
KR03ICN< �3aRcRI ia�NcURaj 8Ra
bja�jRcU@3aC, bRI�a ;3R3N<CN33aCN<-

8aRL T�ajC,I3 jR TInL3 b,�I3

Ξ βϔЅЅζЁАΞАϔϱϩ ϿЁζЅζϩАζβ
ΪЭ

?ϱϩόЧζϔ bЛϩ
Аϱ

i?2 ?�`p�`/ b+?QQH Q7 2M;BM22`BM; �M/ �TTHB2/ b+B2M+2

ϔϩ ϿΞЁАϔΞϣ υЛϣυϔϣϣϨζϩА ϱυ Аϑζ ЁζЀЛϔЁζϨζϩАЅ
υϱЁ Аϑζ βζόЁζζ ϱυ

/ϱΫАϱЁ ϱυ TϑϔϣϱЅϱϿϑЭ
ϔϩ Аϑζ ЅЛΪϟζΫА ϱυ

2MpB`QMK2Mi�H b+B2M+2 �M/ 2M;BM22`BM;

?ΞЁЦΞЁβ mϩϔЦζЁЅϔАЭ
+ΞϨΪЁϔβόζ. KΞЅЅΞΫϑЛЅζААЅ

�ϿЁϔϣ lzlk



álzlk Ģ ?ϱϩόЧζϔ bЛϩ
Ξϣϣ ЁϔόϑАЅ ЁζЅζЁЦζβY



/Ccc3aj�jCRN �0qCcRa- TaR83ccRa /�qC0 F3Cj@ ?RN<s3C bnN

KR03ICN< �3aRcRI ia�NcURaj 8Ra bja�jRcU@3aC, bRI�a
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�ΪЅАЁΞΫА

bja�jRcU@3aC, �3aRcRI BNE3,jCRN Vb�BW �CLc jR R{c3j cRL3 ,ICL�j3 @�y�a0c $w a3I3�cCN<
�3aRcRIc CNjR j@3 cja�jRcU@3a3 jR a3�3,j cRI�a a�0C�jCRNY BN j@Cc j@3cCc. s3 RnjICN3 j@3 nc3 R8 N3s
LR03ICN< L3j@R0c jR cCLnI�j3 �3aRcRI ja�NcURaj CN j@3 cja�jRcU@3a3 8Ra b�B 8aRL U�ajC,I3 c,�I3
VH�<a�N<C�N ja�E3,jRaw LR03IW jR UInL3 c,�I3 VUInL3ACNA<aC0 LR03IWY

r3 nc3 � H�<a�N<C�N ja�E3,jRaw LR03I 0aCq3N $w a3�N�Iwy30 cja�jRcU@3aC, sCN0c �N0 LR0A
C~30 jR CN,In03 c30CL3Nj�jCRN jR LR03I j@3 ja�NcURaj R8 3�,@ CNE3,j30 U�ajC,I3 V8aRL b�BW CN
j@3 cja�jRcU@3a3 �N0 \n�NjC8w j@3 c3NcCjCqCjw R8 U�ajC,I3 IC83jCL3 jR CNE3,jCRN IR,�jCRNcY 7aRL j@3
U@wcC,�I U3acU3,jCq3. s3 �N�Iwy3 @Rs $�,G<aRnN0 ,Ca,nI�jCRNc CN�n3N,3 U�ajC,I3 ja�NcURaj �N0
IC83jCL3 CN j@3 cja�jRcU@3a3 $w ,RNcC03aCN< #a3s3aA/R$cRN +Ca,nI�jCRN. [n�cCA#C3NNC�I Qc,CIA
I�jCRN. jaRURU�nc3 @3C<@j. URI3s�a0 sCN0c. 3j,Y 7aRL j@3 3N<CN33aCN< U3acU3,jCq3. s3 3uUIRa3
q�aCRnc b�B CNE3,jCRN cja�j3<C3c jR CN,a3�c3 U�ajC,I3 IC83jCL3 CN j@3 cja�jRcU@3a3Y 7Ra 3u�LUI3.
s3 ~N0 j@�j �N RUjCL�I ,@RC,3 R8 CNE3,jCRN IR,�jCRNc ,�N CN,a3�c3 U�ajC,I3 IC83jCL3 $w ::X �j
lz GL. ,RLU�a30 jR sCj@Rnj ,@RRcCN< CNE3,jCRN IR,�jCRNcY

b�B sRnI0 �ILRcj ,3aj�CNIw nc3 �Ca,a�8j 8Ra 03UIRwL3Nj. �N0 j@3c3 �Ca,a�8j sRnI0 UaR0n,3
ICN3Ac@�U30 UInL3c sCj@ cjaRN< ,RN,3Nja�jCRN <a�0C3Njc. s@C,@ �a3 @�a0 8Ra j@3 <IR$�I 2nI3aC�N
LR03I jR a3cRIq3Y iR @3IU <IR$�I 2nI3aC�N LR03Ic a3cRIq3 cn$<aC0 UInL3c CN j@3 cja�jRcU@3a3.
� H�<a�N<C�N UInL3 LR03I. ,RLUaCcCN< � H�<a�N<C�N ja�E3,jRaw LR03I �N0 �N �0�UjCq3A<aC0
UInL3 LR03I sCj@ � c3\n3N,3 R8 UInL3 ,aRccAc3,jCRN a3Ua3c3Nj�jCRNc V8aRL � @C<@Iw a3cRIq30
lA/ <aC0 jR � cCLUIC~30 SA/ <aC0 $�c30 RN � ja�03R{ $3js33N j@3 �,,na�,w �N0 ,RLUnj�jCRN�I
,RcjW. Cc ,a3�j30 �N0 3L$30030 CNjR � <IR$�I 2nI3aC�N LR03I VCY3Y. ;2QbA+@3L LR03IW jR 3cA
j�$ICc@ � LnIjCc,�I3 TInL3ACNA;aC0 VTC;W LR03IY r3 ,RLU�a3 j@Cc TC; LR03I VsCj@ UInL3
LR03IW jR j@3 ;2QbA+@3L LR03I VsCj@Rnj UInL3 LR03IW $�c30 RN � SALRNj@ cCLnI�jCRN R8
,RNjCNnRnc CN3aj ja�,3a 3LCccCRNc $w �Ca,a�8j CN j@3 cja�jRcU@3a3 CN c3q3a�I �cU3,jc CN,In0CN<
ja�,3 ,RN,3Nja�jCRN. ja�,3 LCuCN< V3NjaRUwW. NRNICN3�a UaR,3cc3c. �N0 ,RLUnjCN< 3|,C3N,wY
7Ra 3u�LUI3. sCj@ j@3 UInL3 LR03I. j@3 ~N�I CNE3,j30 ja�,3a Cc LRa3 ,RN,3Nja�j30 �N0 �UUaRuA
CL�j3Iw Sgk R8 j@3 ja�,3a Cc �j ,RN,3Nja�jCRNc lA: Ra03ac R8 L�<NCjn03 I�a<3a ,RLU�a30 jR sCj@A
Rnj j@3 UInL3 LR03IY
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HCcjCN< R8 ~<na3c

S b,@3L�jC, R8 j@3 ,�nc�jCRN ,@�CN 8aRL 3,RNRLw 03q3IRUL3Nj jR ,ICL�j3 ,@�N<3ȕc
CLU�,jc. �N0 8Rna L3j@R0c jR $a3�G j@3 ICNGc CN j@3 ,@�CN VLR0C~30 $�c30 RN 7C<A
na3 : 8aRL F3Cj@ � /3nj,@ VlzlzWWY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y k

SYS K3�N cja�jRcU@3aC, IC83jCL3 R8 U�ajC,I3c CNE3,j30 �j 0C{3a3Nj CNE3,jCRN �IjCjn03c 8Ra
0C{3a3Nj U�ajC,I3 a�0CC VCY3Y. zYz9. zYl. zYkef nLW 8Ra nNC8RaL CNE3,jCRN CN j@3 jaRUA
C,�I �a3�Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Sl

SYl V�W iCL3 c3aC3c R8 j@3 NnL$3a R8 U�ajC,I3c cj�wCN< CN j@3 cja�jRcU@3a3 8aRL 3�,@
CNE3,jCRN �IjCjn03Y 2�,@ CNE3,jCRN �IjCjn03 @�c j@3 c�L3 CNE3,jCRN a�j3 �c 03c,aC$30
CN b3,jCRN SYlY V$W F/2 VG3aN3I 03NcCjw 3cjCL�jCRNW 03NcCjw 0CcjaC$njCRN R8 c3�A
cRN�IIw U�ajC,I3 IC83jCL3 V8aRL Mu × Mw = φеω @RaCyRNj�I CNE3,jCRN IR,�jCRNc.
c33 b3,jCRN SYlW 8Ra 3�,@ CNE3,jCRN �IjCjn03Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y S9

SYk V�W +RNjCNnRnc s�q3I3j �N�Iwc3c 8Ra j@3 jCL3 c3aC3c R8 U�ajC,I3 NnL$3a CN j@3 cja�jRA
cU@3a3Y V$W bj�N0�a0Cy30 [#Q CN03u VCY3Y. 9z @T� LRNj@Iw L3�N yRN�I sCN0 03A
aCq30 8aRL 0�CIw bCN<�URa3 R$c3aq�jCRN cCj3W �N0 j@3 NnL$3a R8 U�ajC,I3c CN j@3
cja�jRcU@3a3Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Sf

SY: T�ajC,I3 NnL$3a M Va30 q�In3c sCj@ � nNCj R8 U�ajC,I3W. �nu 7 V$In3 q�In3c sCj@ �
nNCj R8 U�ajC,I3 U3a w3�aW. �N0 IC83jCL3 H VUnaUI3 q�In3c sCj@ � nNCj R8 w3�aW CN Ra
$3js33N 0C{3a3Nj �a3�c V$I�,G $Ru3cW 0naCN< j@3 cj3�0wAcj�j3 cj�<3Y i@3 CNE3,jCRN
a�j3 Cc c,�I30 jR Szz U�ajC,I3c U3a w3�a V�II Rj@3a q�In3c �a3 c,�I30. ,Raa3cURN0CN<IwWY Se

SY9 H38j- �NNn�I L3�N U�ajC,I3 NnL$3a �nu 8aRL j@3 cja�jRcU@3a3 jR j@3 jaRURcU@3a3
8Ra U�ajC,I3c CNE3,j30 �j SO GLY `C<@j- xRN�I L3�N R8 q�In3c CN j@3 I38j U�N3I �N0
yRN�I L3�N R8 U�ajC,I3 NnL$3a �nu CN /D7 �N0 DD� V,Raa3cURN0CN< jR 7C<na3 SYfWY SO

SYf K3�N U�ajC,I3 NnL$3a �nu 8aRL j@3 cja�jRcU@3a3 jR j@3 jaRURcU@3a3 8Ra U�ajC,I3c
CNE3,j30 �j SO GL 8Ra /D7 �N0 DD�Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y SO

SYe T�ajC,I3 IC83jCL3 0CcjaC$njCRN �c � 8nN,jCRN R8 CNCjC�I CNE3,jCRN IRN<Cjn03c �N0 I�jA
Cjn03cY i@Cc c@Rsc j@3 L3�N U�ajC,I3 IC83jCL3 Rq3a �II CNE3,jCRNc 8aRL lzzz jR lzzOY
i@3 I38j VaC<@jW ,RInLN Cc 8Ra CNE3,jCRN �j S4 GL Vlz GLW. sCj@ 3�,@ aRs c@RsCN<
� 0C{3a3Nj c3�cRNY i@3 $I�,G �N0 a30 $Ru3c CN cn$UIRj V�W CN0C,�j3 jsR c3I3,j30
CNE3,jCRN �a3�c nc30 CN 7C<na3 SYSzY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y lz
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SY4 V�W xRN�I L3�N U�ajC,I3 IC83jCL3 qcY CNE3,jCRN I�jCjn03 �j lz GL CN 8Rna c3�cRNc.
,Raa3cURN0CN< jR j@3 aC<@j ,RInLN R8 7C<na3 SYeY i@3 a30 V$I�,GW �aaRs L�aGc j@3
L�uCLnL IC83jCL3 R8 j@3 a30 V$I�,GW ICN3Y V$W xRN�I L3�N R8 jaRURU�nc3 @3C<@j
CN 8Rna c3�cRNcY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y lS

SYO xRN�I L3�N U�ajC,I3 IC83jCL3 qcY CNE3,jCRN I�jCjn03 �j S4 �N0 ll GL CN 8Rna c3�cRNc
VICG3 7C<na3 SY4�WY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ll

SYSz iCL3 c3aC3c R8 V�W U�ajC,I3 IC83jCL3 �N0 V$W URI3s�a0 sCN0 cU330 �q3a�<30 Rq3a
j@3 jsR c3I3,j30 CNE3,jCRN �a3�c Va30 �N0 $I�,G $Ru3c CN 7C<na3 SYe�W CN �II CNE3,A
jCRN LRNj@c V/D7W 8aRL lzzz jR lzzOY V,W b,�jj3aUIRj R8 j@3 q�In3c VU�ajC,I3 IC83A
jCL3 qcY URI3s�a0 sCN0W Ua3c3Nj30 �c jCL3 c3aC3c CN V�W �N0 V$WY i@3 $I�,G Va30W
0�c@30 ICN3 Cc j@3 ICN3�a ~j 8Ra j@3 $I�,G Va30W 0Rjc CN V,WY Y Y Y Y Y Y Y Y Y Y Y Y lk

SYSS �N 3u�LUI3 R8 j@3 ja�NcURaj R8 U�ajC,I3c VCY3Y. a30 �N0 $In3 0RjcW CNE3,j30 �j 0C8A
83a3Nj IRN<Cjn03 Va30 �N0 $I�,G $Ru3c CN 7C<na3 SYe�W �j S4 GL RN D�N Scj. lzzkY l:

SYSl �N 3u�LUI3 R8 j@3 CNE3,jCRN U3a,3Nj 8Ra 0C{3a3Nj CNE3,jCRN cja�j3<C3c $�c30 RN j@3
U�ajC,I3 IC83jCL3 0CcjaC$njCRN V7C<na3 SYe�W �j S4 GL VCNE3,jCRN �IjCjn03W CN /D7 VCNA
E3,jCRN jCL3WY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y lf

SYSk K3�N cja�jRcU@3aC, IC83jCL3 R8 U�ajC,I3c CNE3,j30 �j 0C{3a3Nj CNE3,jCRN �IjCjn03c 8Ra
0C{3a3Nj CNE3,jCRN cja�j3<C3cY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y l4

SYS: H38j- j@3 L3�N cja�jRcU@3aC, IC83jCL3 R8 U�ajC,I3c CNE3,j30 �j 0C{3a3Nj CNE3,jCRN �IA
jCjn03c 8Ra 0C{3a3Nj CNE3,jCRN cja�j3<C3c Vc�L3 �c 7C<na3 SYSkWY i@3 0�c@30 ICN3c
a3Ua3c3Nj j@3 $CICN3�a a3<a3ccCRN ~j 8Ra j@3 0�j� URCNjcY `C<@j- j@3 q3ajC,�I CN,a3�cA
CN< a�j3 R8 U�ajC,I3 IC83jCL3 V03aCq30 8aRL j@3 I38j cn$UIRjWY Y Y Y Y Y Y Y Y Y Y Y lO

SYS9 xRN�I L3�N U�ajC,I3 NnL$3a U3a,3Nj�<3 nN03a 0C{3a3Nj CNE3,jCRN cja�j3<C3cY Y Y kS
SYSf K3�N cja�jRcU@3aC, IC83jCL3 R8 U�ajC,I3c CNE3,j30 �j 0C{3a3Nj CNE3,jCRN �IjCjn03c 8Ra

