM DZDMPOFT
 TVDI BT TQJSBM SBJOCBOET PS UIF QPMZHPOBM FZFXBMM
 IBWF CFFO TUVEJFE

FYUFOTJWFMZ WJB TJNVMBUJPOT BOE PCTFSWBUJPOT� 4PNF TUVEJFT TVHHFTU UIBU UIFZ BSF BTTPDJBUFE XJUI WPS�

UFY 3PTTCZ�XBWFT <4DIVCFSU FU BM�
 ����
 3FBTPS FU BM�
 ����
 ,PTTJO � 4DIVCFSU
 ����
 ����
 ,PTTJO

FU BM�
 ����>
 PS JOFSUJBM HSBWJUZ XBWFT� *O DPOUSBTU
 PUIFST TVHHFTU UIBU UIFZ NJHIU CF SFMBUFE UP UIF

JOTUBCJMJUJFT PG JOFSUJB�(SBWJUZ XBWF SBEJBUFE GSPN B 3PTTCZ�MJLF XBWF JO UIF WPSUFY DPSF <'PSE
 ����


����B
C
 4DIFDUFS � .POUHPNFSZ
 ����
 .FOFMBPV FU BM�
 ����>� )PXFWFS
 UIF JNQBDU PG DPOWFD�

��



Figure 3.7: Propagating speeds and growth rates of the unstable modes from the convectively coupled eigenfrequency

model withmodified parameters based on simple physical intuitions. The size of the dots indicate the strength of the

growth rates.

UJPO PO UIF JOTUBCJMJUZ NFDIBOJTNT PG B[JNVUIBMMZ BTZNNFUSJD EJTUVSCBODFT IBT OPU CFFO FYUFOTJWFMZ

JOWFTUJHBUFE�

5IFSFGPSF
 JO UIJT DIBQUFS
 XF JOWFTUJHBUFE UIF MJOFBS JOTUBCJMJUZ PG B 5$�MJLF WPSUFY GSPN UIF QFS�

TQFDUJWF PG DPOWFDUJWFMZ DPVQMFE XBWFT� 8F JODPSQPSBUFE B TJNQMF UXP�NPEF DPOWFDUJWF QBSBNF�

UFSJ[BUJPO <,VBOH
 ����B> JOUP UIF MJOFBSJ[FE QSJNJUJWF FRVBUJPOT PG B 5$�MJLF WPSUFY <4DIFDUFS

� .POUHPNFSZ
 ����
 .FOFMBPV FU BM�
 ����>
 BOE OVNFSJDBMMZ TPMWFE GPS UIF FJHFONPEFT BOE UIF

FJHFOWBMVFT PG UIF MJOFBS TZTUFN�

8F GPVOE UIBU XJUI B SFBMJTUJD 5$�MJLF WPSUFY TUSVDUVSF EJBHOPTFE GSPN UIF 83' TJNVMBUJPOT


B CSBODI PG GBTU QSPQBHBUJOH NPEFT CFDPNFT VOTUBCMF FWFO XJUIPVU DPOWFDUJWF DPVQMJOH� 5IF JO�

TUBCJMJUJFT BSF EPNJOBUFE CZ BO B[JNVUIBM XBWFOVNCFS�� BTZNNFUSZ
 XIJDI JT DPOTJTUFOU XJUI UIF

��



(a)

(c)

(d)

(b)

Figure 3.8: Horizontal and vertical structure of themost unstable mode from the convectively coupled eigenfrequency

model withmodified parameters based on simple physical intuitions. (a) is the horizontal temperature structure; (b) is

the horizontal heating structure; (c) is the vertical temperature structure and (d) is the vertical heating structure.
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83' TJNVMBUJPOT� 5IF TUSVDUVSF PG UIF NPTU VOTUBCMF NPEF TIPXT B WPSUFY�3PTTCZ XBWF GFBUVSF

JO UIF JOOFS WPSUFY CVU CFIBWFT NPSF MJLF B HSBWJUZ XBWF BU UIF PVUFS SFHJPO
 XIJDI JT TJNJMBS UP UIF

TUSVDUVSF PG UIF GBTU QSPQBHBUJOH XBWF GPVOE JO 83' TJNVMBUJPOT� 4VDI B TUSVDUVSF TVHHFTUT UIBU UIF

JOTUBCJMJUZ JT BTTPDJBUFE XJUI B WPSUFY�3PTTCZ XBWF SBEJBUJOH BO PVUXBSE QSPQBHBUJOH HSBWJUZ XBWF�

8JUI DPOWFDUJWF DPVQMJOH
 TUSPOH JOTUBCJMJUJFT DBO BSJTF GSPN UIF DPOWFDUJWFMZ DPVQMFE EZOBN�

JDT
 XIJMF UIF JOTUBCJMJUJFT PG UIF GBTU QSPQBHBUJOH CSBODI BSF SFEVDFE� 5IF VOTUBCMF NPEFT GSPN UIF

DPOWFDUJWFMZ DPVQMFE EZOBNJDT IBWF NVDI TMPXFS QSPQBHBUJOH TQFFET UIBO UIFJS CBDLHSPVOE SPUB�

UJPO SBUFT� 5IFZ BSF UIFSFGPSF DPOTJEFSFE DPOWFDUJWFMZ DPVQMFE HSBWJUZ XBWFT QSPQBHBUJOH BHBJOTU UIF

CBDLHSPVOE WPSUFY�

#BTFE PO TJNQMF QIZTJDBM SFBTPOJOHT
 XF UIFO NPEJ୮ୢFE TPNF PG UIF QBSBNFUFST JO UIF DPOWFDUJWF

QBSBNFUFSJ[BUJPO� 5IF DPOWFDUJWFMZ DPVQMFE VOTUBCMF NPEFT BSF OPX OFBSMZ TUBUJPOBSZ
 XIPTF GSF�

RVFODJFT BSF TJNJMBS UP UIPTF PG UIF TMPX QSPQBHBUJOH XBWF GSPN UIF 83' TJNVMBUJPOT� )PXFWFS


JU TUJMM GBJMT UP QSPEVDF HSFBUFS HSPXUI SBUF BU MPXFS B[JNVUIBM XBWF�OVNCFST� 0O UIF PUIFS IBOE


NPEJGZJOH UIF QBSBNFUFST CBTFE PO QIZTJDBM JOUVJUJPOT MBDLT B TPMJE GPVOEBUJPO BOE UIF RVBOUJUBUJWF

BDDVSBDZ GPS FTUJNBUJOH UIF QBSBNFUFST
 UIPVHI JU JT B VTFGVM ୮ୢSTU TUFQ UP UBLF� 5IFSFGPSF
 XF BSF HP�

JOH UP FTUJNBUF UIF QBSBNFUFST NPSF TZTUFNBUJDBMMZ VTJOH UIF GSBNFXPSL EFWFMPQFE CZ ,VBOH <����>

BOE SFWJTJU UIF DPOWFDUJWFMZ DPVQMFE JOTUBCJMJUZ JO $IBQUFS ��

"MUIPVHI UIF TJNQMF NPEFM DBOOPU SFQMJDBUF UIF GFBUVSF PG UIF TMPX�QSPQBHBUJOH CSBODI JO UIF

83' TJNVMBUJPOT QFSGFDUMZ
 UIF SFTVMUT TVHHFTU UIF JNQPSUBODF PG DPOWFDUJWF DPVQMJOH JO HFOFSBUJOH

VOTUBCMF NPEFT JO 5$�MJLF WPSUJDFT BOE FODPVSBHFT GVUVSF TUVEJFT UP FYQMPSF NPSF GSPN UIF DPOWFD�

UJWFMZ DPVQMFE QFSTQFDUJWF�

��



5P TVNNBSJ[F
 XF EFWFMPQFE B DPOWFDUJWFMZ DPVQMFE FJHFOGSFRVFODZ GSBNFXPSL UP TUVEZ UIF JO�

TUBCJMJUZ NFDIBOJTNT PG BTZNNFUSJFT JO USPQJDBM DZDMPOFT� 5IF NPEFM JOEJDBUFT B QPTTJCMF JOTUBCJMJUZ

NFDIBOJTN PG DPOWFDUJWF DPVQMFE JOTUBCJMJUZ� 8F FYBNJOFE POF CBDLHSPVOE WPSUFY TUSVDUVSF BOE

UFTUFE TFWFSBM TFUT PG DPOWFDUJWF QBSBNFUFST
 BOE UIJT GSBNFXPSL DBO CF FBTJMZ BQQMJFE UP B EJ୭GFSFOU

CBDLHSPVOE WPSUFY BOE B EJ୭GFSFOU TFU PG QBSBNFUFST JO UIF GVUVSF� 0OF PG UIF MJNJUBUJPOT PG UIF

DVSSFOU NPEFM JT UIBU JU BTTVNFT UIF CBDLHSPVOE WPSUFY UP CF CBSPUSPQJD
 CVU UIF CBDLHSPVOE WPS�

UFY VTVBMMZ XFBLFOT XJUI IFJHIU� 5IF F୭GFDU PG UIF TIFBSFE CBDLHSPVOE WPSUFY JT OPU TUVEJFE JO UIJT

DIBQUFS CVU XJMM CF B QPUFOUJBM GVUVSF EJSFDUJPO UP CF FYQMPSFE� "OPUIFS MJNJUBUJPO JT UIBU UIF NPEFM

EPFT OPU BDDPVOU GPS UIF CBDLHSPVOE TFDPOEBSZ DJSDVMBUJPO� )PXFWFS
 UIF NPNFOUVN BOE FOFSHZ

USBOTQPSU CZ UIF TFDPOEBSZ DJSDVMBUJPO NBZ CF DSJUJDBM JO SFHJPOT TVDI BT UIF CPVOEBSZ MBZFS PS UIF

FZFXBMM�

��



4
'SPN MJOFBS SFTQPOTF GVODUJPOT UP B TJNQMF

NPEFM PG DPOWFDUJWF QBSBNFUFSJ[BUJPO

��� *গঝছঘ঍ঞঌঝ঒ঘগ

*O $IBQUFS �
 XF JEFOUJ୮ୢFE UIF GFBUVSFT PG BTZNNFUSJFT OFBS BOE PVUTJEF UIF FZFXBMM JO BO FOTFNCMF

TJNVMBUJPO PG BO JEFBMJ[FE IVSSJDBOF� 8F GPVOE UIBU UIF TMPX�QSPQBHBUJOH BTZNNFUSJFT SFTFNCMF

��



UIF TUSVDUVSF PG DPOWFDUJWFMZ DPVQMFE XBWFT� 4VDI ୮ୢOEJOHT FODPVSBHFE VT UP FYQMPSF UIF JOTUBCJMJUJFT

JO 5$�MJLF WPSUJDFT NPSF GSPN B DPOWFDUJWFMZ�DPVQMFE BTQFDU� 5IFSFGPSF
 XF DPOTUSVDUFE BO FJHFO�

GSFRVFODZ NPEFM UP TUVEZ UIF DPOWFDUJWFMZ�DPVQMFE MJOFBS JOTUBCJMJUZ JO 5$�MJLF WPSUJDFT JO $IBQUFS

�� 5P SFQSFTFOU UIF DPOWFDUJWF GFFECBDL JO UIF FJHFOGSFRVFODZ NPEFM
 XF VTFE B UXP�NPEF TJNQMF

DPOWFDUJWF QBSBNFUFSJ[BUJPO EFWFMPQFE CZ ,VBOH <����B>� 5IJT UXP�NPEF NPEFM IBT CFFO VTFE UP

VOEFSTUBOE UIF CBTJD JOTUBCJMJUZ NFDIBOJTNT JO DPOWFDUJWFMZ DPVQMFE HSBWJUZ XBWFT <,VBOH
 ����B>

BOE DPOWFDUJWFMZ DPVQMFE FRVBUPSJBM XBWFT <"OEFSTFO � ,VBOH
 ����>� -JLF PUIFS TJNQMF NPEFMT

PG DPOWFDUJWF QBSBNFUFSJ[BUJPO <,IPVJEFS � .BKEB
 ����
 .BQFT
 ����>
 UIJT UXP�NPEF NPEFM XBT

JOJUJBMMZ JOWFOUFE UP CF DPODFQUVBMMZ TJNQMF BOE TFSWFE UIF QVSQPTF PG VOEFSTUBOEJOH UIF VOEFSMZ�

JOH JOTUBCJMJUZ NFDIBOJTNT� 5IF DIPJDF PG LFFQJOH UIF ୮ୢSTU UXP CBSPDMJOJD NPEFT XBT NBEF NBJOMZ

GPS TJNQMJDJUZ BOE JOUFSQSFUBCJMJUZ
 BOE UIF QBSBNFUFST BSF SPVHIMZ FTUJNBUFE CBTFE PO DMPVE�TZTUFN�

SFTPMWJOH NPEFM 	$43.
 TJNVMBUJPOT PG DPOWFDUJWFMZ DPVQMFE XBWFT <,VBOH
 ����C>
 XIPTF SFGFS�

FODF TUBUF JT GSPN UIF 5SPQJDBM 0DFBO (MPCBM "UNPTQIFSF $PVQMFE 0DFBO�"UNPTQIFSF 3FTQPOTF

&YQFSJNFOU 	50(" $0"3&� 8FCTUFS � -VLBT <����>
� 0OF MJNJUBUJPO JT UIBU UIF DPOTUSVDUJPO PG

UIF TJNQMF NPEFM BOE JUT QBSBNFUFS DIPJDFT DBO CF IJHIMZ EFQFOEFOU PO UIF SFGFSFODF TUBUF
 TVDI BT

UIF UFNQFSBUVSF BOE NPJTUVSF QSP୮ୢMFT BOE UIF MBSHF�TDBMF GPSDJOH� 5IF NPEFM DPOTUSVDUJPO BOE UIF

QBSBNFUFST NBZ WBSZ GSPN UIF 3$& TUBUF UP UIF 50(" TUBUF <,VBOH
 ����>
 BOE DPVME CF FWFO NPSF

EJ୭GFSFOU JO B IVSSJDBOF DBTF� UIFZ NBZ BMTP WBSZ GSPN UIF FZFXBMM PG B IVSSJDBOF UP UIF GBS�୮ୢFME PG B

IVSSJDBOF� 5IFSFGPSF
 UP HBJO RVBOUJUBUJWF BDDVSBDZ XJUI B TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPO
 NPSF

DPNQMFUF NPEFMT XJMM CF OFFEFE UP HVJEF VT UISPVHI UIF DPOTUSVDUJPO PG TJNQMF NPEFMT BOE UIFJS

QBSBNFUFS DIPJDFT�

��



-JOFBS SFTQPOTF GVODUJPOT DPOTUSVDUFE GSPN MJNJUFE�EPNBJO $43.T BSF TVDI B DPNQMFUF NPEFM

UIBU SFQSFTFOUT UIF NBDSPTDPQJD CFIBWJPS PG NPJTU DPOWFDUJPO BT B SFTQPOTF UP XFBL MBSHF�TDBMF QFS�

UVSCBUJPOT XJUI NPSF RVBOUJUBUJWF BDDVSBDZ <,VBOH
 ����>� 5IFZ DBO CF DPVQMFE XJUI B MJOFBSJ[FE

MBSHF�TDBMF EZOBNJD NPEFM UP TUVEZ UIF MJOFBS JOTUBCJMJUZ PG NPJTU DPOWFDUJOH BUNPTQIFSFT PS UIFJS

SFTQPOTFT UP XFBL GPSDJOH� 5IJT BQQSPBDI XBT VTFE UP TUVEZ DPOWFDUJWFMZ DPVQMFE XBWFT <,VBOH


����> BOE XFBLMZ GPSDFE NPDL 8BMLFS DFMMT <,VBOH
 ����>� )PXFWFS
 B MJNJUBUJPO PG UIF NPEFMT

CBTFE PO MJOFBS SFTQPOTF GVODUJPOT JT UIBU UIF NPEFMT BSF VTVBMMZ PG UPP�IJHI EJNFOTJPOBMJUZ UP CF BO�

BMZ[FE BOE JOUFSQSFUFE� *O TPNF TJUVBUJPOT
 JU NBZ FWFO CFDPNF DPNQVUBUJPOBMMZ JOGFBTJCMF UP TPMWF

GPS UIF MJOFBS JOTUBCJMJUZ PG B DPVQMFE TZTUFN EVF UP JUT MBSHF EJNFOTJPOT� *O BEEJUJPO
 VOMJLF TJNQMF

DPOWFDUJWF QBSBNFUFSJ[BUJPO NPEFMT
 JU DBO CF DIBMMFOHJOH UP JOUFSQSFU UIF SFTVMUT GSPN IJHI EJNFO�

TJPOBM DPVQMFE NPEFMT BOE EFWFMPQ QIZTJDBM JOUVJUJPOT PG UIF JOTUBCJMJUJFT GSPN TVDI NPEFMT�

" TXFFU TQPU XIFSF UIF DPOWFDUJWF QBSBNFUFSJ[BUJPO NPEFM IBT CPUI UIF RVBOUJUBUJWF BDDVSBDZ

JO SFQSFTFOUJOH UIF CFIBWJPS PG NPJTU DPOWFDUJPO BOE UIF JOUFSQSFUBCJMJUZ UP VOEFSTUBOE UIF JOTUB�

CJMJUZ NFDIBOJTNT JT UP VTF UIF SFMFWBOU MJOFBS SFTQPOTF GVODUJPOT BT HVJEBODF UP DPOTUSVDU TJNQMF

NPEFMT PG DPOWFDUJWF QBSBNFUFSJ[BUJPO� ,VBOH <����> QSFTFOUFE TVDI B QSPDFEVSF UP TZTUFNBUJDBMMZ

DPOTUSVDU TJNQMF NPEFMT BOE DPOTUSBJO UIFJS QBSBNFUFST GSPN MJOFBS SFTQPOTF GVODUJPOT UISPVHI B

NPEVMBS PSEFS�SFEVDUJPO QSPDFEVSF GSPN DPOUSPM UIFPSZ� 5IF TJNQMF NPEFMT EFWFMPQFE GSPN UIJT

QSPDFEVSF BOE UIF QIZTJDBM JOUVJUJPOT EFSJWFE GSPN UIFN
 UIFSFGPSF
 IBWF B NPSF TPMJE GPVOEBUJPO�

*O UIJT DIBQUFS
 XF DPOTUSBJO UIF QBSBNFUFS DIPJDFT VTFE JO $IBQUFS �
 CBTFE PO UIF QSPDFEVSF

EFWFMPQFE CZ ,VBOH <����>� 8F JOUSPEVDF UIF TJNVMBUJPO TFUVQT JO UIF $43.
 BOE UIF QSPDFEVSF

VTFE UP DPOTUSVDU UIF MJOFBS SFTQPOTF GVODUJPOT JO TFDUJPO ���� *O TFDUJPO ���
 XF XJMM EJTDVTT UIF SFG�

��



FSFODF NFBO TUBUFT BMPOH UIF SBEJVT PG UIF TJNVMBUFE IVSSJDBOF
 UIF MJOFBS SFTQPOTF GVODUJPOT BTTPDJ�

BUFE XJUI UIFN
 BOE UIF MJOFBS TUBCJMJUZ SFTVMUT EFSJWFE GSPN UIF MJOFBS SFTQPOTF GVODUJPOT� 4FDUJPO

��� XJMM QSFTFOU UIF SFTVMUT GSPN UIF SFEVDFE NPEFM UISPVHI UIF NPEVMBS PSEFS�SFEVDUJPO QSPDFEVSF�

*O TFDUJPO ���
 XF XJMM NBLF UIF DPOOFDUJPO CFUXFFO UIF SFEVDFE NPEFM BOE UIF UXP�NPEF TJNQMF

QBSBNFUFSJ[BUJPO NPEFM� 4FDUJPO ��� XJMM IJHIMJHIU UIF NBJO DPODMVTJPOT BOE MJNJUBUJPOT
 BOE BMTP

EJTDVTT QPUFOUJBM EJSFDUJPOT GPS GVUVSF XPSLT�

��� $ঘগজঝছঞঌঝ঒ঘগ ঘএ ঝ঑঎ ক঒গ঎ঊছ ছ঎জঙঘগজ঎ এঞগঌঝ঒ঘগজ এছঘখ $43.জ

����� .ঘ঍঎ক ঍঎জঌছ঒ঙঝ঒ঘগজ ঊগ঍ ঌঘগএ঒ঐঞছঊঝ঒ঘগজ

"MM $43. TJNVMBUJPOT BSF QFSGPSNFE XJUI UIF 4ZTUFN GPS "UNPTQIFSJD .PEFMJOH 	4".
 ,IBJSPVU�

EJOPW � 3BOEBMM <����>

 WFSTJPO ������� 5IF NPEFM TPMWFT UIF BOFMBTUJD FRVBUJPOT PG NPUJPO
 BOE

UIF QSPHOPTUJD UIFSNPEZOBNJD WBSJBCMFT JODMVEF UIF MJRVJE JDF TUBUJD FOFSHZ
 UPUBM OPOQSFDJQJUBU�

JOH XBUFS
 BOE UPUBM QSFDJQJUBUJOH XBUFS� "MM FYQFSJNFOUT BSF QFSGPSNFE PWFS BO PDFBO TVSGBDF XJUI

B ୮ୢYFE TFB TVSGBDF UFNQFSBUVSF PG ��◦$� 5IF IPSJ[POUBM EPNBJO TJ[F JT ��LN× ��LN XJUI B SFTP�

MVUJPO PG �LN� 5IFSF BSF �� WFSUJDBM MBZFST
 FYUFOEJOH GSPN UIF TVSGBDF UP BCPVU ��LN
 XIJDI BSF

DPOTJTUFOU XJUI UIF WFSUJDBM HSJE PG UIF 83' TJNVMBUJPOT� 5IF UPQ UIJSE PG UIF EPNBJO JT B XBWF�

BCTPSCJOH MBZFS�

8F VTFE B TJOHMF NPNFOUVN CVML TDIFNF UP QBSBNFUFSJ[F NJDSPQIZTJDT BOE B TJNQMF 4NBHPSJOTLZ�

UZQF TDIFNF GPS TVCHSJE�TDBMF UVSCVMFODF� 4VSGBDF MBUFOU BOE TFOTJCMF IFBU ୯୳VYFT BSF DBMDVMBUFE VTJOH

B CVML BFSPEZOBNJDT GPSNVMB XJUI B DPOTUBOU TVSGBDF XJOE TQFFE UP FMJNJOBUF UIF XJOE�JOEVDFE TVS�

��



GBDF IFBU FYDIBOHF� 'PS TJNQMJDJUZ
 JOTUFBE PG VTJOH BO JOUFSBDUJWF MPOH�XBWF SBEJBUJPO TDIFNF
 XF

BQQMJFE B UJNF�JOWBSJBOU SBEJBUJWF GPSDJOH EJBHOPTFE GSPN UIF 83' TJNVMBUJPOT�

5IF JOJUJBM TPVOEJOHT PG UFNQFSBUVSF BOE NPJTUVSF BOE UIF UIFSNPEZOBNJDBM GPSDJOH BSF BMM EJBH�

OPTFE GSPN UIF 83' TJNVMBUJPOT TP UIBU UIF SFGFSFODF TUBUFT TJNVMBUFE CZ 4". TUBZ DMPTF FOPVHI

GSPN UIPTF PG UIF 83' TJNVMBUJPOT� 5IF SFGFSFODF TUBUFT BOE GPSDJOHT XJMM CF EJTDVTTFE JO NPSF EF�

UBJM JO TFDUJPO ������

����� $ঘগজঝছঞঌঝ঒ঘগ ঘএ ঝ঑঎ ক঒গ঎ঊছ ছ঎জঙঘগজ঎ এঞগঌঝ঒ঘগজ

8F BSF HPJOH UP GPMMPX UIF QSPDFEVSF EFTDSJCFE JO ,VBOH <����
 ����> UP DPOTUSVDU UIF MJOFBS SF�

TQPOTF GVODUJPOT GSPN EPVCMZ�QFSJPEJD MJNJUFE�EPNBJO $43. FYQFSJNFOUT
 BOE UIF LFZ TUFQT XJMM

CF CSJF୯୳Z EFTDSJCFE IFSF�

5IF QVSQPTF PG UIF DPOWFDUJWF QBSBNFUFSJ[BUJPO JT UP CVJME B SFMBUJPOTIJQ CFUXFFO UIF DPOWFDUJWF

UFOEFODJFT PG UFNQFSBUVSF BOE NPJTUVSF BOE JUT UIFSNPEZOBNJD TUBUF
 XIJDI JODMVEFT UIF QSP୮ୢMFT

PG UFNQFSBUVSF BOE NPJTUVSF� 5IF SFMBUJPOTIJQ DBO CF BQQSPYJNBUFMZ SFQSFTFOUFE CZ UIF MJOFBS SF�

TQPOTF GVODUJPOT XJUIJO UIF WJDJOJUZ PG B HJWFO SFGFSFODF TUBUF� 5P CF NPSF QSFDJTF
 XF EF୮ୢOF UIF

EFWJBUJPOT PG IPSJ[POUBMMZ BWFSBHFE QSP୮ୢMFT PG UFNQFSBUVSF 5 BOE NPJTUVSF R PG UIF $43. GSPN B

HJWFO SFGFSFODF TUBUF UP CF UIF TUBUF WFDUPS
 EFOPUFE BT Y⃗
 BOE XF BMTP EFOPUF UIF MJOFBS SFTQPOTF GVOD�

UJPOT BT .� 5IFSFGPSF
 UIF BOPNBMPVT DPOWFDUJWF UFOEFODJFT PG UFNQFSBUVSF BOE NPJTUVSF DBO CF

XSJUUFO BT

(
E⃗Y
EU )DPOW = .Y⃗. 	���


��



5P DPOTUSVDU UIF MJOFBS SFTQPOTF GVODUJPOT . GPS B HJWFO SFGFSFODF TUBUF
 XF ୮ୢSTU SVO UIF $43.

UP UIF EFTJSFE TUFBEZ SFGFSFODF TUBUF� "U UIF SFGFSFODF TUBUF
 UIF NFBO DPOWFDUJWF UFOEFODJFT PG UFN�

QFSBUVSF BOE NPJTUVSF BSF JO TUBUJTUJDBM FRVJMJCSJVN XJUI UIF SFGFSFODF GPSDJOHT� 5IFO
 XF BEE B TFU

PG BOPNBMPVT UFNQFSBUVSF PS NPJTUVSF GPSDJOH UP UIF $43.
 POF BU B UJNF� 5IF QFSUVSCBUJPO GPSD�

JOH PG UFNQFSBUVSF PS NPJTUVSF JT UJNF�JOWBSJBOU BOE IPSJ[POUBMMZ IPNPHFOFPVT� *U JT BEEFE MBZFS

CZ MBZFS
 XJUI BO BNQMJUVEF PG ��� ,�EBZ GPS UFNQFSBUVSF PS ��� H�LH�EBZ GPS NPJTUVSF� 5IF NBH�

OJUVEF PG UIF GPSDJOH JT WFSJ୮ୢFE UP CF MBSHF FOPVHI UP QFSUVSC UIF NFBO TUBUF UP B OFX FRVJMJCSJVN


CVU TUJMM TNBMM FOPVHI UIBU JU JT XJUIJO UIF MJOFBS SFHJNF� 8IFO FBDI PG UIF BOPNBMPVT GPSDJOH G⃗J JT JO�

USPEVDFE
 UIF TJNVMBUJPO XJMM SFBDI B OFX FRVJMJCSJVN TUBUF
 XIJDI EFWJBUFT GSPN UIF SFGFSFODF TUBUF

CZ Y⃗J� 6OEFS UIF OFX FRVJMJCSJVN TUBUF
 UIF BOPNBMPVT DPOWFDUJWF UFOEFODJFT E⃗YJ/EU BSF JO CBMBODF

XJUI UIF QSFTDSJCFE QFSUVSCBUJPO GPSDJOH G⃗J� *G XF EFOPUF UIF EFWJBUJPOT GSPN UIF SFGFSFODF TUBUF BT 9


XIJDI DPOTJTUT PG DPMVNO WFDUPST Y⃗J
 BOE GVSUIFS EFOPUF UIF GVMM TFU PG BOPNBMPVT GPSDJOH BT '
 XIJDI

DPOTJTUT PG DPMVNO WFDUPST PG FBDI QSFTDSJCFE BOPNBMPVT GPSDJOH G⃗J
 UIFO UIF MJOFBS SFTQPOTF NBUSJY

. BU B HJWFO SFGFSFODF TUBUF DBO CF FTUJNBUFE UISPVHI B NBUSJY JOWFSTJPO BT

. = −'9−�. 	���


4JODF UIFSF BSF VODFSUBJOUJFT JO DBMDVMBUJOH UIF EFQBSUVSFT GSPN UIF SFGFSFODF TUBUF 9
 UIFSF XJMM CF

VODFSUBJOUJFT JO UIF DPOTUSVDUJPO PG . BT XFMM� 5IF FSSPST JO UIF FJHFOWBMVFT PG . EVF UP UIF VO�

DFSUBJOUJFT JO 9 TDBMF BT |ɁɈ| ∝ |Ɉ|||Ɂ9||/||9||� 5IJT SFMBUJPOTIJQ JNQMJFT UIBU UIF GBTUFTU EFDBZJOH

FJHFONPEFT PG . BSF JO୯୳VFODFE UIF NPTU CZ UIF VODFSUBJOUJFT JO 9� *U BMTP TIPXT UIBU UIF SFMBUJWF
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FSSPS JO Ɉ DBO CF SFEVDFE CZ SFEVDJOH UIF SFMBUJWF VODFSUBJOUJFT JO 9� 5IFSFGPSF
 UP JODSFBTF UIF BD�

DVSBDZ JO .
 XF UIFO DBMDVMBUF UIF TUSVDUVSF PG UIF GBTU EFDBZJOH NPEFT BOE BQQMZ TUSPOHFS GPSDJOH

POUP UIFTF NPEFT TP UIBU UIF EFWJBUJPOT GSPN UIF SFGFSFODF TUBUF CFDPNF TJHOJ୮ୢDBOU DPNQBSFE UP

UIFJS VODFSUBJOUJFT� 5IF EFUBJMT PG UIF SF୮ୢOFNFOU QSPDFTT BSF EFTDSJCFE JO "QQFOEJY #�

��� -঒গ঎ঊছ ঒গজঝঊঋ঒ক঒ঝঢ এছঘখ ক঒গ঎ঊছ ছ঎জঙঘগজ঎ এঞগঌঝ঒ঘগজ

����� 3঎এ঎ছ঎গঌ঎ খ঎ঊগ জঝঊঝ঎জ

Figure 4.1: Ensemble-averaged time-averaged (48h-144h) azimuthal mean profile of (a) temperature (K) and (b) mois-

ture (g/kg) at 30km, 80km and 260km from theWRF simulations.

8F ୮ୢSTU EF୮ୢOF UIF NFBO TUBUFT BSPVOE XIJDI UIF MJOFBS SFTQPOTF GVODUJPOT XJMM CF DPOTUSVDUFE�
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5P DPOTUSBJO QBSBNFUFST JO UIF TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPO NPEFM GPS UIF FJHFOGSFRVFODZ

BOBMZTJT
 XF BSF HPJOH UP DIPPTF TFWFSBM SFQSFTFOUBUJWF SFGFSFODF TUBUFT BMPOH UIF SBEJVT PG UIF TJNV�

MBUFE IVSSJDBOFT� "DDPSEJOH UP UIF B[JNVUIBMMZ BWFSBHFE TUSVDUVSF PG WFSUJDBM WFMPDJUZ TIPXO JO 'JH�

VSF ���	D

 XF XJMM DIPPTF UIF B[JNVUIBMMZ BWFSBHFE TUBUFT BU ��LN
 ��LN
 BOE ���LN BT UIF SFGFSFODF

TUBUFT� ��LN JT MPDBUFE BU UIF FZFXBMM XIFSF EFFQ DPOWFDUJPOT BOE TUSPOH VQESBG୴T PDDVS� ��LN JT

SJHIU PVUTJEF UIF FZFXBMM XIFSF NPEFSBUF TVCTJEFODF EPNJOBUFT
 XIJMF ���LN JT CFZPOE UIF TUSPOH

JO୯୳VFODF PG UIF IVSSJDBOF�TDBMF DJSDVMBUJPO�

Figure 4.2: Ensemble-averaged time-averaged (48h-144h) large-scale forcing of (a) temperature (K/day) and (b) mois-

ture (g/kg/day) at 30km from theWRF simulations.

'JHVSF ��� TIPXT UIF UFNQFSBUVSF BOE NPJTUVSF QSP୮ୢMFT PG UIF SFGFSFODF TUBUFT BU ��LN
 ��LN
 BOE

���LN� 5IF UFNQFSBUVSF QSP୮ୢMF BU ��LN TUBZT DMPTF UP B NPJTU BEJBCBUJD DVSWF
 XIJMF HPJOH PVUXBSE


UIF SFGFSFODF TUBUF CFDPNFT DPMEFS BOE ESJFS� 'JHVSF ��� TIPXT UIF MBSHF�TDBMF GPSDJOH PG UFNQFSB�

UVSF BOE NPJTUVSF BU ��LN� 5IFSF JT B TVCTUBOUJBM MBSHF�TDBMF DPPMJOH BOE NPJTUFOJOH UISPVHIPVU
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UIF DPMVNO
 XIJDI JT NBJOMZ EVF UP UIF TUSPOH VQESBG୴ JO UIF FZFXBMM� 5IF DPPMJOH BOE NPJTUFOJOH

GPSDJOH BSF UIFO HPJOH UP USJHHFS EFFQ DPOWFDUJPO JO UIF $43.� "U ��LN
 UIF MBSHF�TDBMF GPSDJOH

	'JHVSF ���
 JT NPTUMZ XBSNJOH BOE ESZJOH UISPVHIPVU UIF DPMVNO EVF UP UIF TVCTJEFODF� $POWFD�

UJPOT BSF HSFBUMZ JOIJCJUFE VOEFS UIF XBSNJOH BOE ESZJOH DPOEJUJPO� *O BEEJUJPO UP UIF GPSDJOH PG

UFNQFSBUVSF BOE XBUFS WBQPS
 JU JT DSJUJDBM UP JODMVEF UIF MBSHF�TDBMF GPSDJOH PG QSFDJQJUBUJOH XBUFS 	PS

JDF

 XIJDI JT BEWFDUFE JOUP UIF EPNBJO BU BCPVU ���I1B CZ B MBZFS PG PVU୯୳PX� 8IFO UIF BEEJUJPOBM

GPSDJOH PG QSFDJQJUBUJOH XBUFS TVCMJNBUFT BOE FWBQPSBUFT JO UIF MJNJUFE�EPNBJO $43.
 JU DPPMT BOE

NPJTUFOT UIF DPMVNO BOE BMMPXT DPOWFDUJPO UP IBQQFO PDDBTJPOBMMZ� "U ���LN
 CPUI UIF UFNQFSB�

UVSF GPSDJOH BOE UIF NPJTUVSF GPSDJOH 	'JHVSF ���
 CFDPNF XFBLFS DPNQBSFE UP UIPTF BU JOOFS SBEJJ�

5IF GPSDJOH HFOFSBMMZ DPPMT BOE NPJTUFOT UIF DPMVNO
 BOE UIF SBEJBUJWF DPPMJOH CFDPNFT DPNQBSBCMF

UP UIF BEWFDUJWF DPPMJOH�

Figure 4.3: Ensemble-averaged time-averaged (48h-144h) large-scale forcing of (a) temperature (K/day), (b) moisture

(g/kg/day) and (c) precipitable water (g/kg/day) at 80km from theWRF simulations.
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Figure 4.4: Ensemble-averaged time-averaged (48h-144h) large-scale forcing of (a) temperature (K/day) and (b) mois-

ture (g/kg/day) at 260km from theWRF simulations.

����� -঒গ঎ঊছ ছ঎জঙঘগজ঎ এঞগঌঝ঒ঘগজ

'PMMPXJOH UIF QSPDFEVSF EFTDSJCFE JO TFDUJPO �����
 XF DPOTUSVDUFE UIF MJOFBS SFTQPOTF GVODUJPOT

BSPVOE UIF SFGFSFODF TUBUF BU ��LN
 ��LN
 BOE ���LN
 SFTQFDUJWFMZ� *O UIJT TFDUJPO
 XF BSF HPJOH UP

IJHIMJHIU UIF LFZ GFBUVSFT PG UIF MJOFBS SFTQPOTF GVODUJPOT BU EJ୭GFSFOU SBEJJ�

'JSTU
 XF BSF HPJOH UP MPPL BU UIF MJOFBS SFTQPOTF GVODUJPOT BU ���LN 	'JHVSF ���

 BT UIJT SBEJVT

JT CFZPOE UIF TUSPOH JO୯୳VFODF PG UIF JOOFS DPSF DJSDVMBUJPO BOE DPOWFDUJPOT� "MM UFOEFODJFT BSF BW�

FSBHFE PWFS � IPVST� (FOFSBM GFBUVSFT PG UIF MJOFBS SFTQPOTF GVODUJPOT BU ���LN SFTFNCMF NBOZ

PG UIF DSJUJDBM GFBUVSFT PG UIF 3$& DBTF <,VBOH
 ����>
 BOE XJMM CF CSJF୯୳Z EFTDSJCFE IFSF� " XBSN

BOPNBMZ JO UIF TVC�DMPVE MBZFS 	CFMPX∼ ��� I1B
 MFBET UP DPPMJOH MPDBMMZ BOE XBSNJOH JO UIF GSFF

USPQPTQIFSF� *O DPOUSBTU
 B XBSN BOPNBMZ JO UIF GSFF USPQPTQIFSF MFBET UP DPPMJOH BU BOE BCPWF UIF
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Figure 4.5: The four quadrants of the 2h-averaged linear response function for the 260km case. The horizontal axis is

the pressure of the perturbed layer, and the vertical axis is the pressure of the responding layer. Each column of the

matrices is normalized by themass of the perturbed layer.

��



QFSUVSCFE MBZFS BT JU BDUT BT B UFNQFSBUVSF CBSSJFS GPS DPOWFDUJPOT� " XBSN BOPNBMZ JO UIF MPXFS TVC�

DMPVE MBZFS GBDJMJUBUFT PWFSUVSOJOH DJSDVMBUJPO JO UIF TVC�DMPVE MBZFS BOE MFBET UP NPJTUFOJOH BCPWF

BOE ESZJOH CFMPX
 XIFSFBT B XBSN BOPNBMZ JO UIF VQQFS TVC�DMPVE MBZFS BDUT JO UIF PQQPTJUF XBZ� "

NPJTU BOPNBMZ FJUIFS JO UIF TVC�DMPVE MBZFS PS JO UIF GSFF USPQPTQIFSF HFOFSBMMZ MFBET UP B XBSNJOH

BCPWF UIF QFSUVSCFE MBZFS BOE ESZJOH MPDBMMZ�

Figure 4.6: The four quadrants of the 2h-averaged linear response function for the 30km case. The horizontal axis is

the pressure of the perturbed layer, and the vertical axis is the pressure of the responding layer. Each column of the

matrices is normalized by themass of the perturbed layer.
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0O UIF PUIFS IBOE
 'JHVSF ��� TIPXT UIF MJOFBS SFTQPOTF GVODUJPOT BSPVOE UIF SFGFSFODF TUBUF BU

��LN
 BWFSBHFE PWFS �I BT XFMM� *UT HFOFSBM GFBUVSFT BSF WFSZ EJ୭GFSFOU GSPN UIPTF PG UIF 3$& DBTF PS

UIF ���LN DBTF� *U TIPXT UIBU B XBSN PS NPJTU BOPNBMZ FJUIFS JO UIF TVC�DMPVE MBZFS PS JO UIF GSFF

USPQPTQIFSF MFBET UP TUSPOH EBNQJOH MPDBMMZ BOE XBSNJOH BOE NPJTUFOJOH BOZXIFSF FMTF UISPVHIPVU

UIF DPMVNO� *U JOEJDBUFT UIBU BOZ UFNQFSBUVSF PS NPJTUVSF EFWJBUJPO GSPN UIF NPJTU BEJBCBUJD QSP୮ୢMF

XJMM CF RVJDLMZ EBNQFE BOE SFEJTUSJCVUFE UISPVHIPVU UIF XIPMF DPMVNO TP UIBU JU SFBDIFT B OFX

NPJTU BEJBCBUJD QSP୮ୢMF� 5IF MJOFBS SFTQPOTF GVODUJPOT JO UIF FZFXBMM EJ୭GFS GSPN UIF 3$& DBTF PS

UIF ���LN DBTF NBJOMZ CFDBVTF ୮ୢSTU
 UIF FZFXBMM JT WFSZ NPJTU TP UIBU UIF UFNQFSBUVSF BOE NPJTUVSF

QSP୮ୢMFT UFOE UP TUBZ DMPTF UP UIF NPJTU BEJBCBUJD QSP୮ୢMF� BOE TFDPOE
 UIF TUSPOH DPOWFDUJPO JO UIF

FZFXBMM DBO F୭୮ୢDJFOUMZ SFEJTUSJCVUF FOFSHZ UISPVHIPVU UIF XIPMF DPMVNO�

5IF MJOFBS SFTQPOTF GVODUJPOT GPS UIF SFGFSFODF TUBUF BU ��LN BWFSBHFE PWFS � IPVST BSF QSFTFOUFE

JO 'JHVSF ���� 
VBMJUBUJWFMZތ JU TIPXT TPNF GFBUVSFT UIBU BSF TJNJMBS UP UIF ���LN DBTF� " XBSN PS

NPJTU BOPNBMZ JO UIF TVC�DMPVE MBZFS MFBET UP XBSNJOH JO UIF GSFF USPQPTQIFSF� B XBSN BOPNBMZ JO

UIF GSFF USPQPTQIFSF MFBET UP DPPMJOH MPDBMMZ BOE BCPWF UIF QFSUVSCFE MBZFS� )PXFWFS
 UIF NBHOJUVEF

PG UIF SFTQPOTF JT NVDI XFBLFS
 QSPCBCMZ EVF UP B TUSPOHFS EBNQJOH F୭GFDU
 XIJDI XF XJMM EJTDVTT JO

TFDUJPO ���� *G XF BWFSBHF UIF MJOFBS SFTQPOTF GVODUJPOT GPS �� NJOVUFT 	OPU TIPXO

 UIFO JU XJMM MPPL

NVDI NPSF TJNJMBS UP UIF ���LN DBTF�

����� -঒গ঎ঊছ ঒গজঝঊঋ঒ক঒ঝঢ এছঘখ ঝ঑঎ ক঒গ঎ঊছ ছ঎জঙঘগজ঎ এঞগঌঝ঒ঘগজ

#FGPSF QSPDFFEJOH UP UIF NPEFM PSEFS SFEVDUJPO UP DPOTUSBJO UIF QBSBNFUFST PG UIF TJNQMF DPOWFDUJWF

QBSBNFUFSJ[BUJPO
 XF BSF HPJOH UP DPOTJEFS UIF MJOFBS JOTUBCJMJUZ PG DPOWFDUJWFMZ DPVQMFE �% HSBWJUZ
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Figure 4.7: The four quadrants of the 2h-averaged linear response function for the 80km case. The horizontal axis is

the pressure of the perturbed layer, and the vertical axis is the pressure of the responding layer. Each column of the

matrices is normalized by themass of the perturbed layer.
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XBWFT CBTFE PO UIF MJOFBS SFTQPOTF GVODUJPOT JO UIJT TFDUJPO� 5IJT TJNQMJ୮ୢFE TZTUFN DBQUVSFT UIF

GVOEBNFOUBM BTQFDUT PG UIF DPVQMJOH CFUXFFO DPOWFDUJPO BOE MBSHF�TDBMF EZOBNJDT� *U BMTP TFUT B

CFODINBSL GPS VT UP FWBMVBUF UIF QFSGPSNBODF PG NPEFM PSEFS SFEVDUJPO JO TFDUJPO ����

4JNJMBS UP ,VBOH <����>
 XF DPOTJEFS B �% MJOFBS HSBWJUZ XBWF TZTUFN UIBU DPOTJTUT PG B TJOHMF

IPSJ[POUBM XBWFOVNCFS L BOE JT EJTDSFUJ[FE JO IFJHIU
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XIFSF Y⃗ JT UIF TUBUF WFDUPS UIBU DPOTJTUT PG UFNQFSBUVSF BOE NPJTUVSF BOPNBMJFT GSPN UIFJS SFGFSFODF

TUBUF� X⃗ JT UIF WFSUJDBM WFMPDJUZ BOPNBMZ� . JT UIF MJOFBS SFTQPOTF GVODUJPO� " EFTDSJCFT UIF UFNQFS�

BUVSF BOE NPJTUVSF UFOEFODJFT EVF UP WFSUJDBM BEWFDUJPO� L�$ SFMBUFT UIF UFNQFSBUVSF BOE NPJTUVSF

BOPNBMJFT BOE UIF WFSUJDBM WFMPDJUZ UISPVHI IPSJ[POUBM NPNFOUVN FRVBUJPO
 IZESPTUBUJD CBMBODF

BOE DPOUJOVJUZ FRVBUJPO� BOE % SFQSFTFOUT UIF EBNQJOH PG WFSUJDBM NPNFOUVN XIJDI JT USFBUFE BT

3BZMFJHI EBNQJOH� 'PS TJNQMJDJUZ
 UIF WJSUVF F୭GFDU JO UIF MBSHF�TDBMF XBWF EZOBNJDT JT OFHMFDUFE
 BOE

B SJHJE MJE 	X = �
 JT BTTVNFE BU UIF NPEFM UPQ�

'JHVSF ��� TIPXT UIF HSPXUI SBUFT BOE QIBTF TQFFET PG UIF MFBTU TUBCMF NPEFT GPS UIF ���LN

DBTF GSPN UIF GVMM MJOFBS SFTQPOTF GVODUJPOT JO CMVF� 
VBMJUBUJWFMZތ UIF QSPQBHBUJOH TQFFET BOE UIF

HSPXUI SBUFT SFTFNCMF UIPTF PG UIF 3$& DBTF� 5IF MFBTU EBNQFE NPEFT DPOTJTU PG UXP CSBODIFT
 BO

VOTUBCMF QSPQBHBUJOH DPOWFDUJWFMZ�DPVQMFE XBWF CSBODI XJUI XBWFMFOHUIT PG UIPVTBOET PG LJMP�

NFUFST BOE QIBTF TQFFET PG �� N�T UP ��N�T
 BOE B TUBUJPOBSZ CSBODI XIJDI QFBLT BU B XBWFMFOHUI
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BSPVOE ��
��� LN� 4JODF UIFSF JT OP BDUJWF SBEJBUJWF GFFECBDL
 UIF TUBUJPOBSZ CSBODI JT TMJHIUMZ EF�

DBZJOH SBUIFS UIBO HSPXJOH <,VBOH
 ����>� 5IF B[JNVUIBM XBWFOVNCFS�POF TUSVDUVSFT PG UIF NPTU

VOTUBCMF NPEF BU ���LN BSF TIPXO JO 'JHVSF ��� PO UIF MFG୴�
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Figure 4.8: (right) Linear growth rates and (left) the phase speed of the least stable modes for the 260km case for the

full model (blue) and the reduced sixth-order model (red).