0C{3a3Nj CNE3,jCRN cja�j3<C3c 8Ra V�W j@3 �NNn�IAa3U3�jCN< c3�cRN�I ,w,I3 Vj@3 c3A
I3,j30 IR,�jCRN RNIw ,@�N<3c sCj@ 0C{3a3Nj c3�cRNc. c�L3 �c 7C<na3 SYSkW �N0 V$W
CN,In0CN< CNj3a�NNn�I q�aC�$CICjC3c Vj@3 c3I3,j30 IR,�jCRN ,@�N<3c sCj@ $Rj@ c3�A
cRNc �N0 w3�acWY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y kk

lYS b,@3L�jC, 8a�L3sRaG R8 j@3 TInL3ACNA;aC0 VTC;W LR03I V� <IR$�I 2nI3aC�N LR03I
sCj@ �N 3L$30030 H�<a�N<C�N UInL3 LR03IWY i@3 CNj3a�,jCRN R8 ,@3LC,�I 0�j�
$3js33N j@3 UInL3 LR03I �N0 j@3 @Rcj 2nI3aC�N LR03I sCII $3 8nIIw CLUI3L3Nj30
CN j@3 TC; LR03I CN j@3 8njna3 Vj@Rn<@ NRj CN j@Cc cjn0wW s@3N �3aRcRI �N0 ,@3LA
C,�I UaR,3cc3c �a3 ,RNcC03a30Y j a3Ua3c3Njc j@3 IC83jCL3 R8 j@3 UInL3 c3<L3NjY i@3
UInL3 c3<L3Nj Cc CNCjC�IIw CNE3,j30 �j j = еY Hc �N0 Hy 03NRj3 j@3 q3ajC,�I �N0
@RaCyRNj�I I3N<j@ c,�I3c R8 j@3 UInL3 ,aRccAc3,jCRN. a3cU3,jCq3Iw V03~N30 CN b3,A
jCRN lYlYkYSWY �u3c c⃗ �N0 y⃗ a3Ua3c3Nj j@3 @RaCyRNj�I �N0 q3ajC,�I 0Ca3,jCRNc. a3cU3,A
jCq3IwY �u3c $⃗ �N0 0⃗ �a3 �IRN< j@3 0Ca3,jCRNc R8 j@3 $a3�0j@ V#W �N0 03Uj@ V/W R8
j@3 SA/ <aC0 Vb3,jCRN lYlYkYlW ,3II. a3cU3,jCq3IwY ɒ Cc j@3 jCIjCN< �N<I3 R8 j@3 UInL3
c3<L3Nj ,aRccAc3,jCRN $3js33N j@3 ,aRccAc3,jCRN�I $a3�0j@ �N0 q3ajC,�I 0Ca3,jCRNY :z
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lYl 7CN�I UInL3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN 8aRL V�W +QMi`QH cCLA
nI�jCRN VsCj@ @RaCyRNj�I 0C{ncCRNW. V$W b2MbBiBpBiv cCLnI�jCRN VsCj@Rnj @RaA
CyRNj�I 0C{ncCRNW. �N0 V,W j@3 0C{3a3N,3 $3js33N +QMi`QH �N0 b2MbBiBpBiv
cCLnI�jCRNcY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ::

lYk TInL3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN 8aRL V�W j@3 :4A@Rna cCLnI�jCRN
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Figure 1: Schematic of the causation chain from economy development to climate change’s impacts, and
four methods to break the links in the chain (modified based on Figure 4 from Keith & Deutch (2020)).
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�N0 jaRURcU@3aC, ,RRICN< ,RnI0 8naj@3a CN�n3N,3 �jLRcU@3aC, ,Ca,nI�jCRN V#30N�ay 3j �IY. lzlld

iCIL3c 3j �IY. lzS4WY 7a�NG3 3j �IY VlzlSW ~N0 j@�j b�Bȕc cja�jRcU@3aC, @3�jCN< ,�N LR0C8w

j@3 j@3aL�I sCN0 $�I�N,3 �N0 CN,a3�c3 jaRUC,�I nUs3IICN<. L�GCN< \n�cCA$C3NNC�I Rc,CII�jCRN

V[#QW cIRs 0RsN Ra 3q3N ,RLUI3j3Iw q�NCc@Y

Ë �3aRcRIA,IRn0 CNj3a�,jCRNcY i@3 CNE3,j30 �3aRcRIc ,RnI0 3qRIq3 CN j@3 ,IRn0 UaR,3cc3cY

Fn3$$3I3a 3j �IY VlzSlW ~N0 j@�j CNE3,j30 �3aRcRIc ,RnI0 RUjC,�IIw j@CN ,Caanc ,IRn0c $w a30n,A

CN< C,3 ,awcj�I Nn,I3�jCRN a�j3Y

Ë �3aRcRIA,@3LCcjaw CNj3a�,jCRNcY i@3 CNE3,j30 cnI8�j3 �3aRcRI ,�N a30n,3 RyRN3 CN j@3

cja�jRcU@3a3Y ?3,G3N0RaN 3j �IY VlzzOW ,RN,In03 j@�j kg: R8 j@3 QД IRcc ,�N $3 �jjaC$nj30 jR

@3j3aR<3N3Rnc a3�,jCRNc RN j@3 cna8�,3 R8 cnI8�j3 �3aRcRIc Vc@C8jCN< j@3 MQugMQw a�jCR �N0

@�IR<3N �,jCq�jCRNW. s@CI3 Sg: ,�N $3 �jjaC$nj30 jR j3LU3a�jna3 CN,a3�c3 CN j@3 IRs3a cja�jRA

cU@3a3 �N0 j@3 LRCcj3NCN< 0n3 jR CN,a3�c30 jaRUC,�I ,RI0 URCNj j3LU3a�jna3 VCNj3NcC8wCN< j@3

?Qu ,�j�Iwy30 QД 03cjan,jCRN ,w,I3cWY

b�B ,�N �IcR @�q3 cC<NC~,�Nj ,ICL�j3 CLU�,jc RN j@3 3�aj@ȕc cna8�,3Y #w a30n,CN< CNcRI�A

jCRN CN j@3 ;S 3uU3aCL3Nj VFa�qCjy 3j �IY. lzSSW CN j@3 ;3R3N<CN33aCN< KR03I BNj3a,RLU�aCcRN

TaRE3,j V;3RKBTW. js3Iq3 ,ICL�j3 LR03Ic c@Rs j@�j b�B ,�N I�a<3Iw R{c3j j@3 cna8�,3 j3LU3a�A

jna3 CN,a3�c3 0n3 jR j@3 CN,a3�c3 R8 +QИ ,RN,3Nja�jCRNc VFa�qCjy 3j �IY. lzSkWY #nj j@3 LR03I30

:



j3LU3a�jna3 03,a3�c3 ,�nc30 $w b�B c@Rsc � cC<NC~,�Nj 0C{3a3N,3 CN q�aCRnc a3<CRNc. cn,@ �c

Rq3a,RRICN< CN j@3 jaRUC,�I R,3�N Vb,@LC0j 3j �IY. lzSlWY �c b�B ,�nc3c jaRURcU@3aC, ,RRICN<.

j@3 @w0aRIR<C,�I ,w,I3 sRnI0 �IcR $3 s3�G3N30. ,Raa3cURN0CN<IwY iCIL3c 3j �IY VlzSkW �N�Iwy3

j@3 b�Bȕc @w0aRIR<C,�I CLU�,jc $�c30 RN Sl LR03Ic 3NaRII30 CN j@3 ;3RKBT ;S 3uU3aCL3Nj

�N0 ~N0 j@�j <IR$�I Ua3,CUCj�jCRN Cc a30n,30 $w �aRnN0 :Y9X. sCj@ cC<NC~,�Nj a30n,jCRNc R,,naA

aCN< Rq3a LRNcRRN�I I�N0 a3<CRNc- 2�cj �cC� VfXW. bRnj@ �8aC,� V9XW. MRaj@ �L3aC,� VeXW.

�N0 bRnj@ �L3aC,� VfXWY b�B sCII ICG3Iw CN�n3N,3 q3<3j�jCRN �N0 8RR0 c3,naCjw VTRN<a�jy

3j �IY. lzSlWY 7�N 3j �IY VlzlSW nc3 �N �0q�N,30 ,aRU LR03I sCj@CN �N 2�aj@ cwcj3L LR03I jR

�N�Iwy3 j@3 wC3I0 a3cURNc3c R8 cCu L�ERa ,aRUcY i@3w ~N0 j@�j b�B ,�N CN,a3�c3 <IR$�I wC3I0c

$w �UUaRuCL�j3Iw SzX. s@C,@ Cc UaCL�aCIw 0aCq3N $w j@3 a30n,jCRN R8 @3�j cja3cc V0n3 jR b�Bȕc

,RRICN< 3{3,jcWY QN j@3 Rj@3a @�N0. TaR,jRa 3j �IY VlzS4W ~N0 j@�j cnI8�j3 �3aRcRIc 8aRL b�B

@�q3 � N3<�jCq3 cnNIC<@jAL30C�j30 3{3,j RN L�Cy3. cRw. aC,3. �N0 s@3�j ,aRUc. s@C,@ ,�N

R{c3j j@3 CN,a3�c3 R8 wC3I0c 0n3 jR b�Bȕc ,RRICN< 3{3,jY �00CjCRN�IIw. b�B ,�N CN�n3N,3 j@3

,�a$RN ,w,I3 Rq3a $Rj@ I�N0 �N0 R,3�N V+�R. lzS4WY iECUnja� 3j �IY VlzSfW ~N0 j@�j b�B CNA

,a3�c3c R,3�N ,�a$RN nUj�G3 $w N3�aIw SzX V�c b�B ,�N ,@�N<3 +QИ cRIn$CICjw �N0 NnjaC3Nj

0CcjaC$njCRNWY i@3 I�N0 ,�N �IcR �$cRa$ LRa3 ,�a$RN CN j@3 j3LU3a�j3 8Ra3cjA. <a�ccI�N0A. �N0

c@an$A0RLCN�j30 a3<CRNc Vb�B ,�N ,@�N<3 U@RjRcwNj@3cCc �N0 UI�NjgcRCI a3cUCa�jCRNWY 7naj@3a.

b�B ,�N �IcR cIRs C,3 c@33j L3IjCN< �N0 c3� I3q3I aCc3 j@aRn<@ Cjc ,RRICN< 3{3,j VKRRa3 3j �IY.

lzSOWY i@3 cC03 3{3,jc R8 b�B VF3Cj@. lzlSW �IcR CN,In03 �Ca URIInjCRN �N0 CLU�,jc RN @nL�N

@3�Ij@Y 7Ra 3u�LUI3. cja�jRcU@3aC, RyRN3 IRcc 0n3 jR b�B ,RnI0 CN,a3�c3 j@3 0RsNs�a0 mp

�nu �N0 mpA# 3uURcna3 V2�cj@�L 3j �IY. lzS4WY

K�Nw cjn0C3c V/�C 3j �IY. lzlzd Fa�qCjy 3j �IY. lzSed iCIL3c 3j �IY. lzSeW @�q3 c@RsN j@�j

j@3 ,ICL�jC, CLU�,jc R8 b�B �a3 c3NcCjCq3 jR Cjc 03UIRwL3Nj L3j@R0c. cn,@ �c �3aRcRI jwU3c. CNA

E3,jCRN a�j3. �N0 CNE3,jCRN IR,�jCRNcY iR LCNCLCy3 j@3 cC03 3{3,jc R8 b�B. F3Cj@ 3j �IY VlzSfW

URCNj30 Rnj j@�j CNE3,jCN< ,�I,Cj3 V+�+QДW. CNcj3�0 R8 cnI8�j3 �3aRcRIc. CNjR j@3 cja�jRcU@3a3 ,�N
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LCjC<�j3 j@3 RyRN3 IRcc �N0 cja�jRcU@3aC, @3�jCN< ,�nc30 $w b�BY TC3a,3 3j �IY VlzSzW ~N0 j@�j

CNE3,jCN< ?ИbQω. � ,RN03Nc�$I3 q�URa. <Cq3c $3jj3a ,RNjaRI R8 U�ajC,I3 cCy3 �N0 ,�N UaR0n,3

I�a<3a a�0C�jCq3 8Ra,CN< sCj@ IRs3a cnI8na IR�0CN<c j@�N bQИ CNE3,jCRNY K�,K�ajCN 3j �IY VlzSeW

~N0 j@�j CNE3,jCRN �j � ,RL$CN�jCRN R8 0C{3a3Nj I�jCjn03c VДе◦ b. Ϲφ◦ b. Ϲφ◦ M. �N0 Де◦ MW ,�N

CLUaRq3 j@3 ,RLU3Nc�jCRN R8 +QИA8Ra,30 ,ICL�j3 ,@�N<3. ,RLU�a30 jR RNIw ncCN< 3\n�jRA

aC�I �3aRcRI CNE3,jCRN Vs@C,@ Rq3a,RRIc j@3 jaRUC,cWY MC3L3C3a 3j �IY VlzSSW ~N0 j@�j. sCj@ j@3

CN,a3�c3 R8 j@3 CNE3,jCRN a�j3. j@3 IC83jCL3 R8 CNE3,j30 �3aRcRI sCII 03,a3�c3. s@CI3 j@3 cCy3 R8

CNE3,j30 �3aRcRI sCII CN,a3�c3. ,Raa3cURN0CN<IwY

zYlYk KR03ICN< L3j@R0c 8Ra b�B

iR 0�j3. LRcj LR03Ic nc30 jR cCLnI�j3 b�B �a3 <IR$�I 2nI3aC�N LR03Ic. cn,@ �c <IR$�I ,ICA

L�j3 LR03Ic V;+KcW Ra ,@3LCcjaw ja�NcURaj LR03Ic V+iKcWY 7Ra 3u�LUI3. ;3RKBT VFa�qCjy

3j �IY. lzSSW nc3c js3Iq3 <IR$�I ,ICL�j3 LR03Ic jR cCLnI�j3 j@3 ,ICL�jC, CLU�,jc R8 0C{3a3Nj

<3R3N<CN33aCN< c,3N�aCRcY r3Cc3Ncj3CN 3j �IY VlzllW 03cC<N � ,RRa0CN�j30 LnIjCALR03I 3uU3aA

CL3Nj jR a3Ua3c3Nj j@3 bQДA �N0 ?ИbQωA0aCq3N <3R3N<CN33aCN< c,3N�aCR. s@C,@ Cc cCLnI�j30

$w j@a33 CNj3a�,jCq3 cja�jRcU@3aC, �3aRcRI LC,aRU@wcC,c LR03Ic V3Y<Y. M�jCRN�I +3Nj3a 8Ra �jA

LRcU@3aC, `3c3�a,@ VM+�`W +RLLnNCjw 2�aj@ bwcj3L KR03I V+2bKlW sCj@ j@3 r@RI3

�jLRcU@3a3 +RLLnNCjw +ICL�j3 KR03I Vr�++KW �jLRcU@3aC, ,RN~<na�jCRNWY /�C 3j �IY

VlzS4W nc3 � jsRA0CL3NcCRN�I ,@3LCcjawAja�NcURajA�3aRcRI LR03I jR cjn0w j@3 c3NcCjCqCjw R8

b�Bȕc a�0C�jCq3 8Ra,CN< jR 0C{3a3Nj CNE3,jCRN I�jCjn03c. �IjCjn03c. �N0 c3�cRNcY ?Rs3q3a. j@3a3

�a3 ,�q3�jc �N0 UaR$I3Lc s@3N s3 a3Iw RN <IR$�I 2nI3aC�N LR03Ic 8Ra b�B cCLnI�jCRN. cn,@ �c

NnL3aC,�I 0C{ncCRN. I�,G R8 �,,na�,w 8Ra j@3 a3Ua3c3Nj�jCRN R8 $�,G<aRnN0 ,Ca,nI�jCRN VL�CNIw

8Ra ;+KcW. 0Cc�$CICjw jR a3cRIq3 cn$<aC0Ac,�I3 UaR,3cc3c V3Y<Y. ICN3Ac@�U3 �3aRcRI UInL3c CNA

E3,j30 $w �Ca,a�8j 8Ra b�B 03UIRwL3NjWY �II j@Rc3 UaR$I3Lc CN0C,�j3 j@�j Cj Cc sRaj@ 3uUIRaCN<

0C{3a3Nj LR03ICN< L3j@R0c 8Ra b�B cCLnI�jCRN. s@C,@ L�w ,RLUI3L3Nj b�B cCLnI�jCRNc 8aRL

<IR$�I 2nI3aC�N LR03IcY

f



BN j@Cc j@3cCc. s3 RnjICN3 j@3 nc3 R8 N3s LR03ICN< L3j@R0c V,RLU�a30 jR j@3 <IR$�I 2nA

I3aC�N LR03IW jR cCLnI�j3 �3aRcRI ja�NcURaj CN j@3 cja�jRcU@3a3 8Ra b�B 8aRL U�ajC,I3 c,�I3

VH�<a�N<C�N ja�E3,jRaw LR03IW jR UInL3 c,�I3 VUInL3ACNA<aC0 LR03IWY b3,jCRN S 8R,nc3c RN

j@3 U�ajC,I3 c,�I3. s@C,@ nc3c � H�<a�N<C�N ja�E3,jRaw LR03I jR cCLnI�j3 j@3 ja�NcURaj R8 3�,@

CNE3,j30 U�ajC,I3 CN j@3 cja�jRcU@3a3 8Ra b�BY i@3 U�ajC,I3ȕc CNCjC�I CNE3,jCRN IR,�jCRN Vcj�ajCN<

URCNjW. cCNG IR,�jCRN CN j@3 jaRURU�nc3 V3N0URCNjW. �N0 cja�jRcU@3aC, IC83jCL3 �a3 �N�Iwy30

CN b3,jCRN SY r3 �IcR 3uUIRa3 @Rs $�,G<aRnN0 ,Ca,nI�jCRNc CN�n3N,3 U�ajC,I3 ja�NcURaj �N0

IC83jCL3 CN j@3 cja�jRcU@3a3 �N0 03cC<N q�aCRnc CNE3,jCRN c,3N�aCRc 8Ra b�B jR CN,a3�c3 U�ajCA

,I3 IC83jCL3 CN j@3 cja�jRcU@3a3Y b3,jCRN l 8R,nc3c RN j@3 UInL3 c,�I3. s@C,@ 03c,aC$3c � N3s

H�<a�N<C�N UInL3 LR03I j@�j s3 ,a3�j30 jR a3cRIq3 cn$<aC0 UInL3c CN j@3 cja�jRcU@3a3Y r3

,RnUI3 j@Cc H�<a�N<C�N UInL3 LR03I CNjR � <IR$�I 2nI3aC�N LR03I jR $nCI0 � LnIjCc,�I3 UInL3A

CNA<aC0 LR03I. s@C,@ ,�N $3 � ,RLUnj�jCRN�IIw 3|,C3Nj s�w jR CLUaRq3 j@3 NnL3aC,�I a3Ua3A

c3Nj�jCRN R8 NRNICN3�a UInL3Ac,�I3 UaR,3cc3c CN j@3 cja�jRcU@3a3 CN � <IR$�I 2nI3aC�N LR03IY

e



1
T�ajC,I3 b,�I3- mcCN< j@3 H�<a�N<C�N

ja�E3,jRaw LR03I jR cCLnI�j3 U�ajC,I3

ja�NcURaj CN j@3 cja�jRcU@3a3

4



SYS BϩАЁϱβЛΫАϔϱϩ

bja�jRcU@3aC, �3aRcRI BNE3,jCRN Vb�BW Cc j@3 03IC$3a�j3 CNjaR0n,jCRN R8 �3aRcRIc Ra �3aRcRI Ua3A