5IF HSPXUI SBUFT BOE UIF QIBTF TQFFET PG UIF MFBTU TUBCMF NPEFT GPS UIF ��LN DBTF GSPN UIF GVMM

NPEFM BSF TIPXO JO 'JHVSF ���� JO CMVF� 4JNJMBS UP UIF ���LN DBTF
 JU IBT B TUBUJPOBSZ CSBODI UIBU JT

TUBCMF BU MBSHF XBWFMFOHUIT 	BSPVOE ���
��� LN UP ��
��� LN

 BOE B QSPQBHBUJOH CSBODI BU TNBMMFS

XBWFMFOHUIT 	BSPVOE ��
��� LN UP ��� LN
� )PXFWFS
 UIF QSPQBHBUJOH CSBODI JT NPTUMZ EFDBZJOH


BOE JUT HSPXUI SBUFT BSF NVDI XFBLFS DPNQBSFE UP UIF ���LN DBTF FWFO XIFO JU CFDPNFT VOTUBCMF�

5IF B[JNVUIBM XBWFOVNCFS�POF TUSVDUVSFT PG UIF MFBTU EBNQFE NPEF BU ��LN JT TIPXO JO 'JHVSF

���� 	UIF MFG୴ QBOFM
� "U WFSZ TNBMM XBWFMFOHUIT
 UIF EBNQJOH SBUFT PG UIF MFBTU EBNQFE NPEFT BSF

DMPTFMZ UJFE UP UIF 3BZMFJHI EBNQJOH SBUF�

'JHVSF ���� TIPXT UIF HSPXUI SBUFT BOE UIF QIBTF TQFFET PG UIF MFBTU TUBCMF NPEFT GPS UIF ��LN
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Figure 4.9: Temperature, specific humidity, pressure velocity and vertical velocity structures of the unstable propagat-

ingmodewith azimuthal wavenumber one at 260km from the full model (left) and the reducedmodel (right).
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Figure 4.10: (right) Linear growth rates and (left) the phase speed of the least stable modes for the 80km case for the

full model (blue) and the reduced sixth-order model (red).

DBTF GSPN UIF GVMM NPEFM JO CMVF� *U IBT B TUBUJPOBSZ CSBODI UIBU JT TUBCMF BU MBSHF XBWFMFOHUIT BOE B

QSPQBHBUJOH CSBODI XJUI WFSZ TMPX QIBTF TQFFET BOE MBSHF HSPXUI SBUFT BU TNBMMFS XBWFMFOHUIT� "T

XF JODSFBTF UIF 3BZMFJHI EBNQJOH SBUF GPS NPNFOUVN
 UIJT VOTUBCMF CSBODI CFDPNFT TUBCMF� 8F BSF

HPJOH UP EJTDVTT UIF JOTUBCJMJUZ NPSF PODF XF SFEVDF UIF PSEFS PG UIF TZTUFN JO UIF TFDUJPO ����

��� .ঘ঍঎ক ঘছ঍঎ছ ছ঎঍ঞঌঝ঒ঘগ

*O UIJT TFDUJPO
 XF SFEVDF UIF EJNFOTJPO PG UIF DPVQMFE NPEFM PG ��% HSBWJUZ XBWFT 	&R� ���
 TP

UIBU JU JT FBTJFS UP JOUFSQSFU UIF JOTUBCJMJUZ NFDIBOJTNT
 BOE JU DPOOFDUT UP UIF UXP�NPEF DPOWFDUJWF

QBSBNFUFSJ[BUJPO NPSF OBUVSBMMZ� 8F BSF HPJOH UP GPMMPX UIF QSPDFEVSF PG NPEFM PSEFS SFEVDUJPO

JOUSPEVDFE JO ,VBOH <����>
 BOE UIF QSPDFEVSF JT CSJF୯୳Z EFTDSJCFE IFSF�
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Figure 4.11: Temperature, specific humidity, pressure velocity and vertical velocity structures of the unstable propa-

gatingmodewith azimuthal wavenumber one at 80km from the full model (left) and the reducedmodel (right).
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Figure 4.12: (right) Linear growth rates and (left) the phase speed of the least stable modes for the 30km case for the

full model (blue) and the reduced sixth-order model (red).

*O DPOUSPM UIFPSZ
 B TUBOEBSE MJOFBS EZOBNJD TZTUFN JT VTVBMMZ XSJUUFO JO UIF GPMMPXJOH GPSN


E⃗Y
EU = "Y⃗(U) + #V⃗(U)

Z⃗ = $⃗Y(U) +%V⃗(U),
	���


XIFSF V⃗ JT UIF JOQVU
 Z⃗ JT UIF PVUQVU
 BOE Y⃗ JT UIF JOUFSOBM WBSJBCMF� 5ISPVHI NPEFM PSEFS SFEVDUJPO


UIF EJNFOTJPO PG UIF JOUFSOBM TUBUF WBSJBCMF Y⃗XJMM CF SFEVDFE UP B HJWFO PSEFS JO B XBZ UIBU B NFBTVSF

PG UIF PVUQVU FSSPS JT NJOJNJ[FE� *O QBSUJDVMBS
 XF VTFE B CBMBODFE USVODBUJPO BMHPSJUIN UP SFUBJO

UIF TUBUFT XJUI UIF MBSHFTU )BOLFM TJOHVMBS WBMVFT <.PPSF
 ����
 4BGPOPW � $IJBOH
 ����>�

#BTFE PO UIF NPEFM PSEFS SFEVDUJPO BMHPSJUIN
 XF ୮ୢSTU EF୮ୢOF Y⃗ PO UIF SJHIU�IBOE TJEF PG &R�	���


UP CF UIF JOQVU
 E⃗Y�EU PO UIF MFG୴�IBOE TJEF UP CF UIF PVUQVU BOE X⃗ UP CF UIF JOUFSOBM TUBUF WBSJBCMF


BOE SFEVDF UIF PSEFS PG X⃗ UP � XIJDI JT TIPXO JO ,VBOH <����> UP CF TV୭୮ୢDJFOU BOE OFDFTTBSZ UP DBQ�

UVSF UIF JOTUBCJMJUZ NFDIBOJTNT� "G୴FS UIF PSEFS PG X⃗ JT SFEVDFE
 XF UIFO DPOTJEFS UIF SFEVDFE ˜⃗X BT

��



UIF JOQVU
 E˜⃗X�EU UP CF UIF PVUQVU
 BOE Y⃗ UP CF UIF JOUFSOBM TUBUF WBSJBCMF
 BOE SFEVDF UIF PSEFS PG UIF

UIFSNPEZOBNJD WBSJBCMF Y⃗� 'PS JOUFSQSFUBCJMJUZ
 UIF TUBUF WFDUPS Y⃗ JT SFEVDFE XJUIJO UIF TVCTQBDF UIBU

JT TQBOOFE CZ UIF GSFF USPQPTQIFSJD UFNQFSBUVSF
 UIF GSFF USPQPTQIFSJD NPJTUVSF
 BOE UIF CPVOEBSZ

MBZFS UFNQFSBUVSF BOE NPJTUVSF� "T JO ,VBOH <����>
 XF DIPPTF UP SFUBJO UIF ୮ୢSTU GPVS NPEFT PG

UIF UIFSNPEZOBNJD TUBUF WBSJBCMF Y⃗ TP UIBU UIF SFEVDFE NPEFM DBO TUJMM RVBMJUBUJWFMZ SFQSPEVDF UIF

JOTUBCJMJUZ NFDIBOJTNT GSPN UIF GVMM NPEFM BOE DBO BMTP CF FBTJMZ JOUFSQSFUFE� 0ODF UIF GVMM NPEFM


&R�	���

 JT SFEVDFE UP B TJY�PSEFS TZTUFN XIJDI DPOTJTUT PG GPVS UIFSNPEZOBNJD NPEFT BOE UXP WFS�

UJDBM WFMPDJUZ NPEFT
 UIF TZTUFN JT SPUBUFE BOE TDBMFE TP UIBU UIF SFEVDFE NPEFM DBO CF XSJUUFO BT

&R�	�
 JO ,VBOH <����>
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XIFSF 5�
 5�
 R
 IC
 X� BOE X� BSF UIF BNQMJUVEFT PG UIF GPVS UIFSNPEZOBNJD NPEFT BOE UIF UXP

WFSUJDBM NPEFT
 .�×� JT UIF SFEVDFE MJOFBS SFTQPOTF GVODUJPO
 D� BOE D� BSF UIF ESZ HSBWJUZ XBWF

TQFFET PG UIF ୮ୢSTU� BOE TFDPOE�NPEF
 B� BOE B� SFQSFTFOU UIF F୭GFDU PG WFSUJDBM BEWFDUJPO PG UIF NJE�

USPQPTQIFSJD NPJTUVSF CZ UIF UXP WFSUJDBM WFMPDJUZ NPEFT
 BOE ɂ JT UIF 3BZMFJHI EBNQJOH PG UIF NP�

��



NFOUVN� 8F TIPVME OPUF UIBU JU JT OPU BMXBZT HVBSBOUFFE UIBU UIF SFEVDFE NPEFM XJMM SFUBJO UXP

GSFF�USPQPTQIFSJD UFNQFSBUVSF NPEFT
 POF NPJTUVSF NPEF
 BOE POF CPVOEBSZ MBZFS NPEF
 BT JO

&R�	���
� *O NPTU PG UIF DBTFT
 UIFTF GPVS NPEFT IBQQFO UP CF UIF PQUJNBM NPEFT UP CF SFUBJOFE
 CVU

UIFSF BSF BMTP FYDFQUJPOT
 BOE XF XJMM EJTDVTT IPX UIF FYDFQUJPOBM DBTFT BSF USFBUFE�
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Figure 4.13: Basis functions used in the reduced sixth-order model for5�,5�, R, IC,X� andX� for the 260km case.

'PMMPXJOH UIF QSPDFEVSF EFTDSJCFE BCPWF
 XF SFEVDFE UIF PSEFS PG UIF DPOWFDUJWFMZ�DPVQMFE

NPEFM PG ��% HSBWJUZ XBWFT BU ��LN
 ��LN
 BOE ���LN
 SFTQFDUJWFMZ� 'JHVSF ���� TIPXT UIF WFSUJ�

DBM TUSVDUVSFT PG UIF SFUBJOFE NPEFT JO UFSNT PG UFNQFSBUVSF
 NPJTUVSF
 BOE WFSUJDBM WFMPDJUZ GPS

UIF ���LN DBTF� 5IF SFUBJOFE UIFSNPEZOBNJD NPEFT JODMVEF UXP GSFF�USPQPTQIFSJD UFNQFSBUVSF

NPEF
 POF GSFF�USPQPTQIFSJD NPJTUVSF NPEF
 BOE POF CPVOEBSZ MBZFS NPEF� *U KVTUJ୮ୢFT UIF DIPJDF

PG UXP CBSPDMJOJD NPEFT VTFE JO UIF TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPO NPEFM JO $IBQUFS �� 5IF

QIBTF TQFFET BOE UIF HSPXUI SBUFT PG UIF MFBTU TUBCMF NPEFT GSPN UIF SFEVDFE NPEFM BSF TIPXO JO

��



'JHVSF ��� JO SFE� 5IF SFEVDFE NPEFM JT BCMF UP SFQSPEVDF UIF CFIBWJPS PG UIF MFBTU EBNQFE NPEF

GSPN UIF GVMM NPEFM BOE DBQUVSFT UIF JOTUBCJMJUZ PG UIF DPOWFDUJWFMZ DPVQMFE CSBODI� 5IF B[JNVUIBM

XBWFOVNCFS�POF TUSVDUVSFT PG UIF NPTU VOTUBCMF NPEF GSPN UIF SFEVDFE NPEFM BSF TIPXO JO 'JH�

VSF ��� PO UIF SJHIU� 5IF SFEVDFE NPEFM SFQSPEVDFT UIF TUSVDUVSFT PG CPUI UIF WFSUJDBM BOE IPSJ[PO�

UBM WFMPDJUJFT BOE UIF GSFF�USPQPTQIFSJD UFNQFSBUVSF GSPN UIF GVMM NPEFM PO UIF MFG୴� )PXFWFS
 UIF

NPJTUVSF ୮ୢFME JT OPU XFMM SFQSPEVDFE CFDBVTF POMZ POF NPJTUVSF NPEF JT SFUBJOFE� 5IF CPVOEBSZ

MBZFS UFNQFSBUVSF BOE NPJTUVSF BSF OPU XFMM SFQSFTFOUFE CFDBVTF UIFZ BSF OPU JO QIBTF GSPN UIF GVMM

NPEFM�
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Figure 4.14: Basis functions used in the reduced sixth-order model for5�,5�, R, IC,X� andX� for the 80km case.

'JHVSF ���� SFQSFTFOUT UIF CBTJT GVODUJPOT PG UIF SFUBJOFE NPEFT BU ��LN� *U BMTP SFUBJOFE UXP

GSFF�USPQPTQIFSJD UFNQFSBUVSF NPEFT
 POF GSFF�USPQPTQIFSJD NPJTUVSF NPEF
 BOE B CPVOEBSZ MBZFS

.4& NPEF� 
VBMJUBUJWFMZތ UIF SFUBJOFE NPEFT BSF TJNJMBS UP UIF NPEFT SFUBJOFE GPS UIF ���LN DBTF�

��



*U TVHHFTUT UIBU UIF TBNF CBTJT GVODUJPOT DBO CF BQQMJFE BU EJ୭GFSFOU SBEJJ
 BOE UIF CFIBWJPS PG UIF

SFEVDFE NPEFMT XJMM OPU CF TFOTJUJWF UP UIF TMJHIU NPEJ୮ୢDBUJPO JO UIF CBTJT GVODUJPOT� 5IF QIBTF

TQFFET BOE UIF HSPXUI SBUFT PG UIF MFBTU TUBCMF NPEFT GSPN UIF SFEVDFE NPEFM BSF TIPXO JO 'JHVSF

���� JO SFE� 5IF CFIBWJPS PG UIF GVMM NPEFM JT XFMM SFQSPEVDFE CZ UIF SFEVDFE NPEFM
 FYDFQU UIBU UIF

HSPXUI SBUFT BU WFSZ TNBMM XBWFMFOHUIT BSF OPU XFMM SFTFNCMFE� 5IJT JT CFDBVTF
 BU WFSZ TNBMM XBWF�

MFOHUIT
 UIF TUSVDUVSFT PG UIF MFBTU EBNQFE NPEFT GSPN UIF GVMM NPEFM 	OPU TIPXO
 IBWF WFSZ IJHI

WFSUJDBM XBWFOVNCFST UIBU BSF OPU DBQUVSFE CZ UIF SFEVDFE NPEFT� 5IF B[JNVUIBM XBWFOVNCFS�POF

TUSVDUVSFT PG UIF MFBTU TUBCMF NPEF GSPN UIF SFEVDFE NPEFM BSF TIPXO JO 'JHVSF ���� PO UIF SJHIU�

"U ��LN
 UIF GPVS UIFSNPEZOBNJD NPEFT CFJOH SFUBJOFE BSF POF GSFF�USPQPTQIFSJD UFNQFSBUVSF

NPEF
 UXP GSFF�USPQPTQIFSJD NPJTUVSF NPEFT
 BOE POF CPVOEBSZ MBZFS .4& NPEF
 XIJDI JT EJ୭GFS�

FOU GSPN UIF SFUBJOFE NPEFT BU UIF PVUFS SBEJVT� 5IF QIBTF TQFFET BOE UIF HSPXUI SBUFT PG UIF MFBTU

EBNQFE NPEFT GSPN UIF SFEVDFE NPEFM BSF TIPXO JO 'JHVSF ���� JO SFE
 XIJDI SFTFNCMFT UIF CFIBW�

JPS PG UIF GVMM NPEFM� )PXFWFS
 JU JT OPU JEFBM UP IBWF B EJ୭GFSFOU TFU PG CBTJT GVODUJPOT BU ��LN� *O

PSEFS UP NBLF UIF DPOOFDUJPO CFUXFFO UIF SFEVDFE NPEFM UP UIF UXP�NPEF QBSBNFUFSJ[BUJPO NPEFM

BOE UP IBWF B GBJS DPNQBSJTPO CFUXFFO UIF QBSBNFUFST BU ��LN BOE UIPTF BU PUIFS SBEJJ
 XF UIFO

SFEVDF UIF GVMM NPEFM BU ��LN CZ QSPKFDUJOH UIF GVMM WFSUJDBM TUSVDUVSFT PG UFNQFSBUVSF
 NPJTUVSF


BOE WFSUJDBM WFMPDJUZ POUP B TFU PG QSF�DBMDVMBUFE CBTJT GVODUJPOT� 5IF QIBTF TQFFET BOE UIF HSPXUI

SBUFT PG UIF MFBTU EBNQFE NPEFT GSPN UIF QSPKFDUFE NPEFM BSF TIPXO JO 'JHVSF ���� JO ZFMMPX� 5IF

NPEJ୮ୢFE SFEVDFE NPEFM DBO TUJMM SFQSPEVDF UIF JOTUBCJMJUJFT BU TNBMM XBWFMFOHUIT
 CVU DBOOPU XFMM

SFQSFTFOU UIF QSPQBHBUJOH TQFFET� *G XF JODSFBTF UIF EBNQJOH SBUF PG UIF TMPXFTU�EFDBZJOH FJHFOWFD�

UPS PG .�×�
 UIF VOTUBCMF NPEFT BU TNBMM XBWFMFOHUIT XJMM CFDPNF TUBCMF 	'JHVSF ���� JO QVSQMF
� *U

��



JOEJDBUFT UIBU UIF JOTUBCJMJUJFT BSF BTTPDJBUFE XJUI UIF TMPXFTU�EFDBZJOH NPEF PG .�×��

��� #ছ঒঍ঐ঎ ঝঘ ঝ঑঎ জ঒খঙক঎ ঌঘগট঎ঌঝ঒ট঎ ঙঊছঊখ঎ঝ঎ছ঒ণঊঝ঒ঘগ খঘ঍঎ক

*O UIJT TFDUJPO
 XF BSF HPJOH UP NBLF UIF DPOOFDUJPO CFUXFFO UIF SFEVDFE NPEFM BOE UIF UXP�NPEF

DPOWFDUJWF QBSBNFUFSJ[BUJPO UP FTUJNBUF UIF QBSBNFUFST JO UIF TJNQMF QBSBNFUFSJ[BUJPO NPEFM BOE UP

CFUUFS JOUFSQSFU UIF JOTUBCJMJUJFT CBTFE PO UIF EFSJWFE QBSBNFUFST�

*U JT TIPXO JO ,VBOH <����> UIBU UIF DPOWFDUJWFMZ�DPVQMFE XBWF CSBODI JT OPU TFOTJUJWF UP UIF

TMPXFTU�EFDBZJOH FJHFOWFDUPS PG .�×�� 5IFSFGPSF JU JT SFBTPOBCMF UP GVSUIFS TJNQMJGZ UIF TZTUFN CZ

TQMJUUJOH UIF SFEVDFE NPEFM JOUP UXP TVCTQBDFT� B TMPX NBOJGPME BMPOH UIF EJSFDUJPO PG UIF TMPXFTU�

EFDBZJOH FJHFOWFDUPS PG .�×� BOE B GBTU NBOJGPME TQBOOFE CZ UIF SFNBJOJOH UISFF FJHFOWFDUPST� #Z

EFTJHO
 UIF GBTU NBOJGPME BOE UIF TMPX NBOJGPME EP OPU JOUFSBDU UISPVHI DPOWFDUJPO� 5IJT XJMM HJWF

VT UIF GPMMPXJOH FYQSFTTJPO XIJDI JT TJNJMBS UP &R�	�
 JO ,VBOH <����>
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XIFSF 5G
� 
 5G