,nacRac CNjR j@3 cja�jRcU@3a3 jR a3�3,j CN,RLCN< c@Rajs�q3 a�0C�jCRN. s@C,@ sRnI0 a30n,3 N3j

a�0C�jCq3 8Ra,CN< �N0 ,ICL�j3 ,@�N<3Y Ta3qCRnc cjn0C3c VMC3L3C3a 3j �IY. lzSSd FI3CNc,@LCjj

3j �IY. lzS4d r3Cc3Ncj3CN 3j �IY. lzllW @�q3 8RnN0 j@�j b�Bȕc a�0C�jCq3 3|,�,w. j@3 a�jCR R8 a�A

0C�jCq3 8Ra,CN< jR j@3 �nu R8 CNE3,j30 L�j3aC�I. 03U3N0c cjaRN<Iw RN j@3 cja�jRcU@3aC, IC83jCL3 R8

CNE3,j30 U�ajC,I3c V�GCN jR j@3 U�ajC,I3 $na03N CN j@3 cja�jRcU@3a3WY i@nc. Cj Cc sRaj@ nN03acj�N0A

CN< j@3 03U3N03N,3 R8 U�ajC,I3 IC83jCL3 RN CNE3,jCRN cja�j3<C3cY bCN,3 j@3 ,ICL�jC, CLU�,jc R8

b�B �a3 c3NcCjCq3 jR CNE3,jCRN cja�j3<C3c VDRN3c 3j �IY. lzSed H��GcR 3j �IY. lzlld `R$R,G 3j �IY.

lzz4d p�jjCRNC 3j �IY. lzSOd pCcCRNC 3j �IY. lzSOW. a3c3�a,@3ac @�q3 UaRURc30 q�awCN< CNE3,jCRN

cja�j3<C3c jR L33j cU3,C~, <R�Ic VK�,K�ajCN 3j �IY. lzSed F3Cj@ � K�,K�ajCN. lzS9W. cn,@ �c

�0RUjCN< 8Rna CNE3,jCRN URCNjc �j 0C{3a3Nj I�jCjn03c jR �,@C3q3 LnIjCUI3 cCLnIj�N3Rnc cna8�,3

j3LU3a�jna3 R$E3,jCq3c VFa�qCjy 3j �IY. lzSeWY Ta3qCRnc CNE3,jCRN cja�j3<C3c ViCIL3c 3j �IY. lzSed

/�C 3j �IY. lzS4W @�q3 ,RNcC03a30 q�aCRnc CNE3,jCRN �IjCjn03c. I�jCjn03c. �N0 c3�cRN�I jCLCN<. $nj

LRcj cjn0C3c @�q3 �ccnL30 j@3 CNE3,jCRN �j 3Cj@3a � cCN<I3 IRN<Cjn03 Ra CN � aCN< ,Rq3aCN< �II

IRN<Cjn03cY ?3a3. s3 3u�LCN3 @Rs U�ajC,I3 IC83jCL3 03U3N0c RN j@3 IR,�jCRN VCN,In0CN< IRN<CA

jn03cW �N0 c3�cRN R8 CNE3,jCRN. cR jR RUjCLCy3 CNE3,jCRN cja�j3<C3c j@�j ,�N CN,a3�c3 j@3 U�ajC,I3

IC83jCL3 CN j@3 cja�jRcU@3a3Y

�LRN< �II j@3 8�,jRac V3Y<Y. �3aRcRI LC,aRU@wcC,�I <aRsj@W j@�j ,�N CN�n3N,3 U�ajC,I3

ja�NcURaj �N0 IC83jCL3 CN j@3 cja�jRcU@3a3. �jLRcU@3aC, ,Ca,nI�jCRN Cc RN3 R8 j@3 LRcj CLURaj�Nj

8�,jRacY BN j@3 cja�jRcU@3a3. #a3s3aA/R$cRN ,Ca,nI�jCRN V#/+W Cc j@3 LRcj CLURaj�Nj L3aC0A

CRN�I ,Ca,nI�jCRN V#a3s3a. SO:Od #nj,@�aj. lzS:d /R$cRN 3j �IY. SOlfd /R$cRN � K�cc3w.

SO9fW. sCj@ �N nUs3IICN< �Rs CN j@3 jaRUC,�I �a3� �N0 � 0RsNs3IICN< �Rs CN j@3 URI�a �a3�Y

7aRL j@3 jaRUC,c jR j@3 URI3c. #/+ @�c � 033U $a�N,@ CN j@3 nUU3a cja�jRcU@3a3 �N0 � c@�IIRs

O



$a�N,@ CN j@3 IRs3a cja�jRcU@3a3Y #/+ �IcR c@Rsc � c3�cRN�I ,w,I3 j@�j Cj Cc cjaRN<3a CN j@3

sCNj3a @3LCcU@3a3 V`Rc3NIR8. SOO9WY #3,�nc3 #/+ ,RnI0 cC<NC~,�NjIw CN�n3N,3 j@3 ja�NcURaj

�N0 IC83jCL3 R8 U�ajC,I3c Ra ja�,3ac CN j@3 cja�jRcU@3a3. j@3 IC83jCL3 R8 U�ajC,I3c Ra ja�,3ac VRa

j@3 �<3 R8 �CaW Cc � ,RLLRN 0C�<NRcjC, 8Ra j@3 cU330 R8 #/+ VHCNy 3j �IY. lzSfd TIR3<3a 3j �IY.

lzlSd r�n<@ � ?�II. lzzlWY ?�wN3c 3j �IY VSOOSW @�q3 URCNj30 Rnj j@�j #/+ Cc L3,@�NC,�IIw

0aCq3N $w �jLRcU@3aC, s�q3c CN j@3 LC0AI�jY bCN,3 s�q3 �,jCqCjC3c CN j@3 LC0AI�j �a3 NRj �Is�wc

nNC8RaL CN j@3 yRN�I 0Ca3,jCRN. j@3 L3aC0CRN�I ,Ca,nI�jCRN L�w @�q3 yRN�I �cwLL3jaw. s@C,@

,RnI0 8naj@3a CN�n3N,3 j@3 ja�NcURaj �N0 IC83jCL3 R8 U�ajC,I3c CNE3,j30 CN 0C{3a3Nj IRN<Cjn03cY

QN3 R8 Rna <R�Ic @3a3 Cc jR 3uUIRa3 @Rs $�,G<aRnN0 ,Ca,nI�jCRN CN�n3N,3c j@3 ja�NcURaj �N0

IC83jCL3 R8 CNE3,j30 U�ajC,I3c CN j@3 cja�jRcU@3a3Y

K�Nw ,ICL�j3 LR03ICN< cjn0C3c @�q3 UaRURc30 b�B CNE3,jCRNc �j Ra �$Rq3 lz GL �IjCjn03

V2N<ICc@ 3j �IY. lzSld FI3CNc,@LCjj 3j �IY. lzS4d iCIL3c 3j �IY. lzSed x@�R 3j �IY. lzlSWY #nj

cn,@ CNE3,jCRN �IjCjn03c �a3 ,@�II3N<CN< �N0 a3\nCa3 3uU3NcCq3 �Ca,a�8j 8Ra 03UIRwL3Nj VK,A

+I3II�N 3j �IY. lzSld KRaCw�L� 3j �IY. lzSfd bLCj@ � r�<N3a. lzS4WY i@Cc sRnI0 a3\nCa3 @C<@

8n3I ,RNcnLUjCRN U3a nNCj R8 03ICq3a30 �3aRcRI �N0 ,�nc3 I�a<3 3NqCaRNL3Nj�I CLU�,jc. cn,@

�c j@3 03UI3jCRN R8 cja�jRcU@3aC, RyRN3 0n3 jR �qC�jCRN MQu 3LCccCRNc V2�cj@�L 3j �IY. lzlld

7aCjy 3j �IY. lzllWY BN j@Cc cjn0w. s3 ,@RRc3 U�ajC,I3 IC83jCL3 CN j@3 cja�jRcU@3a3 �c j@3 R$E3,jCq3

8nN,jCRN. �CLCN< jR nN03acj�N0 @Rs Ln,@ �N RUjCL�I ,@RC,3 R8 CNE3,jCRN IR,�jCRNc VCN,In0A

CN< I�jCjn03 �N0 IRN<Cjn03W ,�N CN,a3�c3 U�ajC,I3 IC83jCL3 sCj@Rnj CN,a3�cCN< CNE3,jCRN �IjCjn03.

a30n,CN< j@3 �IjCjn03AIC83jCL3 ja�03AR{Y i@Cc ja�03AR{ L�jj3ac $3,�nc3 CN,a3�cCN< CNE3,jCRN �IA

jCjn03 jR CN,a3�c3 U�ajC,I3 IC83jCL3 sRnI0 �IcR CN,a3�c3 j@3 ,Rcjc �N0 3NqCaRNL3Nj�I CLU�,jc R8

03UIRwL3Nj �Ca,a�8j. cn<<3cjCN< Ua�,jC,�I 03UIRwL3Nj 8Ra b�B �j IRs3a �IjCjn03cY

r3 nc3 � H�<a�N<C�N ja�E3,jRaw LR03I. j@3 H�;`�MiQ LR03I VbUa3N<3a � r3aNIC.

lzS9W. jR cCLnI�j3 j@3 ja�NcURaj �N0 IC83jCL3 R8 U�ajC,I3c CNE3,j30 CN j@3 cja�jRcU@3a3Y H�A

;`�MiQȕc �0q�Nj�<3 CN ,RLUnj�jCRN�I 3|,C3N,w �IIRsc nc jR 3uUIRa3 � sC03 a�N<3 R8 CNE3,A

Sz



jCRN IR,�jCRNc CN03U3N03NjIw. s@C,@ @3IUc nc jR \n�NjCjCq3Iw �N�Iwy3 j@3 03<a33 jR s@C,@ ,�a3A

8nIIw c3I3,jCN< CNE3,jCRN I�jCjn03 Ra IRN<Cjn03 ,�N CN,a3�c3 U�ajC,I3 IC83jCL3 CN j@3 cja�jRcU@3a3Y

i@3 nc3 R8 @C<@Aa3cRInjCRN sCN0 ~3I0c 8aRL 2`�9 0�j� �N0 I�,G R8 NnL3aC,�I 0C{ncCRN CN H�A

;`�MiQ UaRqC03 � @C<@A~03ICjw cCLnI�jCRN R8 U�ajC,I3 ja�NcURaj CN j@3 cja�jRcU@3a3Y i@nc.

H�;`�MiQ Cc �N 3|,C3Nj jRRI @3a3 jR cjn0w @Rs $�,G<aRnN0 ,Ca,nI�jCRN CN�n3N,3c U�ajCA

,I3 ja�NcURaj �N0 IC83jCL3 CN j@3 cja�jRcU@3a3 8Ra b�BY ?Rs3q3a. s3 ,�NNRj nc3 H�;`�MiQ

jR �,,na�j3Iw cCLnI�j3 b�Bȕc ,ICL�jC, CLU�,jcY #3,�nc3 H�;`�MiQ cCLnI�jCRNc 0R NRj CNA

,In03 �3aRcRI LC,aRU@wcC,�I <aRsj@ Ra a�0C�jCRN �N0 ,�NNRj 0Ca3,jIw ,RLUnj3 b�Bȕc a�0C�jCq3

3|,�,w. NRa ,�N ,�Ujna3 j@3 �jLRcU@3aC, a3cURNc3 jR b�BY r3 N330 jR nc3 ;+Kc. s@C,@ @�q3

8nIIw ,RnUI30 ,@3LC,�I. �3aRcRI. �N0 a�0C�jCq3 UaR,3cc3c $nj L�w UaRqC03 � I3cc �,,na�j3 a3Ua3A

c3Nj�jCRN R8 U�ajC,I3 ja�NcURaj V0n3 jR NnL3aC,�I 0C{ncCRNW. jR cCLnI�j3 b�Bȕc ,ICL�jC, CLU�,jcY

BN j@3 8njna3. � LnIjCc,�I3 TInL3ACNA;aC0 LR03I VbnN 3j �IY. lzllW. s@C,@ Cc � <IR$�I 2nI3aC�N

KR03I V3Y<Y. ;+Kc. +iKcW ,RnUI30 sCj@ � H�<a�N<C�N UInL3 LR03I. sCII $3 �$I3 jR I3q3a�<3

j@3 �0q�Nj�<3c 8aRL $Rj@ <IR$�I 2nI3aC�N LR03Ic V3Y<Y. j@3 �jLRcU@3aC, a3cURNc3 jR b�BW �N0

H�<a�N<C�N UInL3 LR03I V3Y<Y. I�,G R8 NnL3aC,�I 0C{ncCRNWY

SYl KζАϑϱβЅ Ξϩβ βΞАΞ

i@3 CNUnj sCN0 ~3I0 8Ra j@3 H�;`�MiQ LR03I Cc 8aRL kA@RnaIw 2`�9 0�j� V?3ac$�,@ 3j �IY.

lzlzW. sCj@ Ϲ × Ϲ @RaCyRNj�I a3cRInjCRN �N0 Ske q3ajC,�I LR03I I3q3Ic V#Rna<n3j � HCNy. lzllWY

r3 LR0C~30 H�;`�MiQ jR �,,RnNj 8Ra j@3 c30CL3Nj�jCRN V/a�uI3a � ?3cc. SOOeW R8 CNA

E3,j30 U�ajC,I3cY BN �UU3N0Cu �. s3 3cjCL�j3 j@�j c30CL3Nj�jCRN ,�N L�G3 j@3 U�ajC,I3 VsCj@

� a�0Cnc R8 zYl nLW ja�NcURaj 0RsNs�a0 LRa3 j@�N Szzz L3j3ac sCj@CN l s33Gc. s@CI3 c3I8A

IR8jCN< V0n3 jR U�ajC,I3 @3�jCN<W ,�N RNIw LRq3 U�ajC,I3c nUs�a0 CN I3cc j@�N Szz L3j3acY �c

c@RsN CN 3\n�jCRNc V4OWAVOlW CN /a�uI3a � ?3cc VSOOeW. U�ajC,I3 c30CL3Nj�jCRN Cc ,�I,nI�j30

SS



Figure 1.1: Mean stratospheric lifetime of particles injected at different injection altitudes for different
particle radii (i.e., 0.05, 0.2, 0.376 um) for uniform injection in the tropical area.

$�c30 RN U�ajC,I3 a�0Cnc �N0 03NcCjwY �II CNE3,j30 U�ajC,I3c CN j@Cc cjn0w @�q3 j@3 c�L3 cU@3aCA

,�I c@�U3 sCj@ � a�0Cnc R8 zYl nL. s@C,@ 3N�$I3c � <RR0 c,�jj3aCN< 3|,C3N,w V/wG3L� 3j �IY.

lzSfd TC3a,3 3j �IY. lzSzWY T�ajC,I3 03NcCjw Cc c3j jR SY4 < ,L−Д VCY3Y. j@3 03NcCjw R8 cnI8�j3

�3aRcRIWY 7C<na3 SYS c@Rsc j@3 c3NcCjCqCjw R8 U�ajC,I3 IC83jCL3 jR 0C{3a3Nj U�ajC,I3 a�0CC VCY3Y.

zYz9. zYl. zYkef nLWY

r3 CNE3,j U�ccCq3 U�ajC,I3c VsCj@ c30CL3Nj�jCRN $nj sCj@Rnj LC,aRU@wcC,�I <aRsj@. ,@3LA

C,�I UaR,3cc3c. �N0 a�0C�jCq3 3{3,jcW RN,3 3q3aw k 0�wc 8aRL j@3 ~u30 CNE3,jCRN URCNjc 8Ra Sz

w3�ac VlzzzAlzzOWY i@3a3 �a3 e CNE3,jCRN �IjCjn03c VMy = ЊW- Sf GL VSzz @T�W. S4 GL Ve9 @T�W.

SO GL Vf9 @T�W. lz GL V99 @T�W. lS GL V:e @T�W. ll GL V:z @T�W. l: GL Vkz @T�WY i@3 CNA

E3,jCRN URCNjc CN j@3 @RaCyRNj�I 0Ca3,jCRN 8RaL � L3c@ a�N<CN< 8aRL Де◦ M jR Де◦ b sCj@ � Д◦

CNj3aq�I CN I�jCjn03 VNnL$3a R8 CNE3,jCRN I�jCjn03c- Mw = ИϹW. �N0 8aRL −Ϲξе◦ jR Ϲξе◦ sCj@ � Ϲφ◦

Sl



CNj3aq�I CN IRN<Cjn03 VNnL$3a R8 CNE3,jCRN IRN<Cjn03c Mu = ИωWY i@3a38Ra3. j@3 CNE3,jCRN a�j3 Cc

9z: VCY3Y. Mu × MwW U�ajC,I3c 3q3aw k 0�wc 8Ra 3�,@ CNE3,jCRN �IjCjn03Y 2�,@ CNE3,j30 U�ajC,I3 Cc

ja�,G30 8Ras�a0 8Ra Sz w3�ac CN H�;`�MiQY r3 ,�I,nI�j3 j@3 cja�jRcU@3aC, IC83jCL3 R8 3�,@

U�ajC,I3 �c j@3 U3aCR0 $3js33N s@3N j@3 U�ajC,I3 Cc CNE3,j30 CNjR j@3 cja�jRcU@3a3 �N0 s@3N Cj

a3�,@3c j@3 jaRURU�nc3Y BN j@Cc cjn0w. j@3 jaRURU�nc3 @3C<@j V?R{L�NN � bU�N<. lzllW Cc j@3

@3C<@j R8 j@3 j@3aL�I I�Uc3 a�j3 jaRURU�nc3 VrKQ. SO9eWY i@3 L�uCLnL U�ajC,I3 IC83jCL3 Cc

Sz w3�ac. s@C,@ L3�Nc j@�j j@3 CNE3,j30 U�ajC,I3 @�c NRj a3�,@30 j@3 jaRURU�nc3 CN j@3 s@RI3

SzAw3�a cCLnI�jCRNY

SYk `ζЅЛϣАЅ

SYkYS T�ajC,I3 NnL$3a CN j@3 cja�jRcU@3a3

�c c@RsN CN 7C<na3 SYl�. j@3 NnL$3a R8 U�ajC,I3c CN j@3 cja�jRcU@3a3 CN,a3�c3c V0n3 jR

,RNjCNnRnc CNE3,jCRNW nNjCI � cj3�0w cj�j3 Cc �,@C3q30 0naCN< lzzzAlzzOY Bj j�G3c LRa3 jCL3 8Ra

j@3 NnL$3a R8 U�ajC,I3c jR a3�,@ � cj3�0w cj�j3 C8 j@3 CNE3,jCRN �IjCjn03 Cc @C<@3aY 7Ra U�ajC,I3c

CNE3,j30 �j Sf GL. U�ajC,I3 NnL$3a ,�N a3�,@ j@3 cj3�0w cj�j3 sCj@CN l w3�ac. s@CI3 8Ra U�ajC,I3c

CNE3,j30 �j l: GL. U�ajC,I3 NnL$3a cjCII @�c � cIC<@j CN,a3�cCN< a�j3 3q3N �8j3a lzz9Y �j j@3

cj3�0w cj�j3. j@3a3 �a3 LRa3 U�ajC,I3c VCY3Y. I�a<3a U�ajC,I3 $na03NW CN j@3 cja�jRcU@3a3 8Ra j@3

@C<@3a �IjCjn03 CNE3,jCRNcY �8j3a j@3 CNE3,jCRN cjRUc CN lzSz. j@3 jRj�I NnL$3a R8 U�ajC,I3c CN

j@3 cja�jRcU@3a3 03,a3�c3c cCN,3 U�ajC,I3c a3�,@ j@3 jaRURU�nc3 �N0 3uCj j@3 cja�jRcU@3a3Y i@3

03,a3�cCN< ja3N0 ,�N $3 �UUaRuCL�j3Iw a3Ua3c3Nj30 $w �N 3uURN3NjC�I 03,�w 8nN,jCRN M(j) =

M(е) 3−j/ɇ. s@3a3 j Cc j@3 NnL$3a R8 0�wc �8j3a CNE3,jCRN cjRUc RN D�N S. lzSz. M Cc j@3 NnL$3a

R8 U�ajC,I3c CN j@3 cja�jRcU@3a3. ɇ Cc j@3 3uURN3NjC�I jCL3 ,RNcj�NjY

BN <IR$�I ,ICL�j3 LR03Ic. U�ajC,I3 IC83jCL3 Cc CN0Ca3,jIw ,�I,nI�j30 $w ncCN< CNE3,jCRN a�j3

jR 0CqC03 j@3 cj3�0wAcj�j3 U�ajC,I3 NnL$3a. s@C,@ ,�N RNIw R{3a j@3 L3�N IC83jCL3Y BN ,RNja�cj.

Sk



s3 0Ca3,jIw ,�I,nI�j3 3�,@ U�ajC,I3ȕc IC83jCL3 VCNcj3�0 R8 Encj L3�N IC83jCL3W CN j@3 cja�jRcU@3a3

V�c c@RsN CN 7C<na3 SYeW sCj@ j@3 H�<a�N<C�N ja�E3,jRaw LR03I $w ja�,GCN< j@3 jCL3 I�Uc3 8aRL

j@3 U�ajC,I3ȕc CNE3,jCRN jR 3uCj �j j@3 jaRURU�nc3Y i@Cc Cc NRj N3,3cc�aCIw L3�NCN<8nI 8Ra �Nw

CN0CqC0n�I ja�E3,jRaw. $nj j@3 0CcjaC$njCRN R8 IC83jCL3c 8Ra � I�a<3 NnL$3a R8 ja�E3,jRaC3c ,�N CNA

8RaL nc R8 @Rs U�ajC,I3c �a3 ja�NcURaj30 CN j@3 cja�jRcU@3a3Y K�Nw Ua3qCRnc cjn0C3c V?�II �

TInL$. SOO:d ?RIy3a 3j �IY. lzSld HCNy 3j �IY. lzSeW @�q3 nc30 j@3 �<3 R8 �Ca VcCLCI�a jR U�aA

jC,I3 IC83jCL3W jR 0C�<NRc3 cja�jRcU@3aC, ja�NcURajY 7Ra 3u�LUI3. TIR3<3a 3j �IY VlzSOW nc3 j@3

+@3LC,�I H�<a�N<C�N KR03I R8 j@3 bja�jRcU@3a3 V+H�KbW jR ,�I,nI�j3 $Rj@ j@3 L3�N �<3 R8

�Ca �N0 j@3 �<3 R8 �Ca cU3,janL VRa ja�NcCj jCL3 0CcjaC$njCRNW $�c30 RN 0C{3a3Nj a3�N�IwcCc 0�j�.

s@C,@ Cc nc30 jR 8nIIw �cc3cc j@3 cja3N<j@. c3�cRN�ICjw. �N0 ja3N0c R8 #a3s3aA/R$cRN ,Ca,nI�jCRN

V#/+WY

7C<na3 SYl$ c@Rsc j@3 G3aN3I 03NcCjw 0CcjaC$njCRN R8 U�ajC,I3cȕ cja�jRcU@3aC, IC83jCL3 8Ra

0C{3a3Nj CNE3,jCRN �IjCjn03cY r3 ,�N �IcR c33 j@�j U�ajC,I3c CNE3,j30 �j � @C<@3a �IjCjn03 j3N0

jR @�q3 � IRN<3a IC83jCL3 CN j@3 cja�jRcU@3a3Y i@3 U�ajC,I3 IC83jCL3 0CcjaC$njCRN 8aRL j@3 IRs3a

cja�jRcU@3aC, CNE3,jCRN VJlz GLW Cc LRa3 ,RN,3Nja�j30. s@CI3 U�ajC,I3c CNE3,j30 @C<@3a CN j@3

cja�jRcU@3a3 Vŉlz GLW @�q3 � I�a<3a q�In3 a�N<3 R8 cja�jRcU@3aC, IC83jCL3cY r3 NRjC,3 j@�j j@3a3

�a3 Rq3aI�UUCN< �a3�c $3js33N 0C{3a3Nj ICN3c. s@C,@ cn<<3cjc j@�j ,@RRcCN< CNE3,jCRN IR,�jCRNc

�N0 jCL3 �j � IRs3a �IjCjn03 ,�N �,@C3q3 � cCLCI�a U�ajC,I3 IC83jCL3 jR j@3 nNC8RaL CNE3,jCRN �j

� @C<@3a �IjCjn03Y 7Ra 3u�LUI3. lzX R8 j@3 �a3� nN03a j@3 UnaUI3 ICN3 VSO GLW @�c � U�ajC,I3

IC83jCL3 I�a<3a j@�N lYz w3�ac. s@C,@ Cc j@3 L3�N U�ajC,I3 IC83jCL3 8aRL j@3 nNC8RaL CNE3,jCRN �j

lz GLY

i�GCN< SOAGL CNE3,jCRN VUnaUI3 ICN3 CN 7C<na3 SYlW �c �N 3u�LUI3. s3 �UUIw s�q3I3j ja�NcA

8RaL jR j@3 jCL3 c3aC3c R8 U�ajC,I3 NnL$3a 0naCN< j@3 cj3�0wAcj�j3 cj�<3 V@3a3 s3 ,@Rc3 lzz9A

lzzOW �N0 ~N0 j@3a3 �a3 SAw3�a Vc3�cRN�I ,w,I3W �N0 lAw3�a U3aCR0c 8Ra j@3 jCL3 c3aC3c R8 U�aA

jC,I3 NnL$3aY BNj3a3cjCN<Iw. j@3 lAw3�a U3aCR0 Cc j@3 0RLCN�Nj U3aCR0 V7C<na3 SYk�WY r3 j@CNG

S:



Figure 1.2: (a) Time series of the number of particles staying in the stratosphere from each injection alti‐
tude. Each injection altitude has the same injection rate as described in Section 1.2. (b) KDE (kernel den‐
sity estimation) density distribution of seasonally particle lifetime (from Mu ×Mw = φеω horizontal injection
locations, see Section 1.2) for each injection altitude.
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Figure 1.3: (a) Continuous wavelet analyses for the time series of particle number in the stratosphere. (b)
Standardized QBO index (i.e., 50 hPa monthly mean zonal wind derived from daily Singapore observation
site) and the number of particles in the stratosphere.

j@Cc lAw3�a U3aCR0 CN0C,�j3c j@�j [#Q ,RnI0 LR0nI�j3 U�ajC,I3 NnL$3a CN j@3 cja�jRcU@3a3Y iR

UaRq3 j@�j. s3 ,RLU�a3 j@3 jCL3 c3aC3c R8 U�ajC,I3 NnL$3a jR j@3 jCL3 c3aC3c R8 j@3 [#Q CNA

03u VCY3Y. 9z @T� LRNj@Iw L3�N yRN�I sCN0 03aCq30 8aRL 0�CIw bCN<�URa3 R$c3aq�jCRN cCj3W.

�c c@RsN CN 7C<na3 SYk$Y r3 ,�N c33 j@�j j@3 [#Q CN03u �N0 U�ajC,I3 NnL$3a �a3 cj�jCcjC,�IIw

,Raa3I�j30Y 7aRL j@3 U@wcC,�I �cU3,j. Ua3qCRnc cjn0C3c @�q3 UaRURc30 c3q3a�I URccC$I3 L3,@A

�NCcLc 8Ra [#Q jR LR0nI�j3 j@3 NnL$3a R8 U�ajC,I3c CN j@3 cja�jRcU@3a3Y 7Ra 3u�LUI3. CN j@3

jaRUC,c �N0 cn$jaRUC,c. [#Q ,�N CNjaR0n,3 � c3,RN0�aw L3aC0CRN�I ,Ca,nI�jCRN jR CN�n3N,3

cja�jRcU@3aC, ja�NcURaj VTInL$ � #3II. SO4ld TnN<3 3j �IY. lzzOWY BN j@3 URI�a �a3�. [#Q ,�N

LR0nI�j3 cja�jRcU@3aC, URI�a qRaj3u j@aRn<@ j@3 ?RIjRNAi�N L3,@�NCcL V?RIjRN � i�N. SO4zd

#�I0sCN � /nNG3ajRN. SOO4WY

SYkYlY T�ajC,I3 ja�NcURaj

iR 8naj@3a �N�Iwy3 U�ajC,I3 ja�NcURaj CN j@3 cja�jRcU@3a3. s3 c3U�a�j3 j@3 cja�jRcU@3a3 CNjR

c3q3a�I a3<CRNc �N0 ,�I,nI�j3 j@3 cj3�0wAcj�j3 Vlzz9AlzzOW U�ajC,I3 NnL$3a VM. a30 q�In3c CN

7C<na3 SY:W CN 0C{3a3Nj a3<CRNc �N0 j@3 U�ajC,I3 NnL$3a �nu V7. $In3 q�In3c CN 7C<na3 SY:W $3A

js33N 0C{3a3Nj a3<CRNcY BN j@3 jaRUC,�I a3<CRN. j@3 nUU3a �N0 IRs3a jaRUC,�I cja�jRcU@3a3 Cc

0CqC030 $w 9z @T�. s@C,@ Cc � Ua3ccna3 I3q3I j@�j c3U�a�j3c j@3 033U �N0 c@�IIRs $a�N,@3c R8

Sf



Figure 1.4: Particle number M (red values with a unit of particle), flux 7 (blue values with a unit of particle
per year), and lifetime H (purple values with a unit of year) in or between different areas (black boxes) dur‐
ing the steady‐state stage. The injection rate is scaled to 100 particles per year (all other values are scaled,
correspondingly).

#/+ VHCN � 7n. lzSkWY

�j SOAGL CNE3,jCRN �IjCjn03. 8Ra � c,�I30 CNE3,jCRN a�j3 R8 Szz U�ajC,I3c U3a w3�a. j@3a3 �a3

j@a33 U�j@s�wc 8Ra CNE3,j30 U�ajC,I3c jR ja�NcURajY 7Cacj Cc j@3 0RsNs�a0 ja�NcURaj. SOX R8 CNA

E3,j30 U�ajC,I3c 0Ca3,jIw LRq3 0RsNs�a0 �N0 a3�,@ j@3 jaRURU�nc3Y b3,RN0 Cc j@3 @RaCyRNj�I

ja�NcURaj. LRa3 j@�N @�I8 R8 CNE3,j30 U�ajC,I3c V9:XW nN03a<R @RaCyRNj�I LRq3L3Nj 8aRL j@3

jaRUC,�I a3<CRN jR j@3 LC0AI�j a3<CRN 0n3 jR j@3 c@�IIRs $a�N,@ R8 #/+Y i@Ca0 Cc nUs�a0 ja�NcA

URaj. leX R8 CNE3,j30 U�ajC,I3c LRq3 nUs�a0 jR 3Nj3a j@3 nUU3a jaRUC,�I cja�jRcU@3a3. �N0 j@3N

G33U 8RIIRsCN< j@3 033U $a�N,@ R8 #/+ jR 3Nj3a j@3 LC0AI�jCjn03 a3<CRN CN j@3 nUU3a cja�jRA

cU@3a3Y 2q3N j@Rn<@ j@3 jaRUC,�I a3<CRN @�c j@3 I�a<3cj NnL$3a R8 U�ajC,I3c VkfYkZk9Y45elYSW.

LRcj CNE3,j30 U�ajC,I3c Vf4XW j3N0 jR a3�,@ j@3 jaRURU�nc3 CN j@3 LC0AI�jCjn03 a3<CRN. s@C,@

sCII $3 0Cc,ncc30 LRa3 CN 7C<na3c SY9 �N0 SYfY

#�c30 RN j@3 U�ajC,I3 NnL$3a VMW �N0 NnL$3a �nu V7W CN j@3 cj3�0wAcj�j3 cj�<3 Vlzz9A

Se



lzzO 8Ra SOAGL CNE3,jCRN �IjCjn03W. s3 ,�N ,�I,nI�j3 j@3 U�ajC,I3 IC83jCL3 VH5Mg7. UnaUI3 q�In3c

CN 7C<na3 SY:W CN 0C{3a3Nj a3<CRNcY BNE3,j30 U�ajC,I3c @�q3 � c@Raj IC83jCL3 VzY: w3�acW CN j@3

IRs3a jaRUC,�I cja�jRcU@3a3 0n3 jR j@3 j@a33 ja�NcURaj U�j@s�wc s3 L3NjCRN30 CN j@3 I�cj U�a�A

<a�U@Y r@CI3 U�ajC,I3c 3Nj3aCN< j@3 nUU3a jaRUC,�I cja�jRcU@3a3 ,RnI0 @�q3 � IRN<3a IC83jCL3 R8

SYk w3�acY BN <3N3a�I. U�ajC,I3c ,�N cj�w CN j@3 LC0AI�j cja�jRcU@3a3 8Ra zY4 w3�acY B8 U�ajC,I3c

,�N a3�,@ j@3 URI�a cja�jRcU@3a3. j@3w ,RnI0 @�q3 � IRN< IC83jCL3 VlYl w3�acW CN j@3 URI�a cja�jRA

cU@3a3Y

7Ra U�ajC,I3c CNE3,j30 CN j@3 cja�jRcU@3a3. j@3Ca ja�NcURaj CN j@3 cja�jRcU@3a3 cj�ajc �j j@3

CNCjC�I CNE3,jCRN IR,�jCRNc �N0 3N0c nU �j cCNG IR,�jCRNc s@3a3 j@3 CNE3,j30 U�ajC,I3 a3�,@3c

j@3 jaRURU�nc3Y ?3a3. s3 �N�Iwy3 U�ajC,I3cȕ cCNG IR,�jCRNc CN 0C{3a3Nj IR,�jCRNc �N0 c3�cRNcY

B03NjC8wCN< s@3a3 CNE3,j30 U�ajC,I3c 3Nj3a j@3 jaRURcU@3a3 L�w @3IU nc @�q3 � $3jj3a Ua30C,jCRN

R8 IR,�I �Ca URIInjCRN ,�nc30 $w b�BY

7C<na3 SY9 c@Rsc j@3 0RsNs�a0 U�ajC,I3 NnL$3a �nu 8aRL j@3 cja�jRcU@3a3 jR j@3 jaRURA

cU@3a3Y +RNcCcj3Nj sCj@ 7C<na3 SY:. LRcj U�ajC,I3c a3�,@ j@3 jaRURU�nc3 CN j@3 LC0AI�jY �N0

j@3a3 Cc � c3�cRN�I ,w,I3 j@�j U�ajC,I3c j3N0 jR cCNG CN j@3 sCNj3a @3LCcU@3a3 VCY3Y. NRaj@ @3LCA

cU@3a3 CN /D7 �N0 cRnj@ @3LCcU@3a3 CN DD�W j@�N CN j@3 cnLL3a @3LCcU@3a3 VCY3Y. cRnj@3aN

@3LCcU@3a3 CN /D7 �N0 NRaj@3aN @3LCcU@3a3 CN DD�W. �c c@RsN CN 7C<na3 SY9Y r3 �IcR NRjC,3

j@3a3 �a3 cRL3 0RLCN�Nj cCNG IR,�jCRNc. 3cU3,C�IIw CN 0C{3a3Nj c3�cRNc c@RsN CN 7C<na3 SYfY

BN /D7. U�ajC,I3c j3N0 jR a3�,@ j@3 jaRURU�nc3 Rq3a j@3 �cC�N �a3�Y r@CI3 CN DD�. RN3 R8 j@3

0RLCN�Nj cCNG IR,�jCRNc Cc Rq3a j@3 cRnj@ BN0C�N Q,3�NY i@3c3 0RLCN�Nj cCNG IR,�jCRNc L�w

$3 CN�n3N,30 $w jaRURU�nc3 8RI0CN<. s@C,@ R8j3N @�UU3Nc $3N3�j@ j@3 cn$jaRUC,�I E3j cja3�L

VȲG3aI�G 3j �IY. lzS9WY

SYkYk T�ajC,I3 IC83jCL3ȕc c3NcCjCqCjw jR CNE3,jCRN IR,�jCRNc

7C<na3 SYe L�Uc j@3 U�ajC,I3 IC83jCL3 $�c30 RN j@3 CNE3,jCRN IR,�jCRNc 8Ra CNE3,jCRNc �j S4

�N0 lz GL $w c3�cRN V/D7. K�K. DD�. �N0 bQMWY r3 ,�N c33 j@3 U�ajC,I3 IC83jCL3 0CcjaC$nA

S4



Figure 1.5: Left: Annual mean particle number flux from the stratosphere to the troposphere for particles
injected at 19 km. Right: Zonal mean of values in the left panel and zonal mean of particle number flux in
DJF and JJA (corresponding to Figure 1.6).