�
 BOE RG BSF UIF BNQMJUVEFT PG UIF UISFF JOEFQFOEFOU NPEFT PG UIF GBTU TVCTQBDF
 FT JT

��



UIF BNQMJUVEF PG UIF TMPXFTU�EFDBZJOH FJHFOWFDUPS
NJK SFQSFTFOUT UIF DPOWFDUJWF SFTQPOTF XJUIJO UIF

GBTU TVCTQBDF
 BG� BOE BG� BSF UIF WFSUJDBM BEWFDUJPO F୭GFDU PO RG
 DG� BOE DG� JT UIF ESZ XBWF TQFFET GPS UIF

BEKVTUFE NPEFT
 ɈT JT UIF EFDBZ SBUF PG UIF TMPXFTU�EFDBZJOH FJHFOWFDUPS PG .�×�
 BT� BOE BT� BSF UIF

F୭GFDU PG WFSUJDBM BEWFDUJPO CZ X� BOE X� PO UIF TMPX NPEF
 BOE L�εT� BOE L�εT� BSF UIF F୭GFDUT PG UIF

TMPX NPEF PO UIF WFSUJDBM WFMPDJUJFT�

'PS FBTF PG JOUFSQSFUBUJPO
 UIF NPEFT SFQSFTFOUFE CZ 5G
� 
 5G

� BOE RG BSF EFTJHOFE JO UIF GPMMPXJOH

GPSNT
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XIFSF I5� 
 I5� BOE IR BSF UIF ୮ୢSTU UISFF DPNQPOFOUT PG UIF TMPXFTU�EFDBZJOH MFG୴ FJHFOWFDUPS PG

.�×�
 (I5� , I5� , IR, �)� 4JODF UIF TMPXFTU�EFDBZJOH MFG୴ FJHFOWFDUPS JT PSUIPHPOBM UP UIF TVCTQBDF

TQBOOFE CZ UIF UISFF GBTU�EFDBZJOH FJHFOWFDUPST BOE JU JT PSUIPHPOBM UP FBDI PG UIF NPEFT JO &R�

	���

 JU DBO CF QSPWFO UIBU UIF TVCTQBDF TQBOOFE CZ UIF UISFF NPEFT EFTJHOFE JO &R� 	���
 JT JEFO�

UJDBM UP UIF GBTU TVCTQBDF�

*O TFDUJPO ���
 XF IBWF TDBMFE UIF CBTJT GVODUJPOT PG R BOE IC 	BT JO 'JHVSF ����
 TP UIBU CPUI I5�

BOE IR FRVBM UP �� 4JODF I5� JT TNBMM JO QSBDUJDF
 XF UIFO IBWF UIF GPMMPXJOH BQQSPYJNBUJPO XJUIJO

UIF GBTU TVCTQBDF

5� + R+ IC = �. 	���


��



*G XF JOUFSQSFU 5�
 R
 BOE IC BT DPOUSJCVUJPOT UP DPMVNO�JOUFHSBUFE .4& GSPN UIF GSFF�USPQPTQIFSJD

UFNQFSBUVSF
 UIF GSFF�USPQPTQIFSJD NPJTUVSF
 BOE UIF CPVOEBSZ MBZFS NPJTU TUBUJD FOFSHZ
 UIFO &R�

	���
 DBO CF JOUFSQSFUFE BT DPMVNO .4& DPOTFSWBUJPO XJUIJO UIF GBTU TVCTQBDF
 BOE UIF NPEFT SFQ�

SFTFOUFE CZ 5G
� 
 5G

�
 BOE RG BSF TJNQMZ NPEFT UIBU SFEJTUSJCVUF .4& UISPVHIPVU UIF DPMVNO XJUIPVU

OFU DPOUSJCVUJPO UP UIF DPMVNO�JOUFHSBUFE .4&�

4JODF PVS NBJO GPDVT JT UIF DPOWFDUJWFMZ DPVQMFE CSBODI BOE JU JT OPU TFOTJUJWF UP UIF TMPXFTU�

EFDBZJOH FJHFOWFDUPS PG .�×�
 XF BSF HPJOH UP GPDVT PO UIF EZOBNJDT XJUIJO UIF GBTU NBOJGPME BOE

EFSJWF QBSBNFUFST PG UIF UXP�NPEF DPOWFDUJWF QBSBNFUFSJ[BUJPO NPEFM GSPN UIJT GVSUIFS TJNQMJ୮ୢFE

NPEFM XJUIJO UIF GBTU NBOJGPME� 8F OPX FMJNJOBUF UIF TMPX NBOJGPME JO &R� 	���
 BOE SFUBJO POMZ

UIF GBTU NPEFT BOE UIF BTTPDJBUFE WFSUJDBM WFMPDJUJFT


E
EU

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

5G
�

5G
�

RG

XG
�

XG
�

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

.G�×�

−� �

� −�

BG� BG�

(LDG�)� � �

� (LDG�)� �

−ɂ �

� −ɂ

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

5G
�

5G
�

RG

XG
�

XG
�

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, 	���


'JSTU
 MFU VT EFSJWF UIF SFMBUJPOTIJQ CFUXFFO +� BOE +�
 UIF DPOWFDUJWF UFOEFODZ PG 5G
� BOE 5G

�
 GSPN

UIF ୮ୢSTU UXP FRVBUJPOT JO &R� 	���
� #Z FMJNJOBUJOH 5G
� PO UIF MFG୴ IBOE TJEF
 JU HJWFT UIF SFMBUJPOTIJQ

BT &R� 	��
 JO ,VBOH <����>


+� = −ɀ�+� − ɀRRG − ɀ55
G
�, 	����


��



XIFSF ɀ� = −N��/N��
 ɀR = N��N��/N��−N�� BOE ɀ5 = N��N��/N��−N��� 5IF QIZTJDBM NFBOJOHT

PG ɀ�, ɀR BOE ɀ5 BSF EFTDSJCFE JO ,VBOH <����>� #SJF୯୳Z
 ɀ� SFQSFTFOUT UIF UPQ�IFBWJOFTT PG UIF DPO�

WFDUJWF IFBUJOH XJUIPVU RG BOE 5G
� BOPNBMJFT� ɀR SFQSFTFOUT UIF F୭GFDU PG RG PO UIF UPQ�IFBWJOFTT PG

UIF DPOWFDUJWF IFBUJOH� BOE ɀ5 JT TJNQMZ UIF EBNQJOH PG 5G
�� $POTJEFSJOH &R� 	����

 UIF QBSBNFUFST

S� BOE SR DBO CF FTUJNBUFE BT

S� =
� + ɀ�
� − ɀ�

, SR =
ɀR

(� − ɀ�)-�
	����


4FDPOE
 XF BSF HPJOH UP EFSJWF UIF NPJTUVSF UFOEFODZ FRVBUJPO
 CZ FMJNJOBUJOH 5G
� BOE 5G

� GSPN

UIF ୮ୢSTU UISFF FRVBUJPOT JO &R� 	���
� *U HJWFT VT UIF SFMBUJPOTIJQ BT &R� 	��
 JO ,VBOH <����>


ERG
EU = BG�XG

� + BG�XG
� − E�+� − E�+� − ERRG 	����


XIFSF E� = (N��N�� − N��N��)/(N��N�� − N��N��)
 E� = (N��N�� − N��N��)/(N��N�� − N��N��)


BOE ER = −N�� − E�N�� − E�N��� *G XF DPNCJOF UIF F୭GFDU PG RG JOUP +�
 XF DPVME SFEF୮ୢOF Ẽ� UP CF

E� − ER/ɀR� 5IJT EFTDSJCFT IPX UIF QBSBNFUFST JO &R� 	���B
 BSF FTUJNBUFE�

5IJSE
 XF XJMM EFSJWF UIF UFOEFODZ PG UIF CPVOEBSZ MBZFS NPJTU TUBUJD FOFSHZ BT B GVODUJPO PG +�
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BOE +�� 4JODF IC = −I5�5G
� − I5�5G

� − IRRG XJUIJO UIF GBTU NBOJGPME
 XF XJMM IBWF

EIC
EU = −I5�

E5G
�

EU − I5�
E5G

�

EU − IR ER
G

EU

= −I5�(+� − XG
�)− I5�(+� − XG

�)− IR(BG�XG
� + BG�XG

� − E�+� − E�+� − ERRG)

= (I5� − IRB�)XG
� + (I5� − IRB�)XG

� − (I5� − IRE�)+� − (I5� − IRE�)+� + IRERRG.

	����


(JWFO UIBU I5� ≈ �
 IR ≈ �
 B� ≈ � BOE B� ≈ �
 UIF QBSBNFUFST JO &R� 	����B
 DBO CF FTUJNBUFE BT

C� = I5� − IRE�, C̃� = I5� − IRE� + IRER/ɀR, 	����


BHBJO JG XF JODMVEF UIF F୭GFDU PG RG JO +��

-BTUMZ
 XF BSF HPJOH UP EFSJWF UIF RVBTJ�FRVJMJCSJVN SFMBUJPOTIJQ
 XIJDI JT UIF SFMBUJPOTIJQ CF�

UXFFO UIF UFOEFODZ PG CPVOEBSZ MBZFS .4& BOE UIF UFOEFODJFT PG GSFF�USPQPTQIFSJD UFNQFSBUVSF

NPEFT 5G
� BOE 5G

�� 8JUIJO UIF GBTU NBOJGPME
 UIFSF JT BO FJHFOWFDUPS UIBU EFDBZT NVDI GBTUFS UIBO UIF

PUIFS UXP NPEFT TP UIBU UIF GBTU NBOJGPME DBO CF XFMM FTUJNBUFE CZ UIF UXP SFMBUJWFMZ TMPX�EFDBZJOH

NPEFT� 5IJT BMMPXT VT UP SFQSFTFOU RG BT B MJOFBS DPNCJOBUJPO PG 5G
� BOE 5G

�


RG + G�5G
� + G�5G

� = � 	����


��



"HBJO
 HJWFO UIBU IC = −I5�5G
� − I5�5G

� − IRRG XJUIJO UIF GBTU NBOJGPME
 JU MFBET UP

EIC
EU = −I5�

E5G
�

EU − I5�
E5G

�

EU − IR ER
G

EU

= (IRG� − I5�)
E5G

�

EU + (IRG� − I5�)
E5G

�

EU

= (IR(G� + G�)− I5� − I5�)(
IRG� − I5�

IR(G� + G�)− I5� − I5�

E5G
�

EU +
IRG� − I5�

IR(G� + G�)− I5� − I5�

E5G
�

EU )
	����


$PNQBSJOH XJUI &R� 	����C

 UIF QBSBNFUFST DBO CF FTUJNBUFE BT

' = IR(G� + G�)− I5� − I5� , ɀ =
IRG� − I5�

IR(G� + G�)− I5� − I5�

. 	����


#BTFE PO UIF EFSJWBUJPOT BCPWF
 XF BSF OPX BCMF UP FTUJNBUF UIF QBSBNFUFST JO B NPSF TZTUFNBUJD

XBZ� 5IF FTUJNBUFE QBSBNFUFST BU EJ୭GFSFOU SBEJJ BSF TVNNBSJ[FE JO 5BCMF ���
 BOE XF BSF HPJOH UP

IJHIMJHIU TPNF PG UIF LFZ GFBUVSFT XF DBO MFBSO GSPN UIF QBSBNFUFST� /PUF UIBU UIF QBSBNFUFST BSF

EFSJWFE GSPN UIF SFEVDFE NPEFMT XJUI UIF TBNF CBTJT GVODUJPOT TP UIBU B GBJS DPNQBSJTPO BDSPTT EJG�

GFSFOU SBEJJ DBO CF NBEF�

'JSTU
 UIF QBSBNFUFS ɀR TDBMFT XJUI UIF QSFDJQJUBUJPO SBUF JO HFOFSBM� )PXFWFS
 JG XF OPSNBMJ[F ɀR

CZ UIF QSFDJQJUBUJPO SBUF
 JU JT OFBSMZ [FSP BU ��LN
 XIJDI JOEJDBUFT UIBU BEEJUJPOBM NPJTU BOPNBMZ

EPFT OPU IBWF B TUSPOH F୭GFDU PO UIF UPQ�IFBWJOFTT PG UIF DPOWFDUJWF IFBUJOH BU UIF FZFXBMM CFDBVTF

UIF FOWJSPONFOU JT BMSFBEZ NPJTU� ɀR JT POF PG UIF DSJUJDBM GBDUPST UIBU HPWFSO UIF NPJTU�TUSBUJGPSN

JOTUBCJMJUZ PG UIF DPOWFDUJWFMZ DPVQMFE XBWFT� " QPTJUJWF ɀR DPVME HJWF SJTF UP TVDI JOTUBCJMJUZ
 BOE

UIF MBSHFS ɀR JT
 UIF TUSPOHFS UIF JOTUBCJMJUZ JT� )PXFWFS
 JO TFDUJPO ���
 XF GPVOE UIF JOTUBCJMJUZ PG
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UIF DPOWFDUJWFMZ�DPVQMFE XBWF CSBODI BU ��LN UP CF NVDI XFBLFS UIBO UIF JOTUBCJMJUZ BU ���LN


CFDBVTF
 JO BEEJUJPO UP ɀR
 UIF EBNQJOH QBSBNFUFST ɀ5
 ER BOE CR UFOE UP TDBMF XJUI UIF DPOWFDUJWF

TUSFOHUI 	PS QSFDJQJUBUJPO SBUF
 BT XFMM� "U ��LN
 UIF EBNQJOH F୭GFDU GSPN ɀ5 PWFSDPNFT UIF JOTUB�

CJMJUZ F୭GFDU GSPN ɀR� *O BEEJUJPO
 UIF WBMVFT PG Ẽ� BOE C̃� BU ��LN BSF WFSZ TFOTJUJWF UP UIF CBTJT GVOD�

UJPOT XF BQQMJFE
 CFDBVTF UIF OPSNBMJ[FE ɀR JT DMPTF UP [FSP BU �� LN BOE UIF F୭GFDU PG R PO +R BOE IC

DBOOPU CF XFMM BCTPSCFE JOUP UIF +� UFSN� 4FDPOE
 UIF NBHOJUVEFT PG C� BOE C� BSF TNBMMFS BU JOOFS

SBEJJ
 CFDBVTF UIF CPVOEBSZ MBZFS JO UIF JOOFS SFHJPO JT TP NPJTU UIBU UIF QSFDJQJUBUJPO DBOOPU F୭GFD�

UJWFMZ FWBQPSBUF� 5IJSE
 ɀ BOE ' UFOE UP IBWF MBSHF WBMVFT BU TNBMMFS SBEJJ CFDBVTF UIF CPVOEBSZ MBZFS

UFOET UP CF JO CBMBODF XJUI B EFFQFS GSFF�USPQPTQIFSF XIFO UIF FOWJSPONFOU JT XBSNFS BOE NPJTUFS


BOE IFODF UIF FOUSBJONFOU JT MFTT JNQPSUBOU� -BTUMZ
 BG� 
 BG�
 DG� BOE DG� BSF BMNPTU DPOTUBOU BMPOH UIF

SBEJVT
 CFDBVTF UIFTF QBSBNFUFST SFQSFTFOU UIF EZOBNJD QSPDFTT BOE BSF OPU TFOTJUJWF UP UIF DIBOHF JO

DPOWFDUJWF QSPDFTTFT BMPOH UIF SBEJVT�

Table 4.1: Parameter values for cases along the radius

1BSBNFUFST ޏޒ LN ޏޗ LN ޏޏސ LN ޏޕޑ LN 3$&
BG�
 BG� 
ޑ�ސ ޒ�ޏ� 
ޑ�ސ ޏޓ�ޏ� 
ޑ�ސ ޏޓ�ޏ� 
ޏ�ސ ޕޑ�ޏ� 
ޏ�ސ ޏޑ�ޏ�
ɀ� ސސ�ޏ� ސޑ�ޏ ޔސ�ޏ ޔޓޏ�ޏ ޓސ�ޏ
ɀR
 ɀ5 
ޘސ� ޏޏޏސ�ޒ�ސ 
ޗސ ޘޓ 
ޒސ ޕޓ 
ޕ�ސ ޖ�ޒ 
ޔޕ�ޏ ޓ�ސ
E�
 E� 
ޑ�ސ ޏޒ�ޏ� 
ޏ�ސ ޕޒ�ޏ� 
ސ�ސ ޗޒ�ޏ� 
ޏޕ�ޏ ސޔ�ޏ 
ޔޓ�ޏ ޏޖ�ޏ
Ẽ� ޖ�ޕ ޒޗ�ޏ� ޔޖ�ޏ� ޒ�ޑ� ސ�ޑ�
C�
 C� 
ޏޒޏ�ޏ ސޒޏ�ޏ� 
ޖސ�ޏ ޕޔޏ�ޏ� 
ޒސ�ޏ ޗޓޏ�ޏ� 
ޓޓ�ޏ ޏޘ�ޏ� ޖޘ�ޏ�
ޓޔ�ޏ
C̃� ޓ�ޖ� ޘޒ�ޏ ސޓ�ޏ ޑ�ޑ ޗ�ސ
ɀ
 ' 
ޏ�ޑ ޑސ� 
ޏޖ�ޏ ޏ�ޗ 
ޓޖ�ޏ ޘ�ޓ 
ޖޓ�ޏ ޕ�ޑ 
ޕޓ�ޏ ޗ�ޑ
DG�
 DG� 
ޖޘ�ޏ ޏޓ�ޏ 
ސޘ�ޏ ޘޒ�ޏ 
ޕޘ�ޏ ޑޓ�ޏ 
ސޘ�ޏ ޏޓ�ޏ 
ޘޗ�ޏ ޔޒ�ޏ
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��� 3঎ট঒জ঒ঝ ঝ঑঎ ঌঘগট঎ঌঝ঒ট঎কঢ ঌঘঞঙক঎঍ ঒গজঝঊঋ঒ক঒ঝঢ ঒গ ঝ঑঎ ঎঒ঐ঎গএছ঎હঞ঎গঌঢ খঘ঍঎ক

*O $IBQUFS �
 XF CVJMU B DPOWFDUJWFMZ�DPVQMFE FJHFOGSFRVFODZ NPEFM UP JOWFTUJHBUF UIF MJOFBS JOTUB�

CJMJUJFT PG BTZNNFUSJFT JO B USPQJDBM�DZDMPOF MJLF WPSUFY
 BOE BQQMJFE UIF DPOWFDUJWF QBSBNFUFST FTUJ�

NBUFE GSPN QSFWJPVT TUVEJFT <,VBOH
 ����B
 "OEFSTFO � ,VBOH
 ����> BOE NPEJ୮ୢFE UIFN CBTFE

PO QIZTJDBM JOUVJUJPOT� 5IJT XBT DFSUBJOMZ B VTFGVM ୮ୢSTU TUFQ UP UBLF
 IPXFWFS JU MBDLFE B TPMJE GPVO�

EBUJPO BOE UIF RVBOUJUBUJWF BDDVSBDZ GPS FTUJNBUJOH UIF QBSBNFUFST� 5IFSFGPSF
 JO UIJT TFDUJPO XF

BSF HPJOH UP BQQMZ UIF QBSBNFUFST FTUJNBUFE JO UIJT DIBQUFS
 BOE SFWJTJU UIF MJOFBS JOTUBCJMJUJFT PG UIF

BTZNNFUSJFT GSPN UIF FJHFOGSFRVFODZ NPEFM� 5IF QBSBNFUFST BSF TVNNBSJ[FE JO 'JHVSF ����
 XIFSF

UIF TPMJE DVSWFT SFQSFTFOU UIF ୮ୢU PG SR
 ɀ BOE C� FTUJNBUFE GSPN UIF EFSJWFE WBMVFT BU TFWFSBM TQFDJ୮ୢFE

SBEJJ XIJDI BSF TIPXO BT DSPTTFT� 
VBMJUBUJWFMZތ UIF DIBOHF PG UIF QBSBNFUFS WBMVFT BMPOH UIF SBEJVT

JT DPOTJTUFOU XJUI PVS QIZTJDBM JOUVJUJPOT EFTDSJCFE JO $IBQUFS �� )PXFWFS
 UIF GSBNFXPSL CBTFE

PO MJOFBS SFTQPOTF GVODUJPOT DPOTUSBJOUT UIF QBSBNFUFST XJUI NPSF RVBOUJUBUJWF BDDVSBDZ BOE QSP�

WJEFT NPSF JOTJHIUT BT UP IPX UIF QBSBNFUFST DIBOHF PWFS UIF SBEJVT� .PSF JNQPSUBOUMZ
 UIF MJOFBS

SFTQPOTF GVODUJPO CBTFE GSBNFXPSL DBO TIPX XIFSF UIF QBSBNFUFST DIBOHF SBQJEMZ
 BOE UIFSFGPSF

NPSF MJOFBS SFTQPOTF GVODUJPOT JO UIBU SFHJPO OFFE UP CF DPOTUSVDUFE�

8IFO UIF QBSBNFUFST FTUJNBUFE GSPN UIF MJOFBS SFTQPOTF GVODUJPOT BSF BQQMJFE UP UIF DPOWFD�

UJWFMZ DPVQMFE NPEFM
 'JHVSF ���� TIPXT UIF HSPXUI SBUFT BOE UIF QSPQBHBUJOH TQFFET PG UIF VOTUBCMF

NPEFT� 5IF HFOFSBM GFBUVSFT PG UIF VOTUBCMF NPEFT BSF TJNJMBS UP UIF FYQFSJNFOU XJUI QBSBNFUFST

NPEJ୮ୢFE CBTFE PO TJNQMF QIZTJDBM JOUVJUJPOT
 CVU HSPXUI SBUFT PG UIF OFBSMZ TUBUJPOBSZ NPEFT BSF

OPU NPOPUPOJDBMMZ JODSFBTJOH XJUI B[JNVUIBM XBWFOVNCFS� *OTUFBE
 UIF HSPXUI SBUF OPX QFBLT BU
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(a)

(b)

(c)

Figure 4.15: Parameter estimates of (a) SR, (b) ɀ and (c) C� based on the framework of linear response functions. The
crosses indicate the direct estimates from the framework of linear response functions, and the lines in blue represent

the fit onto a functional form of a step function.
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XBWFOVNCFS �� 5IF HSPXUI SBUF PG UIF XBWFOVNCFS�POF BOE XBWFOVNCFS�UXP QFSUVSCBUJPOT BSF

BMTP TUSPOHFS UIBO UIF QSFWJPVT DBTFT� )PXFWFS
 JU JT TUJMM EJ୭GFSFOU GSPN XIBU XF PCTFSWF GSPN UIF

83' TJNVMBUJPOT XIPTF TJHOBM JT UIF TUSPOHFTU BU XBWFOVNCFS POF� 'JHVSF ���� TIPXT CPUI UIF IPS�

J[POUBM BOE WFSUJDBM TUSVDUVSF PG UFNQFSBUVSF BOE DPOWFDUJWF IFBUJOH ୮ୢFMET PG UIF OFBSMZ TUBUJPOBSZ

VOTUBCMF NPEF XJUI B[JNVUIBM XBWFOVNCFS�UXP� 4JNJMBS UP UIF QSFWJPVT FYQFSJNFOUT JO $IBQUFS �


UIF UFNQFSBUVSF TUSVDUVSF JT EPNJOBUFE CZ UIF TFDPOE CBSPDMJOJD NPEF
 XIJMF UIF DPOWFDUJWF IFBUJOH

JT EPNJOBUFE CZ UIF ୮ୢSTU CBSPDMJOJD NPEF
 JOEJDBUJOH UIF DPOWFDUJWFMZ�DPVQMFE PSJHJO PG UIF VOTUBCMF

NPEFT� *O BEEJUJPO
 UIF IPSJ[POUBM TUSVDUVSFT PG UIF UFNQFSBUVSF BOE DPOWFDUJWF IFBUJOH OPX IBWF B

DMFBS TQJSBM TUSVDUVSF�

Figure 4.16: Propagating speeds and growth rates of the unstable modes from the convectively coupled eigenfre-

quencymodel with refined parameters based on linear response functions. The size of the dots indicate the strength of

the growth rates.