Figure 1.6: Mean particle number flux from the stratosphere to the troposphere for particles injected at 19
km for DJF and JJA.
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Figure 1.7: Particle lifetime distribution as a function of initial injection longitudes and latitudes. This
shows the mean particle lifetime over all injections from 2000 to 2009. The left (right) column is for in‐
jection at 18 km (20 km), with each row showing a different season. The black and red boxes in subplot (a)
indicate two selected injection areas used in Figure 1.10.

jCRN Cc NRj nNC8RaLY i@3a3 Cc c3�cRN�I q�aC�$CICjw CN U�ajC,I3 IC83jCL3. �c s3II �c � 03U3N03N,3

R8 U�ajC,I3 IC83jCL3 RN CNE3,jCRN IRN<Cjn03 �N0 I�jCjn03. 3cU3,C�IIw �j � IRs3a CNE3,jCRN �IjCjn03Y

T�ajC,I3c CNE3,j30 �j lz GL <3N3a�IIw @�q3 � IRN<3a IC83jCL3 CN j@3 cja�jRcU@3a3 j@�N j@Rc3 CNA

E3,j30 �j S4 GL $3,�nc3 U�ajC,I3c CNE3,j30 �j � @C<@3a �IjCjn03 �a3 LRa3 ICG3Iw jR $3 �0q3,j30

CNjR j@3 nUU3a jaRUC,�I cja�jRcU@3a3 $w j@3 033U $a�N,@ R8 #a3s3aA/R$cRN +Ca,nI�jCRN V#/+W

�N0 @�q3 � IRN<3a IC83jCL3 CN j@3 cja�jRcU@3a3Y T�ajC,I3c CNE3,j30 �j IRs3a �IjCjn03c �a3 LRa3

ICG3Iw jR $3 3Nja�CN30 CN j@3 c@�IIRs $a�N,@ R8 #/+. ,�ncCN< U�ajC,I3c jR ja�NcURaj 8aRL j@3

IRs3a jaRUC,�I cja�jRcU@3a3 jR j@3 LC0I�jCjn03 Ra URI�a jaRURU�nc3 CN � c@Raj3a jCL3 ViCIL3c

3j �IY. lzSed pCcCRNC 3j �IY. lzS4WY

T�ajC,I3c CNE3,j30 ,IRc3a jR j@3 3\n�jRa <3N3a�IIw @�q3 IRN<3a IC83jCL3c. �c Cc c@RsN $w j@3

yRN�I L3�N IC83jCL3 CN 7C<na3 SY4�Y i@3 U�ajC,I3c CNCjC�ICy30 N3�a j@3 3\n�jRa sCII $3 $aRn<@j

033U CNjR j@3 cja�jRcU@3a3 $w #/+ȕc nUs3IICN< �Rs. s@CI3 U�ajC,I3c CNE3,j30 �s�w 8aRL j@3

3\n�jRa ,�N 3uCj jR j@3 jaRURcU@3a3 8RIIRsCN< j@3 c@�IIRs $a�N,@ R8 #/+Y 7C<na3 SY4� �IcR

lz



Figure 1.8: (a) Zonal mean particle lifetime vs. injection latitude at 20 km in four seasons, corresponding to
the right column of Figure 1.7. The red (black) arrow marks the maximum lifetime of the red (black) line. (b)
Zonal mean of tropopause height in four seasons.

c@Rsc � c3�cRN�I ,w,I3- U�ajC,I3c CNE3,j30 CN j@3 sCNj3a @3LCcU@3a3. /D7 CN MRaj@ ?3LCcU@3a3

VM?W Ra DD� CN bRnj@ ?3LCcU@3a3 Vb?W. <3N3a�IIw @�q3 � IRN<3a IC83jCL3 j@�N j@Rc3 CNE3,j30 CN

j@3 cnLL3a @3LCcU@3a3 VDD� CN M? Ra /D7 CN b?W. s@C,@ Cc ,RNcCcj3Nj sCj@ j@3 8�,j j@�j j@3

#/+ Cc cjaRN<3a CN j@3 sCNj3a @3LCcU@3a3 `Rc3NIR8 VSOO9WY bjaRN<3a #/+ CN j@3 sCNj3a @3LCA

cU@3a3 ,�N ja�NcURaj LRa3 U�ajC,I3c 8aRL j@3 IRs3a jaRUC,�I cja�jRcU@3a3 jR j@3 @C<@3a jaRUC,�I

cja�jRcU@3a3. s@C,@ a3cnIjc CN � IRN<3a IC83jCL3 V7C<na3 SY:WY �00CjCRN�IIw. 7C<na3 SY4� c@Rsc

� cL�II3a L�uCLnL IC83jCL3 CN /D7 a3I�jCq3 jR DD�. �c L�aG30 $w j@3 a30 �N0 $I�,G �aaRscY

i@Cc Cc $3,�nc3 j@3 jaRUC,�I jaRURU�nc3 @3C<@j Cc @C<@3a CN /D7 j@�N CN DD� V7C<na3 SY4$W. cR

U�ajC,I3c CNE3,j30 �j � ~u30 @3C<@j V3Y<Y. lz GLW CN /D7 �a3 ,IRc3a jR j@3 jaRUC,�I jaRURU�nc3

j@�N j@Rc3 CNE3,j30 CN DD�. j@3a38Ra3. a3�,@ j@3 jaRURU�nc3 LRa3 \nC,GIwY 7C<na3 SYO c@Rsc j@�j

j@Cc 0C{3a3N,3 R8 yRN�I L3�N L�uCLnL IC83jCL3 $3js33N /D7 �N0 DD� CNE3,jCRNc $3,RL3c

cL�II3a s@3N j@3 CNE3,jCRN �IjCjn03 CN,a3�c3c. sCj@ j@3 0C{3a3N,3 q�NCc@CN< 8Ra CNE3,jCRN �IjCA

jn03c a3�,@CN< ll GLY

7Ra j@3 ~acj jCL3. s3 �N�Iwy3 j@3 c3NcCjCqCjw R8 U�ajC,I3 IC83jCL3 jR CNE3,jCRN IRN<Cjn03Y
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Figure 1.9: Zonal mean particle lifetime vs. injection latitude at 18 and 22 km in four seasons (like Figure
1.8a).

r3 ~N0 j@�j U�ajC,I3c CNE3,j30 �j 0C{3a3Nj IRN<Cjn03c ,�N @�q3 0C{3a3Nj IC83jCL3c CN j@3 cja�jRA

cU@3a3. 3cU3,C�IIw 8Ra CNE3,jCRN �IjCjn03c IRs3a j@�N lz GLY 7C<na3 SYSz� c@Rsc j@3 LRNj@Iw

L3�N U�ajC,I3 IC83jCL3 �q3a�<30 Rq3a j@3 jsR c3I3,j30 CNE3,jCRN �a3�c VL�aG30 $w j@3 a30 �N0

$I�,G $Ru3c CN 7C<na3 SYe�W. s@C,@ @�q3 j@3 c�L3 CNE3,jCRN �IjCjn03 �N0 I�jCjn03c $nj 0C{3a3Nj

CNE3,jCRN IRN<Cjn03cY i@3 U�ajC,I3c CNE3,j30 CN j@3 a30 $Ru @�q3 � L3�N IC83jCL3 R8 SYkk w3�ac.

s@CI3 j@Rc3 CNE3,j30 CN j@3 $I�,G $Ru RNIw @�q3 � L3�N IC83jCL3 R8 SYz4 w3�acY

r3 3uUI�CN j@3 0C{3a3N,3 CN U�ajC,I3 IC83jCL3 $3js33N j@3 jsR CNE3,jCRN IRN<Cjn03c $w ncA

CN< j@3 URI3s�a0 sCN0. s@3a3 URcCjCq3 VN3<�jCq3W URI3s�a0 sCN0 cU330 3\n�Ic URcCjCq3 VN3<�A

jCq3W L3aC0CRN�I sCN0 cU330 CN j@3 M? Ra N3<�jCq3 VURcCjCq3W L3aC0CRN�I sCN0 cU330 CN j@3 b?Y

7C<na3 SYSz$ c@Rsc j@3 LRNj@Iw L3�N URI3s�a0 sCN0 cU330 �q3a�<30 Rq3a j@3 jsR c3I3,j30

CNE3,jCRN �a3�cY i@3 L3�N URI3s�a0 sCN0 cU330 8aRL j@3 a30 $Ru Cc AzYk4 Lgc. s@C,@ LRq3c

CNE3,j30 U�ajC,I3c 3\n�jRas�a0 CN j@3 jaRUC,�I UCU3. s@3a3 U�ajC,I3c ,�N @�q3 � IRN<3a IC83jCL3 CN

j@3 cja�jRcU@3a3Y #w ,RNja�cj. j@3 L3�N URI3s�a0 sCN0 cU330 8aRL j@3 $I�,G $Ru Cc zY99 L c−Ϲ.
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Figure 1.10: Time series of (a) particle lifetime and (b) poleward wind speed averaged over the two selected
injection areas (red and black boxes in Figure 1.7a) in all injection months (DJF) from 2000 to 2009. (c)
Scatterplot of the values (particle lifetime vs. poleward wind) presented as time series in (a) and (b). The
black (red) dashed line is the linear fit for the black (red) dots in (c).

s@C,@ ja�NcURajc CNE3,j30 U�ajC,I3c URI3s�a0 8aRL j@3 jaRUC,�I UCU3 CNjR j@3 LC0AI�j. s@3a3

j@3 CNE3,j30 U�ajC,I3c ,�N \nC,GIw a3�,@ j@3 jaRURU�nc3Y 7C<na3 SYSS c@Rsc �N 3u�LUI3 R8 j@3

ja�NcURaj R8 U�ajC,I3c CNE3,j30 �j jsR 0C{3a3Nj IRN<Cjn03c. s@C,@ ,I3�aIw c@Rsc @Rs j@3 URI3A

s�a0 sCN0 CN�n3N,3c U�ajC,I3 ja�NcURaj CN j@3 cja�jRcU@3a3Y KRa3Rq3a. j@3 $I�,G 0Rjc CN 7C<na3

SYSz, c@Rsc j@�j URcCjCq3 URI3s�a0 sCN0 cU330 q�In3c CN j@3 CNCjC�I CNE3,jCRN IR,�jCRNc @�q3 �

N3<�jCq3 a3I�jCRNc@CU sCj@ j@3 U�ajC,I3 IC83jCL3 V,Raa3I�jCRN ,R3|,C3Nj R8 AzY9eWY i@Cc L3�Nc

j@�j CNE3,j30 U�ajC,I3c �a3 LRa3 ICG3Iw jR @�q3 � cL�II3a IC83jCL3 C8 j@3 URcCjCq3 URI3s�a0 sCN0

Cc I�a<3aY M3<�jCq3 URI3s�a0 sCN0 cU330 q�In3c 0R NRj @�q3 � ,I3�a ,Raa3I�jCRN sCj@ j@3 U�ajC,I3

IC83jCL3 Va30 0Rjc CN 7C<na3 SYSz,W. s@C,@ L3�Nc j@�j �Nw N3<�jCq3 URI3s�a0 sCN0 sCII @3IU jR

ja�U CNE3,j30 U�ajC,I3c CN j@3 jaRUC,�I UCU3. a3<�a0I3cc R8 L�<NCjn03Y

SYkY: 2uUIRaCN< CNE3,jCRN cja�j3<C3c jR CN,a3�c3 U�ajC,I3 IC83jCL3

SYkY:YS /3c,aCUjCRN R8 0C{3a3Nj CNE3,jCRN cja�j3<C3c

r3 3uUIRa3 CNE3,jCRN cja�j3<C3c $w c3I3,jCN< ,RL$CN�jCRNc R8 CNE3,jCRN I�jCjn03c �N0 IRN<CA

jn03c jR CN,a3�c3 U�ajC,I3 IC83jCL3 cn$E3,j jR q�aCRnc ,RNcja�CNjcY 7Ra 3�,@ �IjCjn03. s3 3u�LCN3

nNC8RaL CNE3,jCRN CN j@3 jaRUC,�I �a3� �c � a383a3N,3 �IRN< sCj@ j@a33 Rj@3a RUjCL�I CNE3,jCRN
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Figure 1.11: An example of the transport of particles (i.e., red and blue dots) injected at different longitude
(red and black boxes in Figure 1.7a) at 18 km on Jan 1st, 2003.
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cja�j3<C3cY BNcj3�0 R8 ncCN< ~u30 CNE3,jCRN IR,�jCRNc CN j@3 s@RI3 CNE3,jCRN U3aCR0. Rna j@a33

RUjCL�I CNE3,jCRN cja�j3<C3c VCY3Y. H�jCjn03. H�jAIRN. �N0 #�I�N,30W �0RUj �0Encj�$I3 CNE3,jCRN

IR,�jCRNc. s@C,@ L3�Nc j@3 c3I3,j30 CNE3,jCRN IR,�jCRNc ,@�N<3 CN 0C{3a3Nj c3�cRNc jR �,@C3q3

j@3 L�uCLnL U�ajC,I3 IC83jCL3Y 7C<na3 SYSl <Cq3c � 03j�CI30 3u�LUI3 R8 @Rs jR CNE3,j U�ajC,I3c

CN j@3 8RIIRsCN< 8Rna CNE3,jCRN cja�j3<C3cY

VSW mNC8RaL- U�ajC,I3c �a3 nNC8RaLIw CNE3,j30 CN j@3 jaRUC,�I �a3� VДе◦ b jR Де◦ M. е◦ jR

ДЍе◦W ncCN< �II CNE3,jCRN URCNjc VMu × MwW �c 03c,aC$30 CN b3,jCRN SYlY

VlW H�jCjn03- U�ajC,I3c �a3 CNE3,j30 nNC8RaLIw �,aRcc �II IRN<Cjn03c VMuW �j RN3 c3I3,j30

I�jCjn03 8Ra 3�,@ c3�cRN jR L�uCLCy3 U�ajC,I3 IC83jCL3Y

VkW H�jAIRN- U�ajC,I3c �a3 CNE3,j30 �j � cCN<I3 c3I3,j30 URCNj 8Ra 3�,@ c3�cRN jR L�uCLCy3

U�ajC,I3 IC83jCL3Y

V:W #�I�N,30- U�ajC,I3c �a3 CNE3,j30 8aRL RN3 Ra c3q3a�I URCNjc 3�,@ c3�cRN. ,@Rc3N jR

L�uCLCy3 U�ajC,I3 IC83jCL3 cn$E3,j jR �N CNj3a@3LCcU@3aC, $�I�N,3 ,RNcja�CNj VCY3Y. j@3 0C{3aA

3N,3 R8 U�ajC,I3 IC83jCL3 $3js33N j@3 M? �N0 b? Cc I3cc j@�N SXWY i@Cc Cc �,@C3q30 $w � HCN3�a

TaR<a�LLCN< VHTW cRIq3a 03c,aC$30 CN b3,jCRN SYkY:YlY

SYkY:Yl HCN3�a TaR<a�LLCN< VHTW cRIq3a 8Ra j@3 #�I�N,30 CNE3,jCRN cja�j3<wY

�c c@RsN CN 7C<na3 SYe. 8Ra � <Cq3N CNE3,jCRN �IjCjn03 �N0 c3�cRN. j@3 U�ajC,I3 CNE3,j30 �j

IR,�jCRN (C, E) sCII @�q3 � IC83jCL3 H(C, E) CN j@3 cja�jRcU@3a3. s@3a3 C5S. l. Ğ. Mu a3Ua3c3Njc

j@3 CN03u R8 CNE3,jCRN IRN<Cjn03. E5S. l. Ğ. Mw a3Ua3c3Njc j@3 CN03u R8 CNE3,jCRN I�jCjn03Y i@3

s@RI3 cja�jRcU@3aC, IC83jCL3 H(C, E) ,�N $3 0CqC030 CNjR jsR U�ajc- j@3 U�ajC,I3ȕc IC83jCL3 CN j@3

M? VHM?(C, E)W �N0 CN j@3 b? VHb?(C, E)WY i@nc-

H(C, E) = HM?(C, E) + Hb?(C, E) ...... (Ϲ)

H3j T(C, E) a383a jR j@3 CNE3,jCRN U3a,3Nj �j IR,�jCRN (C, E) 8Ra 3�,@ CNE3,jCRN �IjCjn03 �N0
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Figure 1.12: An example of the injection percent for different injection strategies based on the particle
lifetime distribution (Figure 1.7a) at 18 km (injection altitude) in DJF (injection time).
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c3�cRNY i@3 cnL R8 CNE3,jCRN U3a,3Nj 8aRL �II CNE3,jCRN IR,�jCRNc c@RnI0 $3 SzzX 8Ra 3�,@

CNE3,jCRN �IjCjn03 �N0 c3�cRN-

Mw∑

E=Ϲ

Mu∑

C=Ϲ
T(C, E) = Ϲее% ...... (И)

i@3 jRj�I U�ajC,I3 IC83jCL3 8Ra 3�,@ CNE3,jCRN �IjCjn03 �N0 c3�cRN. s@C,@ s3 s�Nj jR L�uCA

LCy3. Cc-

HjRj�I =
Mw∑

E=Ϲ

Mu∑

C=Ϲ
[H(C, E) · T(C, E)] ...... (Д)

bCLCI�aIw. j@3 U�ajC,I3 IC83jCL3 CN M? �N0 b? �a3-

HM? =
Mw∑

E=Ϲ

Mu∑

C=Ϲ
[HM?(C, E) · T(C, E)] ...... (ω)

Hb? =
Mw∑

E=Ϲ

Mu∑

C=Ϲ
[Hb?(C, E) · T(C, E)] ...... (φ)

i@3 U3a,3Nj�<3 0C{3a3N,3 R8 U�ajC,I3 IC83jCL3 $3js33N M? �N0 b? Cc 03~N30 �c-

T/ =
|HM? − Hb?|

HjRj�I
× Ϲее% ...... (Ѝ)

T/ @�c � q�In3 a�N<3 $3js33N )z.SzzX*Y T/ = е L3�Nc j@3 U�ajC,I3 IC83jCL3 CN j@3 M?