<,VBOH
 ����B> QPJOUFE PVU UIBU XJUI JODSFBTJOH SFMBYBUJPO UJNFTDBMF ɑ-
 UIF JOTUBCJMJUZ BU IJHIFS
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(a)

(b)

(c)

(d)

Figure 4.17: Horizontal and vertical structure of themost unstable mode from the convectively coupled eigenfre-

quencymodel with refined parameters based on linear response functions. (a) is the horizontal temperature structure;

(b) is the horizontal heating structure; (c) is the vertical temperature structure and (d) is the vertical heating structure.
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Figure 4.18: Propagating speeds and growth rates of the unstable modes from the convectively coupled eigenfre-

quencymodel with refined parameters based on linear response functions, (a) with ɑ=10minutes, and (b) with ɑ=30
minutes. The size of the dots indicate the strength of the growth rates.

XBWFOVNCFS JT QSFGFSBCMZ SFEVDFE� 5IFSFGPSF
 XF QFSGPSNFE B TFOTJUJWJUZ UFTU PG UIF SFMBYBUJPO

UJNFTDBMF ɑ- 	'JHVSF ����

 BOE WFSJ୮ୢFE UIBU UIF VOTUBCMF DPOWFDUJWFMZ DPVQMFE NPEFT BSF JOEFFE JO�

IJCJUFE BU IJHIFS B[JNVUIBM XBWFOVNCFS� 5IF PWFSBMM JOTUBCJMJUZ PG UIF DPOWFDUJWFMZ DPVQMFE CSBODI

JT HSFBUMZ SFEVDFE EVF UP UIF JODSFBTFE SFMBYBUJPO UJNF TDBMF� *O PSEFS UP WJTVBMJ[F UIF TFOTJUJWJUZ PG

UIF HSBWJUZ XBWF CSBODI UP ɑ-
 UIF JOTUBCJMJUZ PG UIF NJYFE WPSUFY�3PTTCZ HSBWJUZ XBWF JT OPU QMPUUFE

JO 'JHVSF �����

��� $ঘগঌকঞজ঒ঘগ

*O UIJT DIBQUFS
 XF EFNPOTUSBUFE B TZTUFNBUJD QSPDFEVSF UIBU DBO HVJEF VT UPXBSE UIF DPOTUSVDUJPO

PG B TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPO NPEFM BOE IFMQ VT RVBOUJUBUJWFMZ DPOTUSBJO UIF QBSBNFUFST�

8F TUBSUFE CZ DPOTUSVDUJOH MJOFBS SFTQPOTF GVODUJPOT
 XIJDI BSF DPOTJEFSFE BT B DPNQMFUF NPEFM

UIBU SFMBUFT UIF UIFSNPEZOBNJD TUBUF WBSJBCMFT UP UIFJS DPOWFDUJWF UFOEFODJFT� 5IF MJOFBS SFTQPOTF
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GVODUJPOT BSF DPOTUSVDUFE BSPVOE TFWFSBM SFGFSFODF TUBUFT BMPOH UIF SBEJVT
 BOE XF GPVOE UIBU UIF

MJOFBS SFTQPOTF GVODUJPOT BU PVUFS SBEJJ RVBMJUBUJWFMZ SFTFNCMF UIF CFIBWJPS PG UIF MJOFBS SFTQPOTF

GVODUJPOT PG UIF 3$& DBTF� "U JOOFS SBEJJ
 XIFO UIF FOWJSPONFOU JT WFSZ XBSN BOE NPJTU
 UIF DPO�

WFDUJPO UFOET UP RVJDLMZ EBNQ BOZ UFNQFSBUVSF BOE NPJTUVSF BOPNBMJFT BOE BEKVTU UIF UFNQFSBUVSF

BOE NPJTUVSF UPXBSE B NPJTU BEJBCBUJD QSP୮ୢMF�

8JUI UIF MJOFBS SFTQPOTF GVODUJPOT
 XF UIFO SFEVDF UIF PSEFS PG UIF DPOWFDUJWFMZ DPVQMFE ��%

HSBWJUZ XBWF TZTUFN UP SFUBJO POMZ UXP WFSUJDBM WFMPDJUZ NPEFT BOE GPVS UIFSNPEZOBNJD NPEFT� 5IF

SFEVDFE TJYUI�PSEFS NPEFM JT BCMF UP SFQSPEVDF UIF CFIBWJPS PG UIF MFBTU EBNQFE NPEF GSPN UIF GVMM

NPEFM CBTFE PO UIF MJOFBS SFTQPOTF GVODUJPOT� 5IF SFUBJOFE UIFSNPEZOBNJD NPEFT JODMVEF UXP

GSFF�USPQPTQIFSJD UFNQFSBUVSF NPEFT
 POF GSFF�USPQPTQIFSJD NPJTUVSF NPEF BOE POF CPVOEBSZ MBZFS

.4& NPEF
 XIJDI JT DPOTJTUFOU XJUI UIF DIPJDFT PG UIF QSFWJPVT TJNQMF NPEFMT�

"G୴FS XF SFEVDF UIF PSEFS PG UIF DPOWFDUJWFMZ DPVQMFE TZTUFN
 XF TQMJU UIF SFEVDFE NPEFM JOUP B

TMPX NBOJGPME BOE B GBTU NBOJGPME BOE GPDVT POMZ PO UIF GBTU NBOJGPME CFDBVTF UIF JOTUBCJMJUZ PG UIF

DPOWFDUJWFMZ DPVQMFE CSBODI JT OPU TFOTJUJWF UP UIF DIBOHF JO UIF TMPX NBOJGPME� 5IJT QSPDFEVSF BMTP

BMMPXT VT UP DBTU UIF SFEVDFE NPEFM JOUP UIF GPSN PG UIF UXP�NPEF DPOWFDUJWF QBSBNFUFSJ[BUJPO BOE

UP FTUJNBUF UIF QBSBNFUFST JO UIF DPOWFDUJWF QBSBNFUFSJ[BUJPO� 5IF USFOET PG UIF QBSBNFUFST BMPOH

UIF SBEJVT BSF HFOFSBMMZ DPOTJTUFOU XJUI PVS QIZTJDBM JOUVJUJPOT
 BT EJTDVTTFE JO TFDUJPO ����

-BTUMZ
 XF BQQMJFE UIF QBSBNFUFST FTUJNBUFE GSPN UIF GSBNFXPSL PG MJOFBS SFTQPOTF GVODUJPOT UP

UIF FJHFOGSFRVFODZ NPEFM BOE SFWJTJU UIF MJOFBS JOTUBCJMJUJFT GSPN UIF TJNQMF NPEFM� 5IF TUSPOHFTU

JOTUBCJMJUZ PG UIF DPOWFDUJWFMZ�DPVQMFE CSBODI OPX TIJG୴T UPXBSE MPXFS B[JNVUIBM XBWFOVNCFS


UIPVHI UIF NPEFM XJUI UIF SF୮ୢOFE QBSBNFUFST TUJMM GBJMT UP DBQUVSF UIF TUSPOHFS TJHOBMT BU B[JNVUIBM
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XBWFOVNCFS�POF BOE XBWFOVNCFS�UXP� 4VDI JNQSPWFNFOUT FODPVSBHFT UP CVJME NPSF MJOFBS SF�

TQPOTF GVODUJPOT BMPOH UIF SBEJVT UP DPOTUSBJO UIF QBSBNFUFST NPSF�

5P TVNNBSJ[F
 XF BQQMJFE UIF GSBNFXPSL EFWFMPQFE JO ,VBOH <����> UP CFUUFS DPOTUSBJOU UIF DPO�

WFDUJWF SFTQPOTF JO BO JEFBMJ[FE USPQJDBM DZDMPOF CBTFE PO MJOFBS SFTQPOTF GVODUJPOT� 4VDI B GSBNF�

XPSL CVJMET B NPSF TPMJE GPVOEBUJPO GPS UIF DPOTUSVDUJPO PG TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPOT


WBMJEBUFT UIF QIZTJDBM JOUVJUJPOT CFIJOE UIF QBSBNFUFS DIPJDFT
 BOE FTUJNBUFT UIF QBSBNFUFST JO UIF

TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPO XJUI NPSF RVBOUJUBUJWF BDDVSBDZ�
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5
" OFX GSBNFXPSL UP TUVEZ 4&'

��� *গঝছঘ঍ঞঌঝ঒ঘগ

*O UIF QSFWJPVT DIBQUFST
 XF IBWF EJTDVTTFE UIF BTZNNFUSJD GFBUVSFT PG B USPQJDBM DZDMPOF
 JODMVEJOH

UIF QSPQBHBUJOH DIBSBDUFSJTUJDT BOE QPUFOUJBM NFDIBOJTNT PG TQJSBM SBJOCBOET BOE FZFXBMM EFGPS�

NBUJPOT� *O UIJT DIBQUFS
 XF BSF HPJOH UP EJTDVTT BOPUIFS SFNBSLBCMF TUSVDUVSBM GFBUVSF PG USPQJDBM

DZDMPOFT UIBU JT DMPTFMZ SFMBUFE UP UIF JOUFOTJUZ DIBOHFT PG USPQJDBM DZDMPOFT
 UIF TFDPOEBSZ FZFXBMM GPS�
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NBUJPOT 	4&'
� 4FDPOEBSZ FZFXBMM GPSNBUJPOT SFQSFTFOU UIF QSPDFTT EVSJOH XIJDI BO PVUFS FZFXBMM

BOE B TFDPOEBSZ XJOE NBYJNB GPSN BU TFWFSBM UJNFT UIF SBEJVT PG UIF QSJNBSZ FZFXBMM� 5IFZ BSF GSF�

RVFOUMZ PCTFSWFE JO NBUVSFE IVSSJDBOFT BOE BSF PG୴FO BTTPDJBUFE XJUI B UFNQPSBSZ XFBLFOJOH PG UIF

IVSSJDBOF JOUFOTJUZ XIFO UIF PVUFS FZFXBMM DPOUSBDUT BOE JOUFOTJ୮ୢFT
 GPMMPXFE CZ BO JODSFBTF JO UIF

BSFB DPWFSFE CZ TUSPOH XJOET BOE DPOTFRVFOU EBNBHFT�

1SFWJPVT TUVEJFT IBWF QSPQPTFE NBOZ QPTTJCMF NFDIBOJTNT GPS 4&'� &BSMZ TUVEJFT <4IBQJSP �

8JMMPVHICZ
 ����
 4DIVCFSU � )BDL
 ����
 )BDL � 4DIVCFSU
 ����> FNQIBTJ[FE UIF JNQPSUBODF

PG EZOBNJDBM BEKVTUNFOU UP MBUFOU IFBUJOH PVUTJEF UIF QSJNBSZ FZFXBMM CZ VTJOH B WBSJBUJPO PG UIF

&MJBTTFO <����> CBMBODFE WPSUFY NPEFM� 3FDFOUMZ
 .PPO � /PMBO <����> TUVEJFE UIF SFTQPOTF PG UIF

IVSSJDBOF XJOE ୮ୢFME UP UIF SBJOCBOE IFBUJOH XJUI B ��%
 OPO�IZESPTUBUJD
 MJOFBS NPEFM PG WPSUFY EZ�

OBNJDT� 5IFZ TIPXFE UIBU SFBMJTUJD EJTUSJCVUJPOT PG BTZNNFUSJD EJBCBUJD IFBUJOH JO PVUFS SBJOCBOET

DPVME SFQSPEVDF TFDPOEBSZ XJOE NBYJNVN BOE PUIFS DJSDVMBUJPO GFBUVSFT PG୴FO PCTFSWFE JO SBJO�

CBOET� 8JUI 83' TJNVMBUJPOT
 3P[P୭G FU BM� <����> GPVOE UIBU UIF TFDPOEBSZ FZFXBMM FNFSHFE XIFSF

JODSFBTFE JOFSUJBM SFTJTUBODF JODSFBTFT UIF F୭୮ୢDJFODZ XJUI XIJDI MBUFOU IFBUJOH MPDBMMZ XBSNT UIF USP�

QPTQIFSF BOE JODSFBTFT UIF UBOHFOUJBM XJOET�

*O BEEJUJPO UP UIF EZOBNJDBM BEKVTUNFOU
 NBOZ SFDFOU QBQFST <4NJUI FU BM�
 ����
 )VBOH FU BM�


����
 ,FQFSU
 ����> BSHVFE UIBU UIF VOCBMBODFE CPVOEBSZ MBZFS EZOBNJDT JT FTTFOUJBM JO JOJUJBUJOH PS

DPOUSJCVUJOH UP UIF 4&' BOE FZFXBMM SFQMBDFNFOU DZDMF� 4NJUI FU BM� <����> BSHVFE UIBU B NBKPS EF୮ୢ�

DJFODZ JO DPOWFOUJPOBM IVSSJDBOF UIFPSZ JT UIF BTTVNQUJPO PG HSBEJFOU XJOE CBMBODF JO UIF CPVOEBSZ

MBZFS� 6TJOH B TMBC CPVOEBSZ MBZFS NPEFM
 UIFZ BEESFTTFE UIF SPMF PG UIF TVQFSHSBEJFOU XJOE
 UIF

PWFS�TIPPUJOH SBEJBM JO୯୳PX
 BOE B SFTVMUJOH TUSPOH DPOWFSHFODF SFHJPO XJUIJO UIF CPVOEBSZ MBZFS

���



JO TQJOOJOH VQ UIF IVSSJDBOF BOE GPSNJOH UIF QSJNBSZ FZFXBMM� )VBOH FU BM� <����> QSPQPTFE UIBU B

TJNJMBS NFDIBOJTN BMTP BQQMJFT UP 4&'
 BOE "CBSDB � .POUHPNFSZ <����> GVSUIFS DPODMVEFE UIBU

BYJTZNNFUSJD CPVOEBSZ MBZFS EZOBNJDT BMPOF BSF DBQBCMF PG EFWFMPQJOH TFDPOEBSZ XJOE NBYJNB� *O

DPOUSBTU
 ,FQFSU <����> BSHVFE UIBU UIF CPVOEBSZ MBZFS DPVME BTTJTU CVU OPU JOJUJBUF 4&'� )F GPVOE

UIBU UIF VQESBG୴ NPUJPO XJUIJO UIF CPVOEBSZ MBZFS JT TJNQMZ EFUFSNJOFE CZ UIF WPSUJDJUZ ୮ୢFME BQ�

QMJFE BCPWF UISPVHI &LNBO QVNQJOH� 3FDFOUMZ
 ,FQFSU � /PMBO <����> RVBMJUBUJWFMZ TQFDJ୮ୢFE B

QIZTJDBM MJOL CFUXFFO UIF CPVOEBSZ MBZFS DPOWFSHFODF BOE UIF EFFQ DPOWFDUJPO
 JO XIJDI UIF CPVOE�

BSZ MBZFS DPOWFSHFODF DBO MPDBMJ[F DPOWFDUJPO UISPVHI UIF SFMFBTF PG DPOEJUJPOBM JOTUBCJMJUZ
 SFEVD�

UJPO PG TUBCJMJUZ GSPN WFSUJDBM TUSFUDIJOH
 PS UISPVHI NPJTUVSF DPOWFSHFODF� 0OF MJNJUBUJPO PG NPTU

PG UIF CPVOEBSZ MBZFS NPEFMT JT UIBU UIFZ BTTVNFE UIF WPSUFY JO UIF GSFF�USPQPTQIFSF UP CF DPOTUBOU

BOE EJE OPU BDDPVOU GPS UIF GFFECBDL GSPN UIF CPVOEBSZ MBZFS UP UIF JNQPTFE QSFTTVSF HSBEJFOU BU

UIF UPQ�

4FWFSBM TUVEJFT IBWF USJFE UP DPNQBSF UIF SFMBUJWF JNQPSUBODF PG EZOBNJDBM BEKVTUNFOU BOE VOCBM�

BODFE CPVOEBSZ MBZFS QSPDFTTFT� 3P[P୭G FU BM� <����> GPVOE UIBU SFTQPOTF UP EJBCBUJD GPSDJOH EPNJ�

OBUFT UIF SFTQPOTF UP GSJDUJPOBM GPSDJOH
 BOE .FOFMBPV FU BM� <����> BSHVFE UIBU UIF TFDPOEBSZ XJOE

NBYJNB DPVME CF HFOFSBUFE FWFO XJUIPVU CPVOEBSZ MBZFS QIZTJDT� )PXFWFS
 .FOFMBPV FU BM� <����>

VTFE B ESZ EZOBNJD NPEFM
 UIVT OFHMFDUFE UIF GFFECBDL CFUXFFO NPJTU DPOWFDUJPO BOE CPVOEBSZ

MBZFS ୯୳PX
 XIJDI JT MJLFMZ JNQPSUBOU GPS 4&'� 5IF CPVOEBSZ MBZFS EZOBNJDT NBZ TFSWF UP NPEJGZ

UFNQFSBUVSF BOE NPJTUVSF QSP୮ୢMF UISPVHI UIF DPOWFSHFODF PG FOUIBMQZ
 UIFSFGPSF JODSFBTJOH JOTUB�

CJMJUZ BOE $"1&
 BOE UIFTF JOEJSFDU F୭GFDUT PG UIF CPVOEBSZ MBZFS EZOBNJDT PO 4&' SFRVJSF GVUIFS

UFTUT�

���



" DPOWJODJOH NFDIBOJTN PG 4&' JT TUJMM MBDLJOH
 NBJOMZ CFDBVTF UIF EZOBNJDT BOE UIF NPJTU DPO�

WFDUJPOT BTTPDJBUFE XJUI 4&' BSF TUSPOHMZ DPVQMFE
 BOE UIF DBVTBMJUZ SFNBJOT B DIJDLFOأ BOE FHHأ

QSPCMFN� " DPNQSFIFOTJWF NPEFM
 TVDI BT 83'
 DBO TJNVMBUF UIF QIFOPNFOPO PG 4&'� IPXFWFS
 JU

JT EJ୭୮ୢDVMU UP VTF TVDI B NPEFM UP EJSFDUMZ TUVEZ UIF GFFECBDL CFUXFFO UIF DPOWFDUJPOT BOE EZOBNJDT

TJODF UIFZ BSF IJHIMZ DPVQMFE JO TVDI B DPNQSFIFOTJWF NPEFM� 5IFSFGPSF
 UIF QSJNBSZ QVSQPTF PG

UIJT DIBQUFS JT UP JOUSPEVDF B OFX GSBNFXPSL UIBU BJNT UP VOUBOHMF UIF GFFECBDL CFUXFFO DPOWFDUJWF

QSPDFTTFT BOE BYJTZNNFUSJD EZOBNJDT BOE BMMPXT NPSF ୯୳FYJCJMJUZ GPS VT UP UFTU EJ୭GFSFOU IZQPUIFTFT�

5IF SFTU PG UIF DIBQUFS XJMM CF PSHBOJ[FE JO UIF GPMMPXJOH TFDUJPOT� *O TFDUJPO ���
 XF XJMM JOUSP�

EVDF UIF 83' TJNVMBUJPOT PG 4&'
 XIJDI XJMM CF DPOTJEFSFE BT HSPVOE USVUI GPS UIF TJNQMF NPEFM UP

DPNQBSF� 8F XJMM UIFO JOUSPEVDF UIF TJNQMF BYJTZNNFUSJD GSBNFXPSL JO TFDUJPO ��� BOE EFTDSJCF UIF

DPVQMJOH CFUXFFO UIF ESZ BYJTZNNFUSJD NPEFM BOE B DMPVE�SFTPMWJOH NPEFM� *O TFDUJPO ���
 XF XJMM

EJTDVTT TPNF QSFMJNJOBSZ SFTVMUT
 BOE JO TFDUJPO ��� XF XJMM IJHIMJHIU TPNF QPUFOUJBM EJSFDUJPOT PG UIF

DPVQMFE GSBNFXPSL�

��� *঍঎ঊক঒ণ঎঍ জ঒খঞকঊঝ঒ঘগ ঘএ 4&' ঒গ 83'

8F VTF UIF 8FBUIFS 3FTFBSDI BOE 'PSFDBTUJOH 	83'
 NPEFM UP QFSGPSN BO JEFBMJ[FE TJNVMBUJPO PG

4&' JO B USPQJDBM DZDMPOF� 5IF NPEFM DPO୮ୢHVSBUJPO JT TJNJMBS UP UIPTF VTFE JO B QSFWJPVT JEFBMJ[FE

IVSSJDBOF TUVEZ <;IV � ;IV
 ����>� 5IF NPEFM TVSGBDF JT TFU UP CF TFB TVSGBDF XJUI B IPNPHFOPVT

TVSGBDF UFNQFSBUVSF PG ��◦$� 5IF TJNVMBUJPO JT QFSGPSNFE PO BO G�QMBOF XJUI B DPOTUBOU $PSJP�

MJT QBSBNFUFS FRVJWBMFOU UP UIBU BU ��◦/� 5IF TJNVMBUJPO JT EPOF PWFS UISFF UXP�XBZ OFTUFE EP�

���



NBJOT XJUI B IPSJ[POUBM SFTPMVUJPO PG �LN
 �LN
 BOE ��LN BOE EPNBJO TJ[F PG ���LN×���LN


����LN×����LN BOE ����LN×����LN� %PVCMZ�QFSJPEJD MBUFSBM CPVOEBSZ DPOEJUJPOT BSF BQQMJFE

UP UIF PVUFSNPTU MBUFSBM CPVOEBSJFT� 5IF PVUFSNPTU EPNBJO JT MBSHF FOPVHI UP QSFWFOU JOUFSBDUJPO

BNPOH IVSSJDBOFT BDSPTT UIF MBUFSBM CPVOEBSJFT� 5IFSF BSF �� MFWFMT JO UIF WFSUJDBM XJUI B NPEFM UPQ

BU BQQSPYJNBUFMZ ��I1B� 5IF TJNVMBUJPO JT SVO GPS �� IPVST
 BOE UIF IJTUPSZ TOBQTIPUT BSF PVUQVU

FWFSZ �� NJOVUFT JO UIF JOOFS EPNBJO�

8F VTF UIF .FMMPS�:BNBEB�+BOKJD 	.:+
 TDIFNF <+BOKJÇ
 ����
 ����> GPS UIF TVCHSJE�TDBMF 	4(4


WFSUJDBM UVSCVMFOU NJYJOH
 BOE UIF ��% 4NBHPSJOTLZ <����> UVSCVMFODF TDIFNF GPS IPSJ[POUBM EJ୭GV�

TJPO� 5IF $IBSOPDL GPSNVMB <$IBSOPDL
 ����>
 VTFE JO UIF .:+ TVSGBDF TDIFNF UP EFUFSNJOF TVSGBDF

SPVHIOFTT
 JT SFQMBDFE CZ UIF GPSNVMB QSPQPTFE CZ %BWJT FU BM� <����> UP SF୯୳FDU UIF PCTFSWFE WBSJB�

UJPO PG ESBH DPF୭୮ୢDJFOU JO UIF IJHI XJOE SFHJNF <%POFMBO FU BM�
 ����>� 8F DIPPTF UIF 5IPNQTPO

TDIFNF <5IPNQTPO FU BM�
 ����
 ����> GPS NJDSPQIZTJDT
 BOE UIF ,BJO�'SJUTDI TDIFNF <,BJO
 ����>

BT UIF DVNVMVT QBSBNFUFSJ[BUJPO GPS UIF PVUFSNPTU EPNBJO� /P DVNVMVT QBSBNFUFSJ[BUJPO JT VTFE

JO UIF UXP JOOFS EPNBJOT� 8F VTF UIF 3BQJE 3BEJBUJWF 5SBOTGFS .PEFM SBEJBUJPO 	335.
 TDIFNF

<.MBXFS FU BM�
 ����> GPS MPOHXBWF SBEJBUJPO BOE UIF %VEIJB TDIFNF <%VEIJB
 ����> GPS TIPSUXBWF

SBEJBUJPO� 4JODF UIJT JEFBMJ[FE TUVEZ GPDVTFT PO JOUFSOBM GFFECBDLT
 WFSUJDBM XJOE TIFBS BOE PUIFS FOWJ�

SPONFOUBM GPSDJOH BSF OPU JNQPTFE JO UIF TJNVMBUJPO�

8F JOJUJBMJ[FE UIF TJNVMBUJPO XJUI BO JEFBMJ[FE DBUFHPSZ�� IVSSJDBOF WPSUFY
 BOE UIF UFNQFSBUVSF

BOE UIF QSFTTVSF ୮ୢFMET BSF JO IZESPTUBUJD CBMBODF BOE HSBEJFOU XJOE CBMBODF XJUI UIF WPSUFY XJOE�

5IF SBEJBM QSP୮ୢMF PG UIF UBOHFOUJBM XJOE JT EFUFSNJOFE CBTFE PO 8PPE � 8IJUF Tؠ<����> GPSNVMB


BOE UIF WFSUJDBM FYUFOTJPO JT CBTFE PO BO BOBMZUJDBM GVODUJPO QSPQPTFE CZ /PMBO � .POUHPNFSZ

���



<����>� 5IF JOJUJBM GBS�୮ୢFME UFNQFSBUVSF BOE IVNJEJUZ QSP୮ୢMFT BSF TQFDJ୮ୢFE CZ UIF OPO�4BIBSBO BJS

MBZFS TPVOEJOH PG %VOJPO � .BSSPO <����>
 XIJDI JT B NPEJ୮ୢFE BOE FYUSBQPMBUFE WFSTJPO PG +PSEBO

<����>�

Figure 5.1: Time evolution of the centeral surface pressure (hPa, blue curve), themaximummean tangential wind at the

height of 1 km (m/s, yellow curve), and the radius of maximumwind (km, green curve) of theWRF simulation.

'JHVSF ��� TIPXT UIF UJNF TFSJFT PG UIF TVSGBDF QSFTTVSF BU UIF DFOUFS PG UIF TUPSN
 UIF NBYJNVN

B[JNVUIBM NFBO UBOHFOUJBM XJOET
 BOE UIF SBEJVT PG UIF NBYJNVN XJOE 	3.8
 BU UIF IFJHIU PG

�LN PG UIF TJNVMBUFE WPSUFY� "G୴FS UIF JOJUJBM TQJO�EPXO
 UIF EFFQ DPOWFDUJPO EFWFMPQT BOE TBUVSBUFT

UIF WPSUFY DPSF
 BOE UIF TUPSN DBO CF TFMG�NBJOUBJOFE� 5IF TUPSN VOEFSHPFT B SBQJE JOUFOTJ୮ୢDBUJPO

EVSJOH XIJDI UIF DFOUSBM TVSGBDF QSFTTVSF RVJDLMZ ESPQT UP BCPVU ��� I1B
 UIF NBYJNVN UBOHFO�

UJBM XJOE JODSFBTFT UP �� N�T BOE UIF 3.8 DPOUSBDUT UP �� LN� "U ��I
 UIFSF JT B TVEEFO JODSFBTF
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JO 3.8 BOE B ESPQ JO UIF NBYJNVN UBOHFOUJBM XJOE
 XIJDI DPSSFTQPOET UP UIF GPSNBUJPO PG B

TFDPOEBSZ FZFXBMM� "G୴FS UIF TFDPOEBSZ FZFXBMM GPSNT
 UIF FZFXBMM SFQMBDFNFOU DZDMF CFHJOT
 EVSJOH

XIJDI UIF NBYJNVN UBOHFOUJBM XJOE SFDPWFST
 BOE UIF 3.8 DPOUSBDUT UP B TNBMMFS SBEJVT� %VS�

JOH UIF TBNF QFSJPE
 UIF DFOUSBM TVSGBDF QSFTTVSF TMJHIUMZ JODSFBTFT� 0ODF UIF &3$ JT DPNQMFUFE
 UIF

USPQJDBM DZDMPOF SF�JOUFOTJ୮ୢFT UP B TUBHF XJUI TUSPOHFS UBOHFOUJBM XJOET BOE MBSHFS JNQBDU BSFB UIBO

CFGPSF�

'JHVSF ��� TIPXT UIF TOBQTIPUT PG UIF TJNVMBUFE SBEBS SF୯୳FDUJWJUZ BU UIF IFJHIU PG �LN EVSJOH UIF

&3$ XJUI B UJNF JOUFSWBM PG � IPVST BOE JMMVTUSBUFT B IPSJ[POUBM WJFX PG UIF &3$� %VSJOH UIF FBSMZ

TUBHF GSPN ��I UP ��I
 TDBUUFSFE DPOWFDUJPOT TUBSU UP EFWFMPQ BU B MBSHFS SBEJVT� 5IFO DPOWFDUJPOT

CFDPNF NPSF PSHBOJ[FE BOE CFHJO UP TQJSBM JOXBSE BOE XSBQ BSPVOE UIF QSJNBSZ FZFXBMM� "U ��I
 B

DMPTFE TFDPOEBSZ FZFXBMM GPSNT XJUI B XFMM PSHBOJ[FE TQJSBM SBJOCBOE BUUBDIFE BU B MBSHFS SBEJVT� %VS�

JOH UIF &3$ 	GSPN �� I UP �� I

 UIF TFDPOEBSZ FZFXBMM DPOUJOVFT UP JOUFOTJGZ BOE DPOUSBDU
 XIJMF

UIF QSJNBSZ FZFXBMM CFDPNFT XFBLFS BOE XFBLFS BOE FWFOUVBMMZ EJNJOJTIFT� "G୴FS UIF &3$
 UIF

PVUFS FZFXBMM UBLFT PWFS UIF SPMF PG UIF QSJNBSZ FZFXBMM BOE SFNBJOT BU B SBEJVT BCPVU �� LN MBSHFS

UIBO UIF PSJHJOBM POF� 5IF UJNF FWPMVUJPO PG B[JNVUIBM NFBO WFSUJDBM WFMPDJUZ BU UIF IFJHIU PG �LN

BOE UIF UBOHFOUJBM XJOE BU UIF IFJHIU PG �LN BSF TIPXO JO 'JHVSF ���
 XIJDI QSPWJEFT BO B[JNVUIBMMZ

BWFSBHFE WJFX PG UIF 4&' BOE &3$� *U DPO୮ୢSNT UIBU XFBL VQESBG୴T GPSN BU B MBSHFS SBEJVT CFUXFFO

���LN UP ���LN CFGPSF ��I BOE SBQJEMZ QSPQBHBUF JOXBSE BOE GPSN B TFDPOEBSZ FZFXBMM BU BCPVU

��LN� "G୴FS UIF &3$ JT DPNQMFUFE
 UIF USPQJDBM DZDMPOF CFDPNFT B TUSPOHFS BOE MBSHFS POF�

"MUIPVHI UIF TJNVMBUJPO JT QFSGPSNFE XJUI BO JEFBMJ[FE TFUUJOH
 JU SFTFNCMFT NBOZ PG UIF DSJUJDBM

BTQFDUT UIBU XFSF PCTFSWFE GSPN UIF ୯୳JHIU�MFWFM EBUB BOE TBUFMMJUF NJDSPXBWF JNBHFSZ <4JULPXTLJ
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Figure 5.2: Snapshots of synthetic radar reflectivity (dBZ) at the height of 1 km from the 28th hour to the 88th hour at

a time interval of 4 h.
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Figure 5.3: Hovmöller diagram of the azimuthal mean (a) tangential wind (m/s) at the height of 1 km and (b) vertical

velocity (m/s) at the height of 5 km.

FU BM�
 ����>� 5IFSFGPSF
 GPS UIF SFTU PG UIF DIBQUFS
 XF BSF HPJOH UP DPOTJEFS UIJT JEFBMJ[FE TJNVMBUJPO

GSPN B GVMM QIZTJDT NPEFM BT UIF HSPVOE USVUI UP WBMJEBUF UIF TJNQMF GSBNFXPSL UIBU XF BSF HPJOH UP

EFWFMPQ�

��� 5঑঎ ঌঘগট঎ঌঝ঒ট঎কঢ ঌঘঞঙক঎঍ ঊড঒জঢখখ঎ঝছ঒ঌ এছঊখ঎ঠঘছঔ

5IF DPOWFDUJWFMZ DPVQMFE BYJTZNNFUSJD GSBNFXPSL DPOTJTUT PG UXP QBSUT
 B ESZ BYJTZNNFUSJD EZ�

OBNJD NPEFM UIBU TJNVMBUFT IVSSJDBOF�TDBMF DJSDVMBUJPO BT UIF SFTQPOTF UP DPOWFDUJWF IFBUJOH
 BOE

B DMPVE�SFTPMWJOH NPEFM UIBU SFTPMWFT MPDBM DPOWFDUJPOT HJWFO UIF GPSDJOH GSPN UIF IVSSJDBOF�TDBMF

DJSDVMBUJPO� 5IF GSBNFXPSL FYQMJDJUMZ TJNVMBUFT UIF GFFECBDL CFUXFFO UIF IVSSJDBOF�TDBMF DJSDVMB�

UJPO BOE MPDBM DPOWFDUJPOT
 UIFSFGPSF QSPWJEFT VT NPSF ୯୳FYJCJMJUZ UP NBOJQVMBUF POF DPNQPOFOU PS
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BOPUIFS JO UIF XIPMF GFFECBDL MPPQ BOE BMMPXT VT UP UFTU EJ୭GFSFOU IZQPUIFTJT EJSFDUMZ�

����� 5঑঎ ঍ছঢ ঊড঒জঢখখ঎ঝছ঒ঌ ঍ঢগঊখ঒ঌ খঘ঍঎ক

5IF ESZ BYJTZNNFUSJD EZOBNJD NPEFM MBSHFMZ GPMMPXT UIF OVNFSJDBM NPEFM EFWFMPQFE CZ 3PUVOOP �

&NBOVFM <����>
 FYDFQU UIBU BMM UIF QSPDFTTFT PG NPJTU DPOWFDUJPOT IBWF CFFO FYUFSOBMJ[FE
 BOE BMM UIF

IZESP�WBSJBCMFT BSF TFU UP [FSP� 5IF BYJTZNNFUSJD NPEFM JT OPO�IZESPTUBUJD BOE DPNQSFTTJCMF
 BOE

DBO CF XSJUUFO JO UIF GPMMPXJOH GPSN
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5IF ୮ୢWF QSPHOPTUJD WBSJBCMFT BSF UIF WFMPDJUJFT JO UIF SBEJBM
 B[JNVUIBM
 BOE WFSUJDBM EJSFDUJPOT
 (V, W,X)�

UIF OPO�EJNFOTJPOBM QSFTTVSF QFSUVSCBUJPO GSPN JUT CBTF TUBUF ɍ� BOE UIF QPUFOUJBM UFNQFSBUVSF Ʌ�

1BSBNFUFST JODMVEF G
 UIF $PSJPMJT QBSBNFUFS
 DQ
 UIF TQFDJ୮ୢD IFBUJOH PG ESZ BJS BU DPOTUBOU QSFTTVSF


D
 UIF TQFFE PG TPVOE BOE Ɏ
 UIF EFOTJUZ PG BJS� VBOUJUJFTތ XJUI BO PWFSCBS SFQSFTFOU UIFJS SFGFSFODF

TUBUFT
 XIJDI BSF GVODUJPOT PG [ POMZ
 BOE IFSF UIF SFGFSFODF TUBUF JT DIPTFO UP CF UIF NPUJPOMFTT IZ�

ESPTUBUJD TUBUF� 5IF TZNCPMT% EFOPUF EJ୭GVTJWF QSPDFTTFT
 XIJDI BSF EPNJOBUFE CZ FEEZ EJ୭GVTJPO

���



JO BO BYJTZNNFUSJD NPEFM� )EJBC JT UIF B[JNVUIBM NFBO DPOWFDUJWF IFBUJOH GSPN NJDSPQIZTJDT BOE

DPOWFDUJPO
 USFBUFE BT BO FYUFSOBM GPSDJOH UP UIF ESZ EZOBNJD NPEFM� %FQFOEJOH PO UIF QVSQPTF PG

UIF FYQFSJNFOUT
 UIF DPOWFDUJWF IFBUJOH DBO FJUIFS CF EJBHOPTFE GSPN B GVMM QIZTJDT TJNVMBUJPO PS

DPNQVUFE GSPN B DMPVE�SFTPMWJOH NPEFM DPVQMFE UP UIF ESZ NPEFM BT TIPXO JO TFDUJPO ������

'PS EFUBJMT PG UIF BYJTZNNFUSJD NPEFM
 JODMVEJOH JUT EJ୭GVTJPO TDIFNF
 CPVOEBSZ DPOEJUJPOT


UIF EFTJHO PG JUT UPQ TQPOHF MBZFS
 UIF USFBUNFOU PG JUT SBEJBUJWF DPPMJOH
 BOE JUT TQBDF EJTDSFUJ[BUJPO


QMFBTF SFGFS UP 3PUVOOP � &NBOVFM <����>� 0OF EFUBJM UIBU XF IBWF EPOF EJ୭GFSFOUMZ GSPN 3PUVOOP

� &NBOVFM <����> JT UIBU XF FYDMVEFE UIF 3JDIBSETPO OVNCFS EFQFOEFODF PG UIF EJ୭GVTJWJUZ ɉ
 CF�

DBVTF XF GPVOE UIBU UIF WFSUJDBM EJ୭GVTJWJUZ DBO CF UPP TNBMM UP TNPPUI PVU TNBMM TDBMF OPJTF VOEFS

MBSHF 3JDIBSETPO OVNCFS SFHJNF
 BOE JU DBO DBVTF JOTUBCJMJUZ XIFO UIF ESZ NPEFM JT UIFO DPVQMFE

XJUI B $3.� 8F VTF UIF �UI�PSEFS 3VOHF�,VUUB TDIFNF GPS UJNF JOUFHSBUJPO�

����� $ঘঞঙক঒গঐ ঠ঒ঝ঑ ঊ ঌকঘঞ঍ ছ঎জঘকট঒গঐ খঘ঍঎ক

0O UPQ PG UIF ESZ BYJTZNNFUSJD NPEFM
 XF BSF HPJOH UP DPWFS B TNBMM SFHJPO PG UIF EPNBJO XJUI B

DMPVE�SFTPMWJOH NPEFM UP SFTPMWF MPDBM DPOWFDUJPOT� 5IF $3. PCUBJOT IVSSJDBOF�TDBMF GPSDJOH TVDI

BT UIF IPSJ[POUBM BOE WFSUJDBM BEWFDUJPO PG UFNQFSBUVSF BOE NPJTUVSF GSPN UIF ESZ BYJTZNNFUSJD

NPEFM BOE DBMDVMBUFT MPDBM DPOWFDUJWF IFBUJOH
 XIJDI JT UIFO GFE CBDL UP UIF BYJTZNNFUSJD NPEFM�

0O UIF POF IBOE
 UIF DPVQMJOH JOUFSOBMJ[FT UIF GPSDJOH PG DPOWFDUJWF IFBUJOH MPDBMMZ
 XIJDI JT OPX

FWPMWJOH XJUI UIF IVSSJDBOF�TDBMF EZOBNJDT BOE OPU TJNQMZ BO FYUFSOBM GPSDJOH� 0O UIF PUIFS IBOE


XF TUJMM IBWF UIF ୯୳FYJCJMJUZ UP NBOJQVMBUF FBDI DPNQPOFOU PG UIF TZTUFN�

5P TUVEZ 4&'
 XF DIPPTF UP IBWF UIF $3. DPWFSJOH UIF BSFB PG PVUFS SBJOCBOET
 XIJDI FWFO�

���



UVBMMZ EFWFMPQ JOUP B TFDPOEBSZ FZFXBMM TP UIBU UIF JOUFSBDUJPO CFUXFFO UIF DPOWFDUJPO XJUIJO UIF

TFDPOEBSZ FZFXBMM SFHJPO BOE UIF IVSSJDBOF�TDBMF DJSDVMBUJPO DBO CF EJSFDUMZ SFQSFTFOUFE� 5IF $3.