Cc j@3 c�L3 �c j@�j CN j@3 b?. s@C,@ a3Ua3c3Njc j@3 U3a83,j CNj3a@3LCcU@3aC, $�I�N,3 R8 U�ajC,I3

IC83jCL3Y T/ = Ϲее% L3�Nc �II U�ajC,I3c �Is�wc cj�w CN RN3 @3LCcU@3a3. s@C,@ c@Rsc � LRcj

CNj3a@3LCcU@3aC, CL$�I�N,3 R8 U�ajC,I3 IC83jCL3Y BN j@Cc cjn0w. s3 �ccnL3 j@3 CNj3a@3LCcU@3aC,

$�I�N,3 R8 U�ajC,I3 IC83jCL3 $3js33N M? �N0 b? s@3N- T/ < Ϲ%Y

BN cnLL�aw. j@3 HT cRIq3a ,�N ,�I,nI�j3 j@3 CNE3,jCRN U3a,3Nj T(C, E) jR L�uCLCy3 j@3 jRj�I

U�ajC,I3 IC83jCL3 VHjRj�IW cn$E3,j jR j@3 CNj3a@3LCcU@3aC, $�I�N,3 R8 j@3 U�ajC,I3 IC83jCL3 VT/ <
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Figure 1.13: Mean stratospheric lifetime of particles injected at different injection altitudes for different
injection strategies.

Ϲ%WY 7C<na3 SYSl0 c@Rsc �N 3u�LUI3 R8 j@3 0CcjaC$njCRN R8 CNE3,jCRN U3a,3Nj ,�I,nI�j30 $w j@3

HT cRIq3aY

SYkY:Yk T�ajC,I3 IC83jCL3 8aRL 0C{3a3Nj CNE3,jCRN cja�j3<C3c

7C<na3 SYSk c@Rsc j@�j L3�N U�ajC,I3 IC83jCL3 CN,a3�c3c sCj@ CN,a3�cCN< CNE3,jCRN �IjCA

jn03 8Ra �II CNE3,jCRN cja�j3<C3c. $nj j@3 $3N3~j R8 �00CjCRN�I �IjCjn03 03,a3�c3c sCj@ @3C<@jY

#w �UUIwCN< � $CICN3�a a3<a3ccCRN VKn<<3R. lzzkW jR j@3 q3ajC,�I UaR~I3 R8 U�ajC,I3 IC83jCL3 CN

3�,@ CNE3,jCRN c,3N�aCR Vc@RsN CN 7C<na3 SYS:W. s3 ,�N c33 j@3a3 Cc �N 3I$Rs URCNj �j �aRnN0

lzY9 GL CN 3�,@ CNE3,jCRN cja�j3<wY 7Ra 3u�LUI3. j@3 mNC8RaL CNE3,jCRN cja�j3<w c@Rsc j@�j j@3

q3ajC,�I CN,a3�cCN< a�j3 R8 U�ajC,I3 IC83jCL3 Cc zY:S w3�a GL−Ϲ nN03a lzY9 GL. s@CI3 RNIw zYzO

w3�a GL−Ϲ �$Rq3 lzY9 GLY KRa3Rq3a. s3 ~N0 j@�j j@3 j@a33 RUjCL�I CNE3,jCRN cja�j3<C3c @�q3

� I�a<3a a�j3 R8 CN,a3�c3 CN IC83jCL3 sCj@ @3C<@j VLRa3 j@�N zY9z w3�a GL−ϹW j@�N j@3 mNC8RaL
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Figure 1.14: Left: the mean stratospheric lifetime of particles injected at different injection altitudes for
different injection strategies (same as Figure 1.13). The dashed lines represent the bilinear regression fit for
the data points. Right: the vertical increasing rate of particle lifetime (derived from the left subplot).

cja�j3<w VzY:S w3�a GL−ϹW �j CNE3,jCRN �IjCjn03c nN03a lzY9 GLY r@3a3�c. �$Rq3 lzY9 GL j@3

IC83jCL3 $3N3~jc R8 CN,a3�c30 CNE3,jCRN �IjCjn03 �a3 cL�II3a 8Ra RUjCL�I cja�j3<C3c V,RLU�a30

jR j@3 mNC8RaL cja�j3<wW. �c j@3 a�j3 CN RUjCL�I cja�j3<C3c VI3cc j@�N zYz9 w3�a GL−ϹW $3,RL3c

cL�II3a j@�N j@�j CN j@3 mNC8RaL cja�j3<w VzYzO w3�a GL−ϹWY i@Cc L3�Nc j@�j $3IRs V�$Rq3W lzY9

GL j@3 RUjCL�I CNE3,jCRN cja�j3<C3c @�q3 � I�a<3a VcL�II3aW IC83jCL3 $3N3~j R8 �00CjCRN�I �IjCjn03

j@�N j@3 mNC8RaL cja�j3<wY

#w ,RLU�aCN< j@3 L3�N U�ajC,I3 IC83jCL3 $3js33N cja�j3<C3c H�jCjn03 �N0 mNC8RaL V$In3

�N0 UnaUI3 0Rjc CN 7C<na3 SYSkW. s3 ,�N \n�NjC8w j@3 CN,a3�c3 R8 U�ajC,I3 IC83jCL3 ,�nc30 $w

c3I3,jCN< CNE3,jCRN I�jCjn03Y 7Ra 3u�LUI3. i�$I3 SYS c@Rsc j@�j j@3 L3�N U�ajC,I3 IC83jCL3 ,�N

CN,a3�c3 $w zYe w3�ac $w RNIw c3I3,jCN< CNE3,jCRN I�jCjn03 VH�jCjn03 cja�j3<wW �j lz GL. ,RLA

U�a30 jR j@3 nNC8RaL CNE3,jCRN CN �II jaRUC,�I �a3�c VmNC8RaL cja�j3<wWY i@3 CN,a3�c3 R8 IC83jCL3

$3,RL3c 3q3N I�a<3a VzYO w3�acW s@3N s3 c3I3,j $Rj@ CNE3,jCRN I�jCjn03 �N0 IRN<Cjn03 VH�jAIRN

qcY mNC8RaL cja�j3<C3cW. s@C,@ Cc ,RNcCcj3Nj sCj@ Rna Ua3qCRnc ~N0CN<c V7C<na3 SYSz�W j@�j c3A

I3,jCN< CNE3,jCRN IRN<Cjn03 ,�N CN,a3�c3 U�ajC,I3 IC83jCL3 CN j@3 cja�jRcU@3a3Y i@Cc CN,a3�c3 R8

IC83jCL3 ,�nc30 $w c3I3,jCN< I�jCjn03 �N0 IRN<Cjn03 CN0C,�j3c j@�j j@3 �Ca,a�8j ,�N �w �j � IRs3a

�IjCjn03 jR �,@C3q3 � cCLCI�a cja�jRcU@3aC, U�ajC,I3 IC83jCL3 V�GCN jR U�ajC,I3 $na03NW �c � nNCA
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8RaL CNE3,jCRN �j � @C<@3a �IjCjn03Y 7Ra 3u�LUI3. U�ajC,I3c CNE3,j30 �j S4Y9 GL CN cja�j3<w H�jA

IRN ,RnI0 @�q3 � cCLCI�a L3�N U�ajC,I3 IC83jCL3 jR j@Rc3 CNE3,j30 �j lz GL CN cja�j3<w mNC8RaL

Vc33 7C<na3 SYSkW. s@C,@ L3�Nc c3I3,jCN< CNE3,jCRN I�jCjn03 �N0 IRN<Cjn03 ,�N �IIRs �Ca,a�8j jR

�w SY9 GL IRs3a s@CI3 L�CNj�CNCN< j@3 c�L3 U�ajC,I3 IC83jCL3 j�a<3jY

2q3N j@Rn<@ s3 ,�N CN,a3�c3 j@3 L3�N U�ajC,I3 IC83jCL3 $w c3I3,jCN< CNE3,jCRN IRN<Cjn03

�N0 I�jCjn03. 0RCN< cR ,�N �IcR CN,a3�c3 j@3 CL$�I�N,3 R8 U�ajC,I3 IC83jCL3 $3js33N j@3 M? �N0

b?Y i�GCN< j@3 lz GL CNE3,jCRN �IjCjn03 �c �N 3u�LUI3 Vi�$I3 SYSW. j@3 U3a,3Nj�<3 0C{3a3N,3

R8 U�ajC,I3 IC83jCL3 $3js33N j@3 M? �N0 b? Cc kX CN cja�j3<w mNC8RaL. $nj SSX CN cja�j3<w

H�jAIRNY Bjȕc GNRsN j@�j ,ICL�j3 a3cURNc3c jR b�B q�aw sCj@ j@3 CNj3a@3LCcU@3aC, $�I�N,3Y 7Ra

3u�LUI3. b�B CNE3,jCRN j@�j @�UU3Nc RNIw CN RN3 @3LCcU@3a3 ,RnI0 c@C8j j@3 BNj3ajaRUC,�I +RNA

q3a<3N,3 xRN3 VBi+xW �N0 j@3N CN�n3N,3 j@3 @w0aRIR<C,�I ,w,I3 V?�wsRR0 3j �IY. lzSkd bLwj@

3j �IY. lzSeWY i@nc. s3 �0RUj30 � HCN3�a TaR<a�L VHTW cRIq3a V03c,aC$30 CN b3,jCRN SYkY:YlW

jR 03cC<N j@3 #�I�N,30 cja�j3<w. s@C,@ ,�N L�uCLCy3 j@3 L3�N U�ajC,I3 IC83jCL3 cn$E3,j jR j@3

CNj3a@3LCcU@3aC, $�I�N,3 R8 U�ajC,I3 IC83jCL3Y 7C<na3 lYS: c@Rsc j@�j j@3 L3�N U�ajC,I3 IC83jCL3

8aRL cja�j3<w #�I�N,30 Va30 0RjcW Cc cIC<@jIw cL�II3a j@�N j@�j 8aRL cja�j3<w H�jAIRN V$I�,G

0RjcW. $nj j@3 #�I�N,30 Cc Ua383a�$I3 jR j@3 H�jAIRN $3,�nc3 Cj ,RNcja�CNc j@3 U3a,3Nj�<3 0C8A

83a3N,3 R8 U�ajC,I3 IC83jCL3 $3js33N j@3 M? �N0 b? jR $3 I3cc j@�N SX Vb33 i�$I3 SYSWY i@Cc

CN0C,�j3c j@�j s3 ,�N �,@C3q3 j@3 CNj3a@3LCcU@3aC, $�I�N,3 R8 U�ajC,I3 IC83jCL3 sCj@Rnj IRcCN<

Ln,@ L3�N U�ajC,I3 IC83jCL3 CN j@3 cja�jRcU@3a3Y ?3a3 s3 nc3 CNj3a@3LCcU@3aC, $�I�N,3 �c �N

3u�LUI3 jR c@Rs j@3 URccC$CICjw R8 �,@C3qCN< LnIjC R$E3,jCq3c VCY3Y. L�uCLCyCN< IC83jCL3 �N0

L�CNj�CNCN< CNj3a@3LCcU@3aC, $�I�N,3WY r3 s�Nj jR �,GNRsI30<3 j@�j. CN �00CjCRN jR CN,a3�cA

CN< j@3 IC83jCL3 CL$�I�N,3 $3js33N M? �N0 b?. c3I3,jCN< CNE3,jCRN IR,�jCRNc jR L�uCLCy3

IC83jCL3 ,�N �IcR CN,a3�c3 j@3 CL$�I�N,3 R8 U�ajC,I3 NnL$3a 0CcjaC$njCRN $3js33N jaRUC,�I �N0

3uja�AjaRUC,�I �a3�c. �c c@RsN CN 7C<na3 SYS9Y �N0 j@3 #�I�N,30 cja�j3<w. s@C,@ ,�N L�CNj�CN

�N CNj3a@3LCcU@3aC, $�I�N,3 R8 U�ajC,I3 IC83jCL3. ,�NNRj L�CNj�CN j@3 $�I�N,3 R8 U�ajC,I3 NnLA
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Figure 1.15: Zonal mean particle number percentage under different injection strategies.

$3a 0CcjaC$njCRN $3js33N jaRUC,�I �N0 3uja�AjaRUC,�I �a3�cY #nj RN3 ,�N nc3 cCLCI�a L3j@R0c.

ICG3 j@3 #�I�N,30 cja�j3<w 03cC<N30 @3a3. jR �,@C3q3 � $�I�N,3 R8 U�ajC,I3 NnL$3a 0CcjaC$njCRN

$3js33N jaRUC,�I �N0 3uja�AjaRUC,�I �a3�c. �c s3II �c Rj@3a R$E3,jCq3c $�c30 RN j@3Ca a3c3�a,@

CNj3a3cjc V3Y<Y. K�,K�ajCN 3j �IY VlzSkWWY

BN j@Cc cjn0w. j@3 j@a33 RUjCL�I CNE3,jCRN cja�j3<C3c c3I3,j CNE3,jCRN IR,�jCRNc CN �N �NNn�IIwA

a3U3�jCN< c3�cRN�I ,w,I3 $�c30 RN j@3 ,ICL�jRIR<C,�IAL3�N cj�j3. s@C,@ L3�Nc j@3 RUjCL�I

CNE3,jCRN cja�j3<C3c ,RnI0 NRj a3cURN0 jR j@3 CNj3a�NNn�I q�aC�$CICjw CN j@3 ,Ca,nI�jCRNY �N �Ij3aA

N�jCq3 �UUaR�,@. �j I3�cj CN UaCN,CUI3. Cc c3I3,jCN< CNE3,jCRN IR,�jCRNc $�c30 RN � 8Ra3,�cj LR03I.

s@C,@ ,�N �0�Uj jR CNj3a�NNn�I q�aC�$CICjC3c 8aRL q�aCRnc CNj3aN�I V3Y<Y. 2MbQ. [#QW �N0 3uA
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Table 1.1: Three metrics for evaluating particle lifetime from the four injection strategies at 20 km.

j3aN�I V3Y<Y. qRI,�NR 3anUjCRN. cRI�a q�aC�$CICjwW 8Ra,CN< �c IRN< �c j@3 8Ra,CN< ,�N $3 �,,na�j3Iw

Ua30C,j30 CN j@3 8Ra3,�cj LR03IY 7C<na3 SYSf c@Rsc j@�j c3I3,jCN< CNE3,jCRN I�jCjn03 �N0 IRN<CA

jn03 $w j@Cc �Ij3aN�jCq3 �UUaR�,@ VCN,In0CN< CNj3a�NNn�I q�aC�$CICjC3cW ,RnI0 8naj@3a CN,a3�c3 j@3

U�ajC,I3 IC83jCL3 $w LRa3 j@�N S9X. ,RLU�a30 jR c3I3,jCN< CNE3,jCRN I�jCjn03 �N0 IRN<Cjn03 CN �

c3�cRN�I ,w,I3Y

SY: bЛϨϨΞЁЭ

bja�jRcU@3aC, �3aRcRI BNE3,jCRN Vb�BW �CLc jR R{c3j cRL3 ,ICL�j3 @�y�a0c $w a3I3�cCN< �3aRcRIc

CNjR j@3 cja�jRcU@3a3 jR a3�3,j cRI�a a�0C�jCRNY r3 nc3 � H�<a�N<C�N ja�E3,jRaw LR03I. LR0C~30

jR CN,In03 c30CL3Nj�jCRN. jR \n�NjC8w c3NcCjCqCjC3c R8 U�ajC,I3 ja�NcURaj �N0 IC83jCL3 jR CNE3,jCRN