EPNBJO JT TMBOUFE UP BDDPVOU GPS UIF TMBOUFE TUSVDUVSF PG DPOWFDUJPO� #PUI UIF ESZ BYJTZNNFUSJD

NPEFM BOE UIF $3. BSF JOJUJBMJ[FE XJUI UIF TBNF JOJUJBM DPOEJUJPO
 JODMVEJOH UIF TBNF JOJUJBM TPVOE�

JOH BOE UIF TBNF GPSDJOH� %VSJOH FBDI JUFSBUJPO PG UIF DPVQMJOH
 UIF DMPVE�SFTPMWJOH NPEFM JT GPSDFE

CZ UIF IVSSJDBOF�TDBMF WFSUJDBM WFMPDJUZ X
 BOE UIF MBSHF�TDBMF UFNQFSBUVSF GPSDJOH
 ' = −V∂Ȁ
∂Y +

%(Ʌ) + 3DPPMJOH + 3EBNQJOH EJBHOPTFE GSPN UIF ESZ NPEFM
 BOE GFFET UIF VQEBUFE DPOWFDUJWF IFBU�

JOH 2$3. CBDL UP UIF ESZ NPEFM� 4JODF UIF ESZ NPEFM EPFT OPU IBWF QSPHOPTUJD FRVBUJPOT GPS UIF

IZESPNFUFST
 UIF MBSHF�TDBMF GPSDJOH PG UIF XBUFS WBQPS JT OPU JODMVEFE JO UIF GFFECBDL CFUXFFO UIF

ESZ NPEFM BOE UIF $3.�

4QFDJ୮ୢDBMMZ
 XF VTF UIF 4ZTUFN GPS "UNPTQIFSJD .PEFMJOH 	4".
 ,IBJSPVUEJOPW � 3BOEBMM

<����>
 BT UIF DMPVE�SFTPMWJOH NPEFM� "MM TJNVMBUJPOT BSF QFSGPSNFE PWFS BO PDFBO TVSGBDF XJUI B

୮ୢYFE TFB TVSGBDF UFNQFSBUVSF PG ��◦$� 5IF IPSJ[POUBM EPNBJO TJ[F JT ��LN× ��LN XJUI B SFTP�

MVUJPO PG ��� LN� 5IFSF BSF �� WFSUJDBM MBZFST XJUI ���N WFSUJDBM SFTPMVUJPO� 5IF UPQ UIJSE PG UIF

EPNBJO JT B XBWF�BCTPSCJOH MBZFS�

��� 1ছ঎ক঒খ঒গঊছঢ ছ঎জঞকঝজ

5P WBMJEBUF UIF ESZ BYJTZNNFUSJD NPEFM
 XF ୮ୢSTU GPSDF UIF NPEFM XJUI DPOWFDUJWF IFBUJOH EJBHOPTFE

GSPN UIF 83' TJNVMBUJPO� 'JHVSFT ��� BOE ��� TIPXT UIF TUSVDUVSF PG UIF UBOHFOUJBM XJOET 	N�T
 BOE

WFSUJDBM XJOET 	N�T
 GSPN UIF ESZ NPEFM BT B GVODUJPO PG IFJHIU BOE SBEJVT DPNQBSFE UP UIPTF GSPN

���



UIF 83' TJNVMBUJPOT EVSJOH UIF &3$�


VBMJUBUJWFMZތ UIF ESZ BYJTZNNFUSJD NPEFM DBO SFQSPEVDF UIF DJSDVMBUJPO TUSVDUVSF GSPN UIF 83'

TJNVMBUJPO
 HJWFO UIF DPOWFDUJWF IFBUJOH EJBHOPTFE GSPN 83'� *U DBO SFQSPEVDF UIF TVQFS�HSBEJFOU

UBOHFOUJBM XJOE JO UIF CPVOEBSZ MBZFS EVSJOH UIF FBSMZ TUBHF PG TFDPOEBSZ FZFXBMM GPSNBUJPO� /FBS

UIF PVUFS CPVOEBSZ PG UIF ESZ NPEFM
 UIF WPSUFY TUSVDUVSF UFOET UP CF ୯୳BU BMPOH UIF SBEJVT NBJOMZ

EVF UP UIF ୯୳VY GPSN CPVOEBSZ DPOEJUJPO VTFE BU UIF PVUFS CPVOEBSZ
 XIJDI MBSHFMZ FMJNJOBUFT UIF

IPSJ[POUBM HSBEJFOU PG WBSJBCMFT� 5IF WFSUJDBM WFMPDJUZ GSPN UIF ESZ NPEFM SFTFNCMFT UIPTF GSPN UIF

83' TJNVMBUJPO BT XFMM CVU JT MFTT OPJTZ UIBO UIPTF GSPN 83'� 
VBOUJUBUJWFMZތ UIF ESZ NPEFM UFOET

UP QSPEVDF XFBLFS DJSDVMBUJPO UIBO UIPTF GSPN 83'� 4VDI EJ୭GFSFODFT NBZ CF DBVTFE CZ UIF BYJT�

TZNNFUSJD TJNQMJ୮ୢDBUJPO NBEF CZ UIF ESZ NPEFM� 5IF 83' TJNVMBUJPOT BSF GVMMZ UISFF�EJNFOTJPOBM


XIJMF UIF ESZ NPEFM JT BO BYJT�TZNNFUSJD NPEFM XJUI UIF BTZNNFUSJD UFSNT CFJOH QBSBNFUFSJ[FE�

5IFSFGPSF
 UIF ESZ NPEFM DBOOPU SFQMJDBUF UIF 83' TJNVMBUJPOT QFSGFDUMZ
 CVU JU JT VTFGVM UP TUVEZ

UIF CFIBWJPS PG UIF IVSSJDBOF�TDBMF DJSDVMBUJPO BT SFTQPOTF UP UIF DPOWFDUJWF IFBUJOH�

��� 1ঘঝ঎গঝ঒ঊক এঞঝঞছ঎ ঍঒ছ঎ঌঝ঒ঘগজ

5IF ୮ୢSTU FYQFSJNFOU UIJT NPEFM XPVME CF BCMF UP UFTU JT XIFUIFS JOUFOTJ୮ୢDBUJPO PG TFDPOEBSZ FZFXBMM

JT EVF UP MJOFBS JOTUBCJMJUZ PS ୮ୢOJUF BNQMJUVEF JOTUBCJMJUZ� #PUI UIF ESZ NPEFM BOE UIF $3. DBO CF

JOJUJBMJ[FE UP UIF TBNF TUFBEZ TUBUF� 5IFO BO JOTUBOUBOFPVT IFBUJOH QFSUVSCBUJPO DBO CF JOUSPEVDFE

UP UIF TZTUFN UP LJDL UIF TZTUFN GSPN JUT CBMBODFE TUBUF� 'SPN UIJT FYQFSJNFOU
 XF DBO UFTU IPX MBSHF

UIF QFSUVSCBUJPO JT OFDFTTBSZ GPS UIF TFDPOEBSZ FZFXBMM UP EFWFMPQ
 BU XIJDI IFJHIU TVDI QFSUVSCB�

���
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WRF Dry model

Figure 5.4: Snapshots of tangential winds (m/s) as a function of height and radius from theWRF simulation (on the left)

and the drymodel (on the right) forced by the convective heating from theWRF simulation.
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WRF Dry model
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Figure 5.5: Snapshots of vertical winds (m/s) as a function of height and radius from theWRF simulation (on the left)

and the drymodel (on the right) forced by the convective heating from theWRF simulation.
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UJPO DPVME F୭GFDUJWFMZ USJHHFS UIF TFDPOEBSZ FZFXBMM GPSNBUJPO�

4FDPOE
 UIF NPEFM DBO BMTP CF VTFE UP UFTU UIF F୭GFDU PG XJOE EFQFOEFOU TVSGBDF ୯୳VYFT� "T B DPO�

USPM FYQFSJNFOU
 XF DPVME ୮ୢY UIF MPDBM TVSGBDF ୯୳VYFT BOE UFTU XIFUIFS UIF TFDPOEBSZ FZFXBMM DBO TUJMM

EFWFMPQ BOE CF BCMF UP NBJOUBJO JUTFMG� "T B DPNQBSJTPO
 XF DPVME UIFO BMMPX UIF TVSGBDF ୯୳VYFT UP CF

JOUFSBDUJWF XJUI UIF TVSGBDF XJOE BOE TFF JG JU NBLFT BOZ EJ୭GFSFODFT�

5IJSE
 UP UFTU UIF JOFSUJBM TUBCJMJUZ IZQPUIFTJT
 XF DBO UVOF UIF CBDLHSPVOE WPSUFY TUSVDUVSF UP

DIBOHF UIF B[JNVUIBM NFBO JOFSUJBM TUBCJMJUZ� 8JUI BMM PUIFS DPOEJUJPOT UP CF UIF TBNF
 XF DPVME UFTU

XIFUIFS BOE IPX UIF TFDPOEBSZ FZFXBMM XJMM EFWFMPQ�

���



6
$PODMVTJPOT BOE 'VUVSF 8PSL

��� $ঘগঌকঞজ঒ঘগজ

6OEFSTUBOEJOH UIF TUSVDUVSF PG B USPQJDBM DZDMPOF
 TVDI BT EFGPSNBUJPOT PG UIF FZFXBMM
 TQJSBM SBJO�

CBOET
 PS DPODFOUSJD FZFXBMMT
 JT DSJUJDBM GPS VOEFSTUBOEJOH UIF USBDL BOE JOUFOTJUZ DIBOHF PG B IVS�

SJDBOF� .BOZ TUVEJFT IBWF TIPXO UIBU PSHBOJ[FE TUSVDUVSF GFBUVSFT <4DIVCFSU FU BM�
 ����
 .POU�

HPNFSZ � ,BMMFOCBDI
 ����
 ,PTTJO � 4DIVCFSU
 ����
 /PMBO FU BM�
 ����
 )FOESJDLT FU BM�
 ����


���



8BOH
 ����
 )FOESJDLT � 4DIVCFSU
 ����
 /BZMPS � 4DIFDUFS
 ����> BSF BTTPDJBUFE XJUI UIF JOUFO�

TJUZ BOE USBDL DIBOHF PG USPQJDBM DZDMPOFT� *O UIF UIFTJT
 XF JOWFTUJHBUFE CPUI UIF BTZNNFUSJD UIF

TZNNFUSJD TUSVDUVSFT PG BO JEFBMJ[FE IVSSJDBOF�

'PS BTZNNFUSJD GFBUVSFT PG B IVSSJDBOF
 UIFZ BSF VTVBMMZ DMBTTJ୮ୢFE JOUP EJ୭GFSFOU DBUFHPSJFT CBTFE

PO IPX GBS UIFZ BSF GSPN UIF DFOUFS PG B IVSSJDBOF BOE BSF DPOTJEFSFE UP CF SFMBUFE UP EJ୭GFSFOU NFDI�

BOJTNT� 5P DBQUVSF UIF BTZNNFUSJFT
 NPTU TUVEJFT <3FBTPS FU BM�
 ����
 8BOH
 ����
 $IFO � :BV


����
 8BOH
 ����
 $PSCPTJFSP FU BM�
 ����> UFOE UP GPDVT PO B MJNJUFE BSFB PG B IVSSJDBOF BOE TUVEZ

UIF DIBSBDUFSJTUJDT PG BTZNNFUSJFT GSPN FJUIFS )PWN¶MMFS EJBHSBN PS B TFSJFT PG TOBQTIPU TUSVDUVSFT�

*O UFSNT PG UIFJS NFDIBOJTN
 TPNF TUVEJFT TVHHFTU UIBU UIFZ BSF BTTPDJBUFE XJUI WPSUFY 3PTTCZ�XBWFT

<4DIVCFSU FU BM�
 ����
 3FBTPS FU BM�
 ����
 ,PTTJO � 4DIVCFSU
 ����
 ����
 ,PTTJO FU BM�
 ����>
 PS

JOFSUJBM HSBWJUZ XBWFT <"CEVMMBI
 ����
 ,VSJIBSB
 ����
 8JMMPVHICZ
 ����
 %JFSDLT � "OUIFT
 ����


8JMMPVHICZ FU BM�
 ����>� *O DPOUSBTU
 PUIFST TVHHFTU UIBU UIFZ NJHIU CF SFMBUFE UP UIF JOTUBCJMJUJFT

PG JOFSUJB�(SBWJUZ XBWF SBEJBUFE GSPN B 3PTTCZ�MJLF XBWF JO UIF WPSUFY DPSF <'PSE
 ����
 ����B
C


4DIFDUFS � .POUHPNFSZ
 ����
 .FOFMBPV FU BM�
 ����>� )PXFWFS
 UIF DPOOFDUJPO BNPOH EJ୭GFSFOU

SBEJJ DBO CF FBTJMZ JHOPSFE JG XF POMZ GPDVT PO B MJNJUFE BSFB
 BOE B DPNQMFUF WJFX PG UIF BTZNNFUSJD

GFBUVSFT JO IVSSJDBOFT BOE UIFJS JOTUBCJMJUZ NFDIBOJTNT DBO IBSEMZ CF SFWFBMFE� 5IFSFGPSF
 JO UIF ୮ୢSTU

UISFF DIBQUFST
 XF JOUFOEFE UP NPSF TZTUFNBUJDBMMZ EPDVNFOU UIF BTZNNFUSJD DIBSBDUFSJTUJDT BDSPTT

EJ୭GFSFOU SBEJJ PG BO JEFBMJ[FE IVSSJDBOF BOE UP CFUUFS VOEFSTUBOE UIF JOTUBCJMJUZ NFDIBOJTNT UIBU DBO

QPUFOUJBMMZ MFBE UP TVDI BTZNNFUSJFT�

*O $IBQUFS �
 XF EJWFE JOUP UIF GSFRVFODZ�XBWFOVNCFS TQBDF BOE GPVOE UIBU UIFSF BSF UXP EJT�

UJODU TQFDUSBM QFBLT JO UIF QPXFS PG BTZNNFUSJFT JO UIF TJNVMBUFE IVSSJDBOFT CPUI OFBS BOE PVUTJEF

���



UIF FZFXBMM� 5IF GBTU QSPQBHBUJOH CSBODI QSPQBHBUFT TMPXFS UIBO UIF CBDLHSPVOE SPUBUJPO OFBS UIF

FZFXBMM CVU NVDI GBTUFS UIBO UIF MPDBM CBDLHSPVOE SPUBUJPO PVUTJEF UIF FZFXBMM� *UT QSPQBHBUJOH

TQFFE BOE JUT IPSJ[POUBM TUSVDUVSF TVHHFTU UIBU UIF NJYFE WPSUFY�3PTTCZ�JOFSUJBM�HSBWJUZ JOTUBCJMJUZ JT

B QMBVTJCMF NFDIBOJTN� 5IF PUIFS TQFDUSBM QFBL JT OFBSMZ TUBUJPOBSZ JO UIF BCTPMVUF SFGFSFODF GSBNF


CVU JOUSJOTJDBMMZ JU JT B GBTU SFUSP�QSPQBHBUJOH HSBWJUZ XBWF� 5IF WFSUJDBM TUSVDUVSF PG UIF EZOBNJD

BOE DPOWFDUJWF ୮ୢFMET PG UIJT XBWF SFTFNCMF UIPTF PG DPOWFDUJWFMZ DPVQMFE XBWFT BOE FODPVSBHF VT UP

FYQMPSF NPSF PO UIF F୭GFDU PG DPOWFDUJWF DPVQMJOH�

(JWFO UIF UXP CSBODIFT PG TJHOBMT UIBU XF TBX JO UIF 83' TJNVMBUJPOT
 XF UIFO NPWFE PO UP

JOWFTUJHBUF UIF JOTUBCJMJUZ NFDIBOJTNT UIBU DBO QPUFOUJBMMZ CF SFMBUFE UP UIF BTZNNFUSJFT� *O $IBQUFS

�
 XF EFWFMPQFE B DPOWFDUJWFMZ DPVQMFE FJHFOGSFRVFODZ GSBNFXPSL UP TUVEZ UIF MJOFBS JOTUBCJMJUZ PG B

5$�MJLF WPSUFY
 JO QBSUJDVMBS GSPN UIF QFSTQFDUJWF PG DPOWFDUJWFMZ DPVQMFE XBWFT�

5IF TJNQMF NPEFM DBO QSPEVDF B CSBODI PG GBTU QSPQBHBUJOH VOTUBCMF NPEFT FWFO XJUIPVU DPOWFD�

UJWF DPVQMJOH� 4JNJMBS UP UIF 83' TJNVMBUJPO
 UIF VOTUBCMF NPEFT BSF EPNJOBUFE CZ BO B[JNVUIBM

XBWFOVNCFS�� BTZNNFUSZ
 BOE JUT TUSVDUVSF JT DPOTJTUFOU XJUI B WPSUFY�3PTTCZ XBWF JO UIF JOOFS

WPSUFY SBEJBUJOH BO PVUXBSE QSPQBHBUJOH HSBWJUZ XBWF PVUTJEF� 8JUI DPOWFDUJWF DPVQMJOH
 TUSPOH

JOTUBCJMJUJFT DBO BSJTF GSPN UIF DPOWFDUJWFMZ DPVQMFE EZOBNJDT
 J�F�
 UIF NPJTU�TUSBUJGPSN JOTUBCJMJUZ�

5IF VOTUBCMF NPEFT GSPN UIF DPOWFDUJWFMZ DPVQMFE EZOBNJDT IBWF NVDI TMPXFS QSPQBHBUJOH TQFFET

UIBO UIFJS CBDLHSPVOE SPUBUJPO SBUFT� 5IFZ BSF UIFSFGPSF DPOTJEFSFE BT DPOWFDUJWFMZ DPVQMFE HSBW�

JUZ XBWFT QSPQBHBUJOH BHBJOTU UIF CBDLHSPVOE WPSUFY� "G୴FS UBJMPSJOH UIF QBSBNFUFST PG UIF DPOWFD�

UJWF QBSBNFUFSJ[BUJPO UP CF NPSF TVJUBCMF GPS UIF FZFXBMM SFHJPO
 UIF DPOWFDUJWFMZ DPVQMFE VOTUBCMF

NPEFT CFDPNF OFBSMZ TUBUJPOBSZ
 XIJDI JT NPSF DPOTJTUFOU XJUI UIF TMPX QSPQBHBUJOH XBWF GSPN UIF

���



83' TJNVMBUJPOT� 5IF VOTUBCMF NPEFT OPX IBWF TQJSBM TUSVDUVSFT BOE TUSPOH QFSUVSCBUJPOT CFZPOE

UIF FZFXBMM� 8JUI UIF SF୮ୢOFE QBSBNFUFST GSPN $IBQUFS �
 XF GPVOE UIBU UIF HSPXUI SBUF PG UIF DPO�

WFDUJWFMZ DPVQMFE QFBLT BU B[JNVUIBM XBWFOVNCFS UISFF JOTUFBE PG JODSFBTJOH XJUI UIF B[JNVUIBM

XBWFOVNCFS
 CVU UIF TJNQMF NPEFM JT TUJMM OPU BCMF UP QSPEVDF TUSPOH JOTUBCJMJUZ BU XBWFOVNCFS POF�

"MUIPVHI UIF TJNQMF NPEFM DBOOPU SFQMJDBUF UIF GFBUVSF PG UIF TMPX�QSPQBHBUJOH CSBODI JO UIF 83'

TJNVMBUJPOT QFSGFDUMZ
 UIF SFTVMUT TVHHFTU UIF JNQPSUBODF PG DPOWFDUJWF DPVQMJOH JO HFOFSBUJOH VOTUB�

CMF NPEFT JO 5$�MJLF WPSUJDFT BOE FODPVSBHFT GVUVSF TUVEJFT UP FYQMPSF NPSF GSPN UIF DPOWFDUJWFMZ

DPVQMFE QFSTQFDUJWF�

5P CFUUFS DPOTUSBJO DPOWFDUJWF QBSBNFUFSJ[BUJPO
 XF EFNPOTUSBUFE B TZTUFNBUJD QSPDFEVSF UIBU

HVJEFE VT UPXBSE UIF DPOTUSVDUJPO PG B TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPO NPEFM BOE IFMQFE VT

DPOTUSBJO UIF QBSBNFUFST XJUI NPSF RVBOUJUBUJWF BDDVSBDZ JO $IBQUFS ��

8F TUBSUFE CZ DPOTUSVDUJOH MJOFBS SFTQPOTF GVODUJPOT BSPVOE TFWFSBM SFQSFTFOUBUJWF SFGFSFODF

TUBUFT BMPOH UIF SBEJVT� 5IF MJOFBS SFTQPOTF GVODUJPOT BSF DPOTJEFSFE BT B DPNQMFUF NPEFM UIBU SF�

MBUFT UIF UIFSNPEZOBNJD TUBUF WBSJBCMFT XJUI UIFJS DPOWFDUJWF UFOEFODJFT� 8F GPVOE UIBU UIF MJOFBS

SFTQPOTF GVODUJPOT BU PVUFS SBEJJ RVBMJUBUJWFMZ SFTFNCMF UIF CFIBWJPS PG UIF 3$& DBTF� *O DPOUSBTU
 BU

JOOFS SBEJJ
 XIFSF UIF FOWJSPONFOU JT WFSZ XBSN BOE NPJTU
 UIF DPOWFDUJPO UFOET UP RVJDLMZ EBNQ

BOZ UFNQFSBUVSF BOE NPJTUVSF BOPNBMJFT BOE BEKVTU UIF UFNQFSBUVSF BOE NPJTUVSF UPXBSE B NPJTU

BEJBCBUJD QSP୮ୢMF�

8JUI UIF MJOFBS SFTQPOTF GVODUJPOT
 XF UIFO SFEVDF UIF PSEFS PG UIF DPOWFDUJWFMZ DPVQMFE ��%

HSBWJUZ XBWF TZTUFN UP SFUBJO POMZ UXP WFSUJDBM WFMPDJUZ NPEFT BOE GPVS UIFSNPEZOBNJD NPEFT


XIJDI JODMVEF UXP GSFF�USPQPTQIFSJD UFNQFSBUVSF NPEFT
 POF GSFF�USPQPTQIFSJD NPJTUVSF NPEF BOE

���



POF CPVOEBSZ MBZFS .4& NPEF JO NPTU PG UIF DBTFT� 5IF PQUJNBMMZ SFUBJOFE NPEFT BSF DPOTJTUFOU

XJUI UIF DIPJDFT PG UIF UXP�NPEF DPOWFDUJWF QBSBNFUFSJ[BUJPO� 5IF SFEVDFE TJYUI�PSEFS NPEFM DBO

SFQSPEVDF UIF CFIBWJPS PG UIF MFBTU EBNQFE NPEF GSPN UIF GVMM NPEFM CBTFE PO UIF MJOFBS SFTQPOTF

GVODUJPOT� "G୴FS XF SFEVDF UIF PSEFS PG UIF DPOWFDUJWFMZ DPVQMFE ��% HSBWJUZ XBWF TZTUFN
 XF TQMJU

UIF SFEVDFE NPEFM JOUP B TMPX NBOJGPME BOE B GBTU NBOJGPME BOE FTUJNBUF UIF QBSBNFUFST JO UIF DPO�

WFDUJWF QBSBNFUFSJ[BUJPO XJUIJO UIF GBTU NBOJGPME
 CFDBVTF UIF JOTUBCJMJUZ PG UIF DPOWFDUJWFMZ DPVQMFE

CSBODI JT OPU TFOTJUJWF UP UIF DIBOHF JO UIF TMPX NBOJGPME�

5P TVNNBSJ[F
 XF ୮ୢSTU BOBMZ[FE UIF BTZNNFUSJD TJHOBMT OFBS BOE CFZPOE UIF FZFXBMM GSPN BO FO�

TFNCMF PG JEFBMJ[FE IVSSJDBOFT TJNVMBUJPOT JO 83'� 8F GPVOE B GBTU�QSPQBHBUJOH TJHOBM
 XIJDI JT

DPOTJEFSFE BT B NJYFE WPSUFY�3PTTCZ�HSBWJUZ XBWF BOE B OFBSMZ TUBUJPOBSZ XBWF XIPTF WFSUJDBM TUSVD�

UVSF SFTFNCMFT UIBU PG B DPOWFDUJWFMZ�DPVQMFE XBWF� 5P VOEFSTUBOE UIF JOTUBCJMJUZ NFDIBOJTNT PG

UIF TJHOBMT TFFO JO UIF 83' TJNVMBUJPOT
 XF UIFO EFWFMPQFE B DPOWFDUJWFMZ DPVQMFE FJHFOGSFRVFODZ

GSBNFXPSL UP JOWFTUJHBUF UIF MJOFBS JOTUBCJMJUJFT PG B 5$�MJLF WPSUFY� 8F DPO୮ୢSNFE UIBU UIF NJYFE

UZQF PG JOTUBCJMJUZ DPVME HFOFSBUF UIF GBTU�QSPQBHBUJOH CSBODI FWFO XJUIPVU DPOWFDUJWF DPVQMJOH


BOE UIF NPJTU�TUSBUJGPSN JOTUBCJMJUZ FNCFEEFE JO UIF DPOWFDUJWFMZ DPVQMFE EZOBNJDT DBO HJWF SJTF

UP UIF OFBSMZ TUBUJPOBSZ CSBODI� 5P CFUUFS DPOTUSBJO UIF DPOWFDUJWF SFTQPOTF JO UIF USPQJDBM DZDMPOFT


XF UIFO BQQMJFE UIF GSBNFXPSL CBTFE PO MJOFBS SFTQPOTF GVODUJPOT EFWFMPQFE CZ ,VBOH <����> UP

FTUJNBUF UIF QBSBNFUFST JO UIF TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPO� 4VDI B GSBNFXPSL QSPWJEFT B

NPSF TPMJE GPVOEBUJPO GPS UIF DPOTUSVDUJPO PG TJNQMF DPOWFDUJWF QBSBNFUFSJ[BUJPOT BOE WBMJEBUFT UIF

QIZTJDBM JOUVJUJPOT CFIJOE UIF QBSBNFUFS DIPJDFT�

���



��� 'ঞঝঞছ঎ ঠঘছঔ

5IFSF BSF NBOZ MJNJUBUJPOT UP UIF DVSSFOU XPSL UIBU XJMM SFRVJSF GVUVSF TUVEJFT UP UBDLMF� 0OF PG

UIF MJNJUBUJPOT JT UIBU UIF DIBSBDUFSJTUJDT PG UIF BTZNNFUSJFT BSF POMZ FYBNJOFE CBTFE PO B TJOHMF B[�

JNVUIBM NFBO IVSSJDBOF TUSVDUVSF� "T TPNF QSFWJPVT TUVEJFT <.POUHPNFSZ � -V
 ����
 4DIFDUFS

� .POUHPNFSZ
 ����
 .FOFMBPV FU BM�
 ����> QPJOUFE PVU
 UIF TUSVDUVSFT BOE UIF GSFRVFODJFT PG

UIF EPNJOBOU BTZNNFUSJFT DBO WBSZ XJUI UIF CBDLHSPVOE WPSUFY TUSVDUVSF
 FTQFDJBMMZ GPS UIF GBTU�

QSPQBHBUJOH XBWF BT JUT JOOFS QBSU JT BTTPDJBUFE XJUI B WPSUFY�3PTTCZ XBWF UIBU JT IJHIMZ EFQFOEFOU

PO UIF CBDLHSPVOE WPSUJDJUZ BOE JUT HSBEJFOU� 'PS GVUVSF TUVEJFT
 JU XJMM CF VTFGVM UP UFTU UIF TFOTJUJW�

JUZ PG UIF BTZNNFUSJD TJHOBMT PO UIF CBDLHSPVOE WPSUFY TUSVDUVSF CPUI JO UIF TJNVMBUJPOT BOE JO UIF

TJNQMF FJHFOGSFRVFODZ NPEFM�

4FDPOE
 UIF TFUVQ PG UIF 83' TJNVMBUJPO JT OPU SFBMJTUJD FOPVHI UP JODMVEF FOWJSPONFOUBM GPSD�

JOHT TVDI BT WFSUJDBM XJOE TIFBS PS UIF CFUB�F୭GFDU
 BOE UIPTF FYUFSOBM GPSDJOHT NBZ QMBZ B SPMF JO UIF

DPOWFDUJWF BOE LJOFNBUJD BTZNNFUSJFT� 5IFSFGPSF
 UIF EPNJOBOU BTZNNFUSJFT GPVOE JO UIJT TUVEZ

NJHIU OPU OFDFTTBSJMZ BQQMZ UP NPSF SFBMJTUJD TJNVMBUJPOT� 'VUVSF XPSL DPVME GPDVT PO FJUIFS NPSF

SFBMJTUJD TJNVMBUJPOT PS SFBM�XPSME 5$T�

5IJSE
 UIF FJHFOGSFRVFODZ NPEFM BTTVNFT UIF CBDLHSPVOE WPSUFY UP CF CBSPUSPQJD
 CVU UIF CBDL�

HSPVOE WPSUFY PG B IVSSJDBOF VTVBMMZ XFBLFOT XJUI IFJHIU� 4P UIF F୭GFDU PG UIF TIFBSFE CBDLHSPVOE

WPSUFY XJMM CF BOPUIFS QPUFOUJBM GVUVSF EJSFDUJPO UP CF FYQMPSFE� "OPUIFS MJNJUBUJPO JT UIBU UIF

NPEFM EPFT OPU UBLF UIF CBDLHSPVOE TFDPOEBSZ DJSDVMBUJPO JOUP BDDPVOU� )PXFWFS
 UIF NPNFOUVN

BOE FOFSHZ USBOTQPSU CZ UIF TFDPOEBSZ DJSDVMBUJPO NBZ CF DSJUJDBM JO SFHJPOT TVDI BT UIF CPVOEBSZ

���



MBZFS PS UIF FZFXBMM�

-BTUMZ
 XF POMZ DPOTUSVDUFE MJOFBS SFTQPOTF GVODUJPOT BSPVOE GPVS SFGFSFODF TUBUFT BMPOH UIF SB�

EJVT� )PXFWFS
 UP NPSF BDDVSBUFMZ NBQ PVU UIF QBSBNFUFST
 JU SFRVJSFT UIF DPOTUSVDUJPO PG MJOFBS

SFTQPOTF GVODUJPOT BSPVOE NPSF SFGFSFODF TUBUFT XIFSF UIF QBSBNFUFST DIBOHF SBQJEMZ
 F�H�
 GSPN

SJHIU PVUTJEF UIF FZFXBMM UP UIF TVCTJEFODF SFHJPO� .PSF JNQPSUBOUMZ
 JU JT VTFGVM UP HFOFSBMJ[F UIF

QBSBNFUFS FTUJNBUFT UISPVHI TDBMJOH PS PUIFS NFUIPET TP UIBU XF EP OPU IBWF UP DPOTUSVDU B OFX TFU

PG MJOFBS SFTQPOTF GVODUJPOT FWFSZ UJNF XF XBOU UP TUVEZ B OFX IVSSJDBOF�

���



A
%JTDSFUJ[FE &JHFOWBMVF 1SPCMFN

8JUI HJWFO [POBM XBWF OVNCFS O BOE CBSPDMJOJD NPEF K
 &RT�  DBO CF TPMWFE OVNFSJDBMMZ BT BO FJHFO�

GSFRVFODZ QSPCMFN� 5IF/ HSJET BSF FWFOMZ EJTUSJCVUFE PO UIF EPNBJO [�, SC]
 BOE V, W BSF EF୮ୢOFE

BU UIF DFOUFS PG FBDI HSJE
 XIJMF Q JT EF୮ୢOFE BU UIF CPVOEBSZ PG FBDI HSJE� 5IFSFGPSF
 &RT�  DBO CF
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XSJUUFO JO UIF EJTDSFUJ[FE GPSN


− JɖṼJ+ �
�
= −JỎJ+ �

�
ṼJ+ �

�
+ ɋJ+ �

�
W̃J+ �

�
+

5̃J+� − 5̃J
ɁS 	"��B


− JɖW̃J+ �
�
= −ɄJ+ �

�
ṼJ+ �

�
− JỎJ+ �

�
W̃J+ �

�
+ J O

�SJ+ �
�

(5̃J + 5̃J+�) 	"��C


− Jɖ5̃J = D�K
SJ+ �

�
ṼJ+ �

�
− SJ− �

�
ṼJ− �

�

SJɁS
+ JD�K

O
SJ
W̃J− �

�
+ W̃J+ �

�

�
− JỎJ5̃J 	"��D


XIFSF J = �, �, . . . ,/− �� 5IF CPVOEBSZ DPOEJUJPOT BSF Q̃� = � BOE Q̃/ = ��

5IF EJTDSFUJ[FE GPSN JT B TUBOEBSE NBUSJY FJHFOWBMVF QSPCMFN


ɖ9 = "9 	"��


XIFSF ɖ JT UIF FJHFOGSFRVFODZ�9 = (Ṽ �
�
, W̃ �

�
, 5̃�, . . . , 5̃/−�, Ṽ/− �

�
, W̃/− �

�
)5 JT UIF FJHFOWFDUPS PG UIF

EJTDSFUJ[FE TZTUFN
 BOE" JT B (�/ − �) × (�/ − �)NBUSJY SFQSFTFOUJOH UIF EJTDSFUJ[FE EJ୭GFSFOUJBM
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PQFSBUPS
 XIJDI IBT UIF GPMMPXJOH GPSN
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5IFSFGPSF
 HJWFO UIF TUSVDUVSF PG B WPSUFY
 FJHFOWBMVFT BOE FJHFOWFDUPST DBO CF EFSJWFE GSPN NBUSJY

" UP JOGFS UIF SBEJBM TUSVDUVSFT BOE JOTUBCJMJUJFT PG UIF XBWFT� 8F XJMM CF BQQMZJOH NPOPQPMBS WPSUFY

UP WBMJEBUF UIF OVNFSJDBMMZ TPMWFE FJHFOGSFRVFODZ QSPCMFN


W = �3
� + 3� WNBY 	"��


XIFSF 3 = S/SNBY�
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B
3F୮ୢOFNFOU PG MJOFBS SFTQPOTF GVODUJPOT

UISPVHI 47% EFDPNQPTJUJPO

"T XF EJTDVTTFE JO 4FDUJPO �����
 UP JODSFBTF UIF BDDVSBDZ JO UIF MJOFBS SFTQPOTF GVODUJPOT .
 XF

DPVME BQQMZ TUSPOHFS GPSDJOH GPS UIF GBTU EFDBZJOH NPEFT TP UIBU JUT EFWJBUJPOT GSPN UIF SFGFSFODF

TUBUF CFDPNF TJHOJ୮ୢDBOU� *O UIJT TFDUJPO
 XF BSF HPJOH UP EFTDSJCF UIF QSPDFEVSF UP SF୮ୢOF UIF MJOFBS

���



SFTQPOTF GVODUJPOT�

"G୴FS BQQMZJOH UIF QFSUVSCBUJPO GPSDJOH MBZFS CZ MBZFS
 XF DBO FTUJNBUF UIF MJOFBS SFTQPOTF NBUSJY

. UISPVHI B NBUSJY JOWFSTJPO BT &R� 	���
� *G XF EF୮ୢOF 8T BOE 8' BT UIF XFJHIJOH NBUSJY GPS UIF

TUBUF WFDUPS Y⃗ BOE UIF GPSDJOH E⃗Y
EU 
 UIFO XF XJMM IBWF

8T⃗Y = 8T.−�8−�
' (8'

E⃗Y
EU ) 	#��


5IF XFJHIJOH NBUSJY XF VTF NBJOMZ SFQSFTFOUT UIF NBTT PG FBDI MBZFS
 TP UIF OPSN PG 8T⃗Y PS 8'
E⃗Y
EU JT

B NBTT�XFJHIUFE NFBTVSF� 8F UIFO QFSGPSN 47% EFDPNQPTJUJPO PO UIF NBUSJY 8T.−�8−�
' =647�


BOE XF XJMM IBWF

8T⃗Y = 647�(8'
E⃗Y
EU ) 	#��


*G XF DIPPTF UIF QFSUVSCBUJPO GPSDJOH UP CF QSPQPSUJPOBM UP FBDI W⃗J
 XIFSF W⃗J JT UIF JUI DPMVNO WFDUPS

PG NBUSJY 7
 UIF SFTQPOTF UIFO CFDPNFT

8T⃗Y = "JTJ⃗VJ, 	#��


XIFSF"J JT UIF BNQMJUVEF PG UIF GPSDJOH
 TJ JT UIF JUI TJOHVMBS WBMVF
 BOE V⃗J JT UIF JUI DPMVNO WFDUPS PG

NBUSJY 6�

5IJT JOEJDBUFT UIBU UIF XFJHIUFE OPSN PG UIF SFTQPOTF JT QSPQPSUJPOBM"JTJ
 XIJMF UIF QFSUVSCB�

UJPO GPSDJOH JT QSPQPSUJPOBM UP"J� (JWFO UIBU UIF HPBM IFSF JT UP IBWF MBSHF FOPVHI SFTQPOTF XIJDI

IBT B IJHIFS TJHOBM UP OPJTF SBUJP
 BOE B TNBMM FOPVHI QFSUVSCBUJPO GPSDJOH TP UIBU UIF QFSUVSCBUJPO JT

���



TUJMM MJOFBS
 XF DIPPTF UIF BNQMJUVEF PG FBDI GPSDJOH UP CF

"J =
�

√TJ ∗ T�
. 	#��


0ODF UIF OFX TFU PG GPSDJOH G⃗J = "J⃗WJ JT EFTJHOFE
 XF UIFO GPMMPX UIF QSPDFEVSF EFTDSJCFE JO

4FDUJPO ����� UP DPOTUSVDU UIF SF୮ୢOFE MJOFBS SFTQPOTF GVODUJPOT� 'JH 	BEE SFGFSFODF
 JT TIPXJOH UIF

FJHFOWBMVFT BOE UIFJS JOWFSTF PG UIF MJOFBS SFTQPOTF NBUSJY DPOTUSVDUFE GSPN MBZFS CZ MBZFS QFSUVS�

CBUJPOT
 XIJMF ୮ୢH� 	BEE SFGFSFODF
 JT TIPXJOH UIPTF PG UIF MJOFBS SFTQPOTF NBUSJY GSPN 47% DPO�

TUSVDUFE GPSDJOH� 5IF SFE EPUT BSF UIF FJHFOWBMVFT BOE UIFJS JOWFSTF PG UIF NBUSJY
 BOE UIF CMBDL EPUT

BSF UIF FJHFOWBMVFT BOE UIFJS JOWFSTF PG UIF SFTQPOTF NBUSJDFT DPOTUSVDUFE GSPN B TVCTFU QFSJPE PG UIF

TJNVMBUJPOT CZ CPPUTUSBQQJOH� 5IF TQSFBE PG UIF CMBDL EPUT SFQSFTFOU UIF VODFSUBJOUZ PG UIF FJHFO�

WBMVFT BOE UIFJS JOWFSTF PG UIF MJOFBS SFTQPOTF NBUSJY
 BOE XF DBO TFF UIBU UIF MJOFBS SFTQPOTF NBUSJY

DPOTUSVDUFE GSPN UIF 47% GPSDJOH IBT NVDI TNBMMFS VODFSUBJOUJFT�

���



C
"OBMZUJDBM TPMVUJPOT PG UIF DPOWFDUJWFMZ

DPVQMFE JOTUBCJMJUZ XJUI MJNJUJOH QBSBNFUFST

*O UIJT "QQFOEJY
 XF BSF HPJOH UP BOBMZ[F UIF MJOFBS JOTUBCJMJUZ PG UIF DPOWFDUJWFMZ DPVQMFE TZTUFN EF�

TDSJCFE JO $IBQUFS �
 XJUI TPNF TJNQMJ୮ୢDBUJPOT� 5IF MJNJUJOH DBTF XF BSF HPJOH UP DPOTJEFS JT XIFO

ɀ = �
 UIBU JT UIF DPOWFDUJWF NBTT ୯୳VY CFJOH EPNJOBUFE CZ FOUSBJOJOH QBSDFMT BOE UIF CPVOEBSZ

���



MBZFS JT JO RVBTJ�FRVJMJCSJVN XJUI UIF TFDPOE NPEF UFNQFSBUVSF� ,VBOH <����B> GPVOE UIBU UIJT JT

UIF MJNJUJOH TDFOBSJP XIFSF UIF NPJTU�TUSBUJGPSN JOTUBCJMJUZ MJFT�

*O UIJT DBTF
 UIF ୮ୢSTU NPEF JT FTTFOUJBMMZ EFDPVQMFE GSPN UIF TZTUFN BOE DBO CF JHOPSFE� 5IF TZT�

UFN JT GVSUIFS TJNQMJ୮ୢFE CZ TFUUJOH C� = � UP SFNPWF UIF JO୯୳VFODF PG UIF TFDPOE NPEF IFBUJOH PO

UIF CPVOEBSZ MBZFS NPJTU TUBUJD FOFSHZ� ε JT TFU UP � TP UIFSF JT OP EBNQJOH PG UFNQFSBUVSF� E� JT TFU

UP � UP SFNPWF UIF F୭GFDU PG TFDPOE NPEF IFBUJOH PO UIF NJEUSPQPTQIFSJD NPJTUVSF R� 8F GVSUIFS

UJHIUFO UIF RVBTJ�FRVJMJCSJVN BTTVNQUJPO UP ؠTUSJDUؠ RVBTJ�FRVJMJCSJVN CZ FOGPSDJOH - = -FR�

"TTVNJOH X� ∼ +�
 UIF NPJTUVSF UFOEFODZ FRVBUJPO
 &R�	���B
 DBO CF TJNQMJ୮ୢFE UP

(
∂

∂U +
W
S
∂

∂Ɉ)R = (B� − E�)+� 	$��


8JUI TUSJDU FRVJMJCSJVN CFUXFFO UIF CPVOEBSZ MBZFS BOE UIF GSFF�USPQPTQIFSF
 C� = � BOE ɀ = �


&RT 	����B
 BOE 	����C
 MFBET UP

+� = − '
C�
(
∂

∂U +
W
S
∂

∂Ɉ)5� 	$��


5IFSFGPSF
 UIF EZOBNJD FRVBUJPOT CFDPNF
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W
S
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'JSTU
 XF BSF HPJOH UP GPDVT PO B WPSUFY XJUI TPMJE CPEZ SPUBUJPO
 XIFSF ̉(S) = ̉�� *O UIJT DBTF


ɋ = Ʉ = G+ �̉�� 5ISPVHI TPNF NBOJQVMBUJPOT
 XF XJMM IBWF

(ɋɄ+ (
∂

∂U +
W
S
∂

∂Ɉ)
�)(

∂

∂U +
W
S
∂

∂Ɉ)5� − D��(
∂

∂U +
W
S
∂

∂Ɉ)(
�
S
∂(S∂5�)

∂S
∂S +

�
S�
∂�5�
∂Ɉ� )

= (ɋɄ+ (
∂

∂U +
W
S
∂

∂Ɉ)
�)"5�,

	$��


XIFSF" = -�SR(B�−E�)
'
C� � 4VCTUJUVUJOH UIF OPSNBM NPEF TPMVUJPO 5� = 5̃O,�(S)(FYQ (J(OɈ− ɖU))+

D.D)
 XF PCUBJO

∂�5̃O,�
∂S� +

�
S
∂5̃O,�
∂S + ((

"(ɋɄ− ɐ�)
D��(−Jɐ) − ɋɄ− ɐ�

D��
)− O�

S� )5̃O,� = �, 	$��


XIFSF ɐ = ɖ− O W
S � 5IJT ZJFMET TPMVUJPOT PG UIF OPSNBM NPEFT PG UFNQFSBUVSF


5(S) = +O(NS) 	$��


BOE UIF EJTQFSTJPO SFMBUJPOTIJQ

N� =
"(ɋɄ− ɐ�)
D��(−Jɐ) − ɋɄ− ɐ�

D��
, 	$��


XIFSFN DBO CF DPOTJEFSFE BT B DPNCJOBUJPO PG SBEJBM BOE B[JNVUIBM XBWFOVNCFSN� ∼ L�S + O�/S��

5IF EJTQFSTJPO SFMBUJPOTIJQ DBO CF GVSUIFS EFSJWFE JOUP B ��SE PSEFS QPMZOPNJBM FRVBUJPO JO UFSNT PG
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ɐ


ɐ� − J"ɐ� − (ɋɄ+ D��N�)ɐ+ JɋɄ" = � 	$��


(JWFO UIF TDBMFT PG QBSBNFUFST XF BSF JOUFSFTUFE JO
 UIF FRVBUJPO IBT UIF UISFF GPMMPXJOH SPPUT JO

BQQSPYJNBUJPO 


ɐ� = J ɋɄ
ɋɄ+ D��N�

" 	$��B


ɐ�,� = ±
√

ɋɄ+ D��N� + J D��N�

�(ɋɄ+ D��N�)
" 	$��C


5IF TPMVUJPO IBT UISFF VOTUBCMF NPEFT
 POF TUBUJPOBSZ SFMBUJWF UP UIF CBDLHSPVOE SPUBUJPO SBUF
 BOE

UXP UXP HSBWJUZ XBWFT QSPQBHBUJOH BU B SPUBUJPO SBUF PG±
√

ɋɄ+ D��N�� "U MPX XBWFOVNCFS MJNJU


D��N� >> ɋɄ
 UIF JOTUBCJMJUZ PG UIF TUBUJPOBSZ XBWF EPNJOBUFT
 XIJMF BU IJHI XBWFOVNCFS MJNJU
 UIF

UXP HSBWJUZ XBWFT IBWF TUSPOHFS JOTUBCJMJUJFT� 5IF HSPXUI SBUF JT QSPQPSUJPOBM UP" = -�SR(B� −

E�)
'
C� 
 JOEJDBUJOH UIBU UIF MBSHFS UIF -�, SR BOE ' BSF
 UIF MBSHFS UIF HSPXUI SBUF
 BOE UIF MBSHFS C� JT


UIF TNBMMFS UIF HSPXUI SBUF JT�

'PS NPSF HFOFSBM WPSUFY TUSVDUVSF
 JG UIF XBWFMFOHUI PG UIF QFSUVSCBUJPO JT NVDI TNBMMFS UIBO

UIF MFOHUI TDBMF PG UIF DIBOHJOH CBDLHSPVOE WPSUFY
 XF DPVME VTF UIF MPDBM WPSUFY QSPQFSUJFT BT BO

BQQSPYJNBUJPO� 5IF TPMVUJPOT UP UIF TZTUFN BSF FTTFOUJBMMZ TJNJMBS UP UIF TPMVUJPOT BCPWF
 FYDFQU

UIBU UIF TUBUJPOBSZ XBWF OPX IBT B SFUSP SFUSP�QSPQBHBUJOH TQFFE PG O
S ȿ�/(ɋ�Ʉ�/D�� + N�)
 XIJDI JT

DPOTJTUFOU XJUI UIF QSPQBHBUJOH TQFFE PG B WPSUFY 3PTTCZ XBWF�
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3FGFSFODFT

"CBSDB
 4� '� � .POUHPNFSZ
 .� 5� 	����
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