IR,�jCRNc VCN,In0CN< CNE3,jCRN IRN<Cjn03WY #w ncCN< U�ccCq3 U�ajC,I3c VsCj@ c30CL3Nj�jCRN $nj

sCj@Rnj LC,aRU@wcC,�I <aRsj@. ,@3LC,�I UaR,3cc3c. �N0 a�0C�jCq3 3{3,jcW. s3 ,�N Una3Iw 8R,nc

RN @Rs $�,G<aRnN0 ,Ca,nI�jCRN CN�n3N,3c U�ajC,I3 ja�NcURajY �j lz GL. RUjCL�IIw ,@RRcCN<

CNE3,jCRN IR,�jCRNc ,�N CN,a3�c3 U�ajC,I3 IC83jCL3 $w ::X ,RLU�a30 jR NRj ,@RRcCN< IR,�jCRNcY

kl



Figure 1.16: Mean stratospheric lifetime of particles injected at different injection altitudes for different
injection strategies for (a) the annual‐repeating seasonal cycle (the selected location only changes with
different seasons, same as Figure 1.13) and (b) including interannual variabilities (the selected location
changes with both seasons and years).
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BNE3,jCRN cja�j3<C3c ,�N �IcR $3 ,RNcja�CN30 jR L�CNj�CN �N CNj3a@3LCcU@3aC, $�I�N,3 R8 U�aA

jC,I3 IC83jCL3 sCj@Rnj cC<NC~,�NjIw 03,a3�cCN< jRj�I IC83jCL3Y ;3N3a�IIw. CN,a3�cCN< CNE3,jCRN

�IjCjn03 CN,a3�c3c U�ajC,I3 IC83jCL3 s@CI3 �IcR CN,a3�cCN< j@3 ,Rcjc �N0 3NqCaRNL3Nj�I CLU�,jc

R8 03UIRwL3Nj �Ca,a�8jY Qna LR03I cn<<3cjc j@�j RUjCLCyCN< CNE3,jCRN IR,�jCRNc ,�N a30n,3 j@3

�IjCjn03AIC83jCL3 ja�03AR{ $w CN,a3�cCN< U�ajC,I3 IC83jCL3 sCj@Rnj N330CN< jR CN,a3�c3 CNE3,jCRN

�IjCjn03Y

H�cjIw. s3 s�Nj jR �,GNRsI30<3 j@�j j@Cc cjn0w. 8Ra j@3 ~acj jCL3. UaRq3c j@�j CNE3,jCRN

IRN<Cjn03 ,�N CN�n3N,3 U�ajC,I3 ja�NcURaj �N0 IC83jCL3 CN j@3 cja�jRcU@3a3 8aRL j@3 U@wcC,�I

U3acU3,jCq3Y BN j@3 N3uj cj3U. LRa3 cjn0C3c �a3 a3\nCa30 jR 8nIIw 3q�In�j3 j@3 c3NcCjCqCjw R8 b�Bȕc

,ICL�jC, CLU�,jc jR CNE3,jCRN IRN<Cjn03. s@C,@ c@RnI0 NRj RNIw ,RNcC03a j@3 U@wcC,�I 0wN�LC,c

$nj �IcR CN,In03 �3aRcRI LC,aRU@wcC,c. ,@3LC,�I a3�,jCRNc. a�0C�jCRN UaR,3cc3c. 3j,Y

k:



2
TInL3 b,�I3- /3q3IRUCN< �

TInL3ACNA;aC0 KR03I 8Ra TInL3

2qRInjCRN CN j@3 bja�jRcU@3a3
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lYS BϩАЁϱβЛΫАϔϱϩ

bja�jRcU@3aC, 3LCccCRNc 8aRL �Ca,a�8j Ra aR,G3jc ,�N $3 �N CLURaj�Nj cRna,3 R8 ,@3LC,�I U3aA

jna$�jCRNc VD�,R$cRN 3j �IY. lzSkWY bja�jRcU@3aC, cRI�a <3R3N<CN33aCN<. 8Ra 3u�LUI3. sRnI0

�ILRcj ,3aj�CNIw nc3 �Ca,a�8j 8Ra 03UIRwL3Nj. �N0 j@3c3 �Ca,a�8j sRnI0 UaR0n,3 @C<@ �cU3,jAa�jCR

UInL3c sCj@ cjaRN< ,RN,3Nja�jCRN <a�0C3NjcY +RLL3a,C�I �Ca,a�8j RU3a�jCN< CN j@3 cja�jRcU@3a3

sCII UaR0n,3 cCLCI�a UInL3cY ;IR$�I 2nI3aC�N LR03Ic �a3 sC03Iw 3LUIRw30 jR cCLnI�j3 j@3

<IR$�I ,ICL�jC, CLU�,j R8 IRN<Aj3aL cja�jRcU@3aC, 3LCccCRNcY ?Rs3q3a. UInL3c 8aRL �Ca,a�8j

�N0 aR,G3jc ,�N a3�,@ j@Rnc�N0c R8 GCIRL3j3ac CN I3N<j@ $nj Encj c3q3a�I GCIRL3j3ac CN ,aRccA

c3,jCRN�I a�0Cnc CN j@3 cja�jRcU@3a3Y Q$c3aq�jCRNc @�q3 a3q3�I30 j@�j UInL3c 0C{nc3 cIRsIw CN

j@3 cja�jRcU@3a3 �N0 L�w L�CNj�CN j@3 cL�IIAa�0Cnc @C<@A�cU3,jAa�jCR cjan,jna3 8aRL 0�wc jR

s33Gc VM3sL�N 3j �IY. lzzSWY ;IR$�I 2nI3aC�N LR03Ic ,�NNRj UaRqC03 �N Rq3a�II �03\n�j3 a3cA

RInjCRN 3q3aws@3a3 jR a3cRIq3 UInL3c CN j@3 cja�jRcU@3a3Y BN � <IR$�I 2nI3aC�N LR03I. � <Cq3N

UInL3 Cc CNcj�NjIw 0CInj30 CNjR � I�a<3 2nI3aC�N <aC0 ,3II. s@C,@ a3cnIjc CN �N �ajC~,C�IIw IRs �N0

nNC8RaL UInL3 ,RN,3Nja�jCRNY MnL3aC,�I 0C{ncCRN CN j@3 <IR$�I 2nI3aC�N LR03I �IcR CNjaRA

0n,3c 3uja� 0CcU3acCRN �N0 a30n,3c UInL3 Ua3c3aq�jCRN V2�cj@�L � D�,R$. lzSed x@n�N< 3j �IY.

lzS4W. s@C,@ nN03a3cjCL�j3c UInL3 ,RN,3Nja�jCRNY i@3 �ajC~,C�IIw IRs3a UInL3 ,RN,3Nja�A

jCRN CN j@3 <IR$�I 2nI3aC�N LR03I UaR0n,3c 3aaRac CN cCLnI�jCN< NRNICN3�a UaR,3cc3c V+�L3aRN

3j �IY. lzSkd K3CE3a 3j �IY. SOOeW. CNjaR0n,CN< $C�c CN j@3 ,@3LC,�I a3�,jCRN 3|,C3N,w. U�ajC,I3

cCy3 0CcjaC$njCRN. 3j,Y 7Ra 3u�LUI3. +�L3aRN 3j �IY VlzSkW LR03I30 U@RjR,@3LCcjaw $�c30 RN

�Ca,a�8j 3LCccCRNc CN �N 3uU�N0CN< UInL3 q3acnc �j j@3 <aC0 c,�I3 CN �N �jLRcU@3aC, LR03IY

i@3w 8RnN0 j@�j j@3 UInL3 ja3�jL3Nj 03,a3�c30 <aC0Ac,�I3 RyRN3 UaR0n,jCRN $w kkX �j ,anCc3

�IjCjn03 �8j3a � SzA@Rna cCLnI�jCRN ,RLU�a30 sCj@ j@3 <aC0Ac,�I3 ja3�jL3NjY

p�aCRnc L3j@R0c V#naG@�a0j � F¡a,@3a. lzzOd ;3Ra<RURnIRc � b3CN83I0. SO4fd T�RIC

3j �IY. lzSSd T�RIC. lzlzd T�RIC 3j �IY. lzlzW @�q3 $33N 03q3IRU30 jR $3jj3a cCLnI�j3 cn$<aC0
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UInL3c CN j@3 cja�jRcU@3a3Y +�aCRII3 3j �IY VlzzOW nc30 �N 3{3,jCq3 a3�,jCRN a�j3 V2``W L3j@R0

jR U�a�L3j3aCy3 j@3 UInL3Ac,�I3 ,@3LCcjaw CNjR I�a<3Ac,�I3 �jLRcU@3aC, LR03IcY K,F3NN�

3j �IY VlzzlW 03q3IRU30 � +@3LC,�I H�<a�N<C�N KR03I R8 j@3 bja�jRcU@3a3 V+H�KbW. s@C,@

,RnI0 a3cRIq3 cL�IIAc,�I3 3IRN<�j30 ~I�L3Njc CN j@3 cja�jRcU@3a3Y b,@nL�NN VlzSlW �UUIC30 �

H�<a�N<C�N ;�nccC�N UInL3 LR03I jR cCLnI�j3 j@3 �0q3,jCRN �N0 3qRInjCRN R8 ,RNja�CIc 8RaL30

�IRN< �Ca,a�8j ja�,GcY TC3a,3 3j �IY VlzSzW �0RUj30 � s3IIALCu30 3uU�N0CN< H�<a�N<C�NA$Ru

q3acCRN R8 j@3 isQAKRL3Nj �3aRcRI b3,jCRN�I ViQK�bW LC,aRU@wcC,c LR03I V�0�Lc �

b3CN83I0. lzzlW jR LR03I �3aRcRI 8RaL�jCRN �N0 <aRsj@ sCj@CN �N �Ca,a�8j UInL3 CN cRI�a <3RA

3N<CN33aCN<Y KRcj Ua3qCRnc UInL3 LR03Ic �ccnL3 3Cj@3a � ;�nccC�N Ra � nNC8RaL 0CcjaC$njCRN

8Ra j@3 UInL3 ,aRccAc3,jCRNY BN j@Cc cjn0w. s3 03q3IRU � N3s H�<a�N<C�N UInL3 LR03I. s@C,@

�0RUjc � LRa3 �,,na�j3 a3Ua3c3Nj�jCRN R8 j@3 UInL3 ,aRccAc3,jCRN Vb3,jCRN lYlYkWY r3 3L$30

j@3 H�<a�N<C�N UInL3 LR03I CNjR � <IR$�I 2nI3aC�N LR03I jR 3cj�$ICc@ � LnIjCc,�I3 TInL3ACNA

;aC0 VTC;W LR03IY BNcj3�0 R8 CNcj�NjIw 0CInjCN< j@3 cn$<aC0 UInL3 CNjR � I�a<3 2nI3aC�N <aC0

,3II. j@3 3L$30030 H�<a�N<C�N UInL3 LR03I @3IUc j@3 <IR$�I 2nI3aC�N LR03I a3cRIq3 �N0 cCLA

nI�j3 cL�IIAa�0Cnc @C<@A�cU3,jAa�jCR UInL3c CN j@3 cja�jRcU@3a3Y r@3N j@3 UInL3 <aRsc cn|A

,C3NjIw I�a<3 �N0 ,�N $3 a3cRIq30 $w j@3 @Rcj 2nI3aC�N LR03I <aC0. j@3 TC; LR03I 0CccRIq3c j@3

UInL3 8aRL j@3 H�<a�N<C�N UInL3 LR03I CNjR j@3 @Rcj 2nI3aC�N LR03IY

QN3 UaCL�aw LRjCq�jCRN 8Ra TC; LR03I 03q3IRUL3Nj Cc jR cCLnI�j3 cja�jRcU@3aC, �3aRcRI

CNE3,jCRN Vb�BW CN cRI�a <3R3N<CN33aCN<Y #w CNE3,jCN< �3aRcRIc CNjR j@3 cja�jRcU@3a3 jR a30n,3

CN,RLCN< c@Rajs�q3 a�0C�jCRN. cRI�a <3R3N<CN33aCN< L�w LCjC<�j3 cRL3 R8 j@3 0�L�<3 ,�nc30

$w <IR$�I s�aLCN<Y QN3 URccC$I3 s�w jR CNE3,j �3aRcRIc CNjR j@3 cja�jRcU@3a3 Cc $w 3LUIRwCN<

�Ca,a�8jY ?Rs3q3a. LRcj cjn0C3c 0Ca3,jIw �UUIw j@3 <IR$�I 2nI3aC�N LR03I jR cCLnI�j3 IRN<Aj3aL

�Ca,a�8j 3LCccCRNc 8Ra b�B UnaURc3c. s@C,@ ,�NNRj �03\n�j3Iw a3cRIq3 �Ca,a�8j UInL3cY Ta3qCRnc

cjn0C3c V/�C 3j �IY. lzS4d ;RIE� 3j �IY. lzlSd TC3a,3 3j �IY. lzSzd iCIL3c 3j �IY. lzS4d p�jjCRNC

3j �IY. lzSOW @�q3 8RnN0 j@�j j@3 ,ICL�jC, CLU�,jc R8 b�B �a3 c3NcCjCq3 jR j@3 CNE3,jCRN cja�j3<w

ke



V3Y<Y. UnIc3 Ra URCNj 3LCccCRNcW. CNE3,j30 cnI8na 8RaL V3Y<Y. �,,nLnI�jCRNALR03 ?ИbQω 0aRUI3jc

Ra <�cAU@�c3 bQИW. CNE3,jCRN IR,�jCRN VI�jCjn03. �IjCjn03W. CNE3,jCRN jCL3 VcnLL3a. sCNj3aW. 3j,Y

?Rs3q3a. NR cjn0C3c @�q3 3q�In�j30 j@3 CN�n3N,3 R8 jsR 0C{3a3Nj LR03I jwU3c V2nI3aC�N LR03I

qcY H�<a�N<C�N LR03IW RN cCLnI�jCN< b�Bȕc ,ICL�jC, CLU�,jcY BN j@Cc cjn0w. s3 ,RLU�a3 j@3

UInL3 0CcU3acCRN R8 �N CN3aj ja�,3a 8aRL SALRNj@ b�B �Ca,a�8j 3LCccCRNc $3js33N jsR jwU3c R8

LR03Ic. N�L3Iw. j@3 <IR$�I 2nI3aC�N LR03I. s@C,@ CNcj�NjIw 0CInj3c cn$<aC0 UInL3c CNjR I�a<3

2nI3aC�N <aC0 ,3IIc. �N0 j@3 TC; LR03I. s@C,@ a3cRIq3c �N0 cCLnI�j3c cn$<aC0 UInL3c sCj@ j@3

3L$30030 UInL3 LR03IY

b3,jCRN lYl 03c,aC$3c j@3 H�<a�N<C�N UInL3 LR03I U�a�L3j3aCy�jCRN �N0 j@3 N3s TC;

LR03I 03q3IRUL3NjY b3,jCRN lYk 3q�In�j3c j@3 U�a�L3j3aCy�jCRN �UUIC30 jR a3cRIq3 j@3 UInL3

,aRccAc3,jCRN CN j@3 UInL3 LR03IY b3,jCRN lY: ,RLU�a3c j@3 TC; LR03I jR � cj�N0�a0 <IR$�I

2nI3aC�N V;2QbA+@3LW LR03I a3<�a0CN< UInL3 3qRInjCRN CN j@3 cja�jRcU@3a3Y 7CN�IIw. b3,jCRN

lY9 Ua3c3Njc j@3 cnLL�aw R8 j@Cc cjn0wY

lYl Kϱβζϣ βζЅΫЁϔϿАϔϱϩ

i@3 LnIjCc,�I3 TC; LR03I CN,RaURa�j3c � H�<a�N<C�N UInL3 LR03I CNjR � <IR$�I 2nI3aC�N

LR03I V7C<na3 lYSWY ;2QbA+@3L q3acCRN SkYzYz V@jjUc-gg0RCYRa<gSzY9l4Sgy3NR0RY:fS4S4zW Cc

nc30 �c j@3 <IR$�I 2nI3aC�N LR03I Vb3,jCRN lY:YSW CN j@Cc cjn0w. $nj j@3 �UUaR�,@ 03c,aC$30 CN

j@Cc c3,jCRN Cc <3N3a�I 3NRn<@ jR $3 �UUIC30 jR Rj@3a <IR$�I 2nI3aC�N LR03IcY i@3 H�<a�N<C�N

UInL3 LR03I ,RLUaCc3c � H�<a�N<C�N ja�E3,jRaw LR03I �N0 �N �0�UjCq3A<aC0 UInL3 LR03I.

s@C,@ ,�N a3cRIq3 cn$<aC0 UInL3c CN j@3 cja�jRcU@3a3Y r@CI3 LRa3 ~N3A<a�CN30 �UUaR�,@3c

cn,@ �c I�a<3 300w cCLnI�jCRN LC<@j UaRqC03 � LRa3 �,,na�j3 a3Ua3c3Nj�jCRN R8 �N CN0CqC0n�I

UInL3. Rna TC; LR03I $aC0<3c j@3 <�U $3js33N j@3 c,�I3c R8 j@3 <IR$�I 2nI3aC�N <aC0 �N0 cn$A

<aC0 UInL3cY T@wcC,�I UaR,3cc3c. cn,@ �c �0q3,jCRN �N0 0C{ncCRN. �a3 cCLnI�j30 CN j@3 UInL3
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LR03I $�c30 RN L3j3RaRIR<C,�I 0�j� �,\nCa30 8aRL j@3 @Rcj 2nI3aC�N LR03IY i@3 CNE3,j30

ja�,3a CN j@3 UInL3 LR03I ,�N $3 a3I3�c30 CNjR j@3 @Rcj 2nI3aC�N LR03I C8 j@3 ja�,3a Cc ja�NcA

URaj30 RnjcC03 R8 j@3 UInL3 LR03I <aC0 0RL�CN 0n3 jR 0C{ncCRN. sCN0 c@3�a. 3j,Y QN,3 j@3

UInL3 <aRsc cn|,C3NjIw I�a<3 jR $3 a3cRIq30 $w j@3 @Rcj 2nI3aC�N <aC0. j@3 TC; LR03I a3LRq3c

j@3 UInL3 8aRL j@3 UInL3 LR03I �N0 CN,RaURa�j3c Cj CNjR j@3 @Rcj 2nI3aC�N LR03IY i@nc. j@3

3L$30030 UInL3 LR03I �,jc �c � cn$<aC0 LR03I jR @3IU j@3 @Rcj 2nI3aC�N LR03I Rq3a,RL3 Cjc

CN�$CICjw jR a3cRIq3 cn$<aC0 UInL3c CN j@3 cja�jRcU@3a3Y BN j@Cc cjn0w. s3 8R,nc RN j@3 U@wcC,�I

3qRInjCRN R8 UInL3c CN j@3 cja�jRcU@3a3 sCj@Rnj ,RNcC03aCN< �3aRcRI �N0 ,@3LC,�I UaR,3cc3c.

j@3 CNE3,j30 ja�,3a ,RN,3Nja�jCRNc CN j@3 UInL3 VcCLnI�j30 $w j@3 UInL3 LR03IW �a3 ja3�j30 �c

U3ajna$�jCRNc jR j@3 @Rcj 2nI3aC�N <aC0 ,RN,3Nja�jCRNc RN s@C,@ j@3 UInL3 Cc Rq3aI�C0 VF�a�LA

,@�N0�NC 3j �IY. lzzz. lzzfWY

lYlYS TInL3 c3<L3Nj CNCjC�ICy�jCRN

i@3 3LCccCRNc 8aRL �Ca,a�8j Ra aR,G3jc L�G3 cL�IIAa�0Cnc @C<@A�cU3,jAa�jCR UInL3c CN

j@3 cja�jRcU@3a3Y i@3 H�<a�N<C�N UInL3 LR03I 0CqC03c j@3 CNCjC�IIw CNE3,j30 UInL3 CNjR c3<A

L3Njc �N0 03c,aC$3c 3�,@ UInL3 c3<L3Nj $w j@3 UInL3 c3<L3Nj ,3Nj3a IR,�jCRN. UInL3 c3<A

L3Nj I3N<j@ VHW. �N0 UInL3 c3<L3Nj ,aRccAc3,jCRNY i@3 CNCjC�I UInL3 c3<L3Nj I3N<j@ Cc c3j �c

Ϲ/Mc VMc Cc � 03~N30 CNj3<3a. s@C,@ Cc 9 CN j@Cc cjn0wW R8 j@3 @RaCyRNj�I <aC0 cCy3 R8 j@3 @Rcj

2nI3aC�N LR03IY #3,�nc3 j@3 @RaCyRNj�I <aC0 cCy3 R8 j@3 @Rcj 2nI3aC�N LR03I Cc �UUaRuCL�j3Iw

lzz GL CN j@Cc cjn0w. j@3 CNCjC�I UInL3 c3<L3Nj I3N<j@ Cc c3j jR �UUaRuCL�j3Iw :z GL. s@C,@ Cc

Sg9 VMc = φW R8 j@3 @RaCyRNj�I <aC0 cCy3Y Mc Cc �IcR ja3�j30 �c j@3 cUICjjCN< NnL$3a CN b3,jCRN

lYlY:Y 7Ra 3u�LUI3. s@3N j@3 UInL3 c3<L3Nj I3N<j@ <aRsc I�a<3a j@�N j@3 <aC0 cCy3 R8 j@3 @Rcj

2nI3aC�N LR03I. j@3 UInL3 c3<L3Nj VsCj@ � I3N<j@ R8 HW Cc 3q3NIw cUICj CNjR Mc cL�II3a UInL3

c3<L3Njc VsCj@ � I3N<j@ R8 H/McWY i@3c3 �UUaR�,@3c V@3a3 �N0 CN b3,jCRN lYlY:W 3Ncna3 j@�j

UInL3 c3<L3Njc �a3 �Is�wc cL�II3a j@�N j@3 <aC0 cU�,CN< R8 j@3 @Rcj 2nI3aC�N LR03I. a30n,A

CN< j@3 URccC$CICjw j@�j � cCN<I3 UInL3 c3<L3Nj ,Rq3ac @3j3aR<3N3Rnc $�,G<aRnN0 ,RN0CjCRNcY
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Figure 2.1: Schematic framework of the Plume‐in‐Grid (PiG) model (a global Eulerian model with an em‐
bedded Lagrangian plume model). The interaction of chemical data between the plume model and the host
Eulerian model will be fully implemented in the PiG model in the future (though not in this study) when
aerosol and chemical processes are considered. j represents the lifetime of the plume segment. The plume
segment is initially injected at j = е. Hc and Hy denote the vertical and horizontal length scales of the
plume cross‐section, respectively (defined in Section 2.2.3.1). Axes c⃗ and y⃗ represent the horizontal and
vertical directions, respectively. Axes $⃗ and 0⃗ are along the directions of the breadth (#) and depth (/) of
the 1‐D grid (Section 2.2.3.2) cell, respectively. ɒ is the tilting angle of the plume segment cross‐section
between the cross‐sectional breadth and vertical direction.
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BN j@3 UInL3 c3<L3Nj. j@3 ,RN,3Nja�jCRN �IRN< j@3 �C<@j 0Ca3,jCRN V�IRN< j@3 UInL3 c3<L3Nj

I3N<j@W Cc �ccnL30 jR $3 nNC8RaL. s@CI3 j@3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN Cc ,�UA

jna30 $w �N �0�UjCq3 <aC0 CN j@3 UInL3 LR03I Vb3,jCRN lYlYkWY

lYlYl TInL3 c3<L3Nj LRq3L3Nj. 3uU�NcCRN. �N0 @RaCyRNj�I cja3j,@CN<

KRq3L3NjY � H�<a�N<C�N ja�E3,jRaw LR03I Cc ,a3�j30 �N0 CN,RaURa�j30 CNjR j@3 UInL3

LR03I jR ja�,G j@3 IR,�jCRN R8 3�,@ UInL3 c3<L3Nj ,3Nj3a $�c30 RN 0c = n · 0j. s@3a3 0c Cc j@3

LRq3L3Nj 0Ccj�N,3 R8 j@3 UInL3 c3<L3Nj. 0j Cc j@3 UInL3 LR03I jCL3 cj3U. �N0 n Cc j@3 sCN0

cU330 CNj3aURI�j30 VncCN< CNq3ac3 0Ccj�N,3 s3C<@jCN< CNj3aURI�jCRNW 8aRL j@3 L3j3RaRIR<C,�I

0�j� UaRqC030 $w j@3 @Rcj 2nI3aC�N LR03IY i@3 :j@ARa03a `nN<3 Fnjj� L3j@R0 Cc �0RUj30 jR

�,,na�j3Iw ,�I,nI�j3 j@3 LRq3L3Nj 0Ccj�N,3 V`ǑŇI3a 3j �IY. lzS4WY iR �qRC0 j@3 TRI3 cCN<nI�aCjw

UaR$I3L CN j@3 a3<nI�a I�jCjn03AIRN<Cjn03 L3c@. � URI�a cj3a3R<a�U@C, UI�N3 Cc �UUIC30 CN j@3

URI�a a3<CRN Vs@3a3 j@3 I�jCjn03 3u,330c ЊИ◦W jR ,�I,nI�j3 j@3 UInL3 c3<L3Nj LRq3L3Nj CN j@3

UInL3 LR03I V/RN< � r�N<. lzSlWY

2uU�NcCRNY i@3 UInL3 LR03I ,�I,nI�j3c j@3 UInL3 c3<L3Nj qRInL3 VpW ,@�N<3 s@3N j@3

$�,G<aRnN0 Ua3ccna3 VTW �N0 j3LU3a�jna3 ViW q�aw 0naCN< UInL3 c3<L3Nj LRq3L3Nj CN j@3

cja�jRcU@3a3. �,,Ra0CN< jR j@3 C03�I <�c I�sY i@3 UInL3 c3<L3Nj qRInL3 ,@�N<3 Cc a3�3,j30

$w j@3 ,@�N<3 R8 <aC0 ,3II cCy3 CN j@3 H�<a�N<C�N UInL3 LR03IY i@3 Ua3ccna3 �N0 j3LU3a�jna3

,RNcC03a30 CN j@3 UInL3 LR03I �a3 UaRqC030 $w j@3 @Rcj 2nI3aC�N LR03I V7C<na3 lYSWY

?RaCyRNj�Icja3j,@CN<Y bCN,3 j@3 sCN0 ~3I0 CN j@3 cja�jRcU@3a3 Cc NRj nNC8RaL. j@3 @RaCyRNA

j�I sCN0 c@3�a ,�N cja3j,@ j@3 UInL3 c3<L3Nj �IRN< Cjc I3N<j@Y �,,Ra0CN< jR Ua3qCRnc cjn0C3c

V2�cj@�L � D�,R$. lzSed `�cjC<3E3q 3j �IY. lzSzW. j@3 @RaCyRNj�I cja3j,@CN< R8 j@3 UInL3 c3<A

L3Njc Cc ,�I,nI�j30 $�c30 RN j@3 Hw�UnNRq 3uURN3Nj VƇW R8 �Rs-

H(j + ðj) = 3Ƈ ðj · H(j) ...... (Ϲ)
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s@3a3 H Cc j@3 UInL3 c3<L3Nj I3N<j@ �N0 j Cc j@3 UInL3 c3<L3Nj IC83jCL3 Vj@3 UInL3 c3<A

L3Nj Cc CNCjC�IIw CNE3,j30 �j j = еWY i@3 Hw�UnNRq 3uURN3Nj Cc ,�I,nI�j30 $�c30 RN Ƈ = ðn/ðu.

s@3a3 ðn �N0 ðu �a3 j@3 sCN0 cU330 �N0 0Ccj�N,3 ,@�N<3c $3js33N j@3 ,naa3Nj <aC0 ,3II VCNA

,In0CN< j@3 UInL3 c3<L3NjW �N0 j@3 0RsNcja3�L <aC0 ,3II CN j@3 @Rcj 2nI3aC�N <aC0. a3cU3,A

jCq3IwY iR ,RNc3aq3 j@3 UInL3 c3<L3Nj qRInL3 VpW 0naCN< j@3 cja3j,@CN< UaR,3cc. j@3 UInL3

c3<L3Nj ,aRccAc3,jCRN�I �a3� V�W c@RnI0 03,a3�c3gCN,a3�c3 ,Raa3cURN0CN< jR j@3 UInL3 c3<L3Nj

I3N<j@ VHW 3uU�NcCRNg,RNja�,jCRN. CY3Y. �(j + ðj) · H(j + ðj) = �(j) · H(j) = pY i@3 H�<a�N<C�N

UInL3 LR03I ,@�N<3c Cjc <aC0 ,3II cCy3 jR a3�3,j j@3 ,@�N<3 R8 j@3 UInL3 c3<L3Nj ,aRccAc3,jCRN

V�W �N0 I3N<j@ VHWY TInL3 c3<L3Nj I3N<j@ ,�N $3,RL3 q3aw I�a<3 VCY3Y. ,RLL3Ncna�j3 sCj@ j@3

@RaCyRNj�I <aC0 cCy3 R8 j@3 @Rcj 2nI3aC�N LR03IW $3,�nc3 R8 @RaCyRNj�I cja3j,@CN<. s@C,@ a3cnIjc

CN UInL3 cUICjjCN< �IRN< j@3 UInL3 c3<L3Nj I3N<j@ Vb3,jCRN lYlY:WY

lYlYk `3Ua3c3Nj�jCRN R8 j@3 UInL3 c3<L3Nj ,aRccAc3,jCRN Rq3a jCL3

i@3 H�<a�N<C�N UInL3 LR03I CN j@Cc cjn0w 8R,nc3c RN cCLnI�jCN< UInL3 3qRInjCRN CN j@3

0C{ncCRN a3<CL3 VF¡a,@3a. SOO9d 7aCjy 3j �IY. lzlzW s@3N UInL3 ,aRccAc3,jCRN 3qRInjCRN Cc

L�CNIw CN�n3N,30 $w 0C{ncCRN �N0 q3ajC,�I sCN0 c@3�a CN j@3 cja�jRcU@3a3 V/ɫa$3,G � ;3ay.

SOO9d M�CL�N 3j �IY. lzSzd b,@nL�NN 3j �IY. SOO9WY p3ajC,�I sCN0 c@3�a VbW ,�N �Ij3a j@3 ,aRccA

c3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN j@aRn<@ UInL3 c3<L3Nj ,aRccAc3,jCRN�I 0CcjRajCRNY BN j@3

UInL3 LR03I. j@3 q3ajC,�I sCN0 c@3�a Cc ,�I,nI�j30 �c b = 0nc/0y. s@3a3 nc Cc j@3 @RaCyRNj�I

sCN0 cU330 �IRN< j@3 UInL3 c3<L3Nj ,aRccAc3,jCRN. �N0 y Cc j@3 q3ajC,�I @3C<@jY p3ajC,�I �N0

@RaCyRNj�I 0C{ncCRN ,�N 0CInj3 j@3 UInL3 c3<L3Njȕc ,aRccAc3,jCRN�I ,RN,3Nja�jCRNY i@3 q3ajC,�I

0C{ncCRN ,R3|,C3Nj Cc ,�I,nI�j30 $�c30 RN /q =
+q

M#p
· s′И

M . s@3a3 +q = е.И. j@3 q3ajC,�I jna$nA

I3N,3 �n,jn�jCRN Vs′
MW Cc c3j jR zYS L c−Ϲ. �N0 M#p Cc j@3 #anNjAp�Cc�I� 8a3\n3N,w Vb,@nL�NN

3j �IY. SOO9d b,@nL�NN. lzSlWY i@3 @RaCyRNj�I 0C{ncCRN ,R3|,C3Nj Cc 03~N30 �c � ,RNcj�Nj

VϹе LИ c−ϹW V/ɫa$3,G � ;3ay. SOO9. SOOfd b,@nL�NN 3j �IY. SOO9WY

p�aCRnc L3j@R0c @�q3 $33N �0RUj30 jR cCLnI�j3 j@3 0CInjCRN UaR,3cc �IRN< j@3 UInL3
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c3<L3Nj ,aRccAc3,jCRN VT�RIC 3j �IY. lzSSWY M�CL�N 3j �IY VlzSzW �UUIC30 �N 3IICUc3 sCj@ j@a33

03<a33c R8 8a330RL VjsR a�0CC �N0 RN3 aRj�jCRN�I �N<I3W jR a3Ua3c3Nj j@3 UInL3 c3<L3Nj ,aRccA

c3,jCRN �N0 �ccnL30 � nNC8RaL ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRNY Fa��$ǹI 3j �IY VlzzzW

3LUIRw30 3C<@j ,Ca,nI�a Ra 3IICUjC,�I I�w3ac jR a3cRIq3 j@3 ,RN,3Nja�jCRN <a�0C3Nj �IRN< j@3

UInL3 ,aRccAc3,jCRNY 7R,ncCN< RN j@3 UInL3 3qRInjCRN CN j@3 cja�jRcU@3a3. s3 8RnN0 j@�j j@3

UInL3 c3<L3Nj ,aRccAc3,jCRN nN03a<R3c a�UC0 @RaCyRNj�I 0C{ncCRN �j j@3 3�aIw cj�<3 Vj@3 ~acj

c3q3a�I @Rnac �8j3a CNE3,jCRNWY �c cRRN �c j@3 UInL3 c3<L3Nj ,aRccAc3,jCRN @�c � @C<@ �cU3,j

a�jCR V,aRccAc3,jCRN�I @RaCyRNj�I c,�I3 jR q3ajC,�I c,�I3W. @RaCyRNj�I 0C{ncCRN @�c N3<IC<C$I3

,RNc3\n3N,3c 8Ra ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CInjCRNY

iR UaRq3 j@�j @RaCyRNj�I 0C{ncCRN ,�N $3 N3<IC<C$I3 s@3N j@3 UInL3 ,aRccAc3,jCRN @�c

� I�a<3 �cU3,j a�jCR. s3 �0RUj j@3 ,aRccAc3,jCRN�I lA/ <aC0 Vj@3 CNCjC�I a3cRInjCRN Cc Ϲее L ×

Ϲе LW 03c,aC$30 CN b3,jCRN lYlYkYS jR cCLnI�j3 j@3 UInL3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CInjCRNY

b�L3 �c b3,jCRN lYk. jwUC,�I cja�jRcU@3aC, U�a�L3j3a c3jjCN<c CN,In03 � q3ajC,�I sCN0 c@3�a R8

е.ееИ c−Ϲ. � @RaCyRNj�I 0C{ncCRN ,R3|,C3Nj R8 Ϲе LИ c−Ϲ. �N0 � q3ajC,�I 0C{ncCRN ,R3|,C3Nj R8

е.Ϲφ LИ c−ϹY

S G< CN3aj ja�,3a Cc CNCjC�IIw CNE3,j30 CNjR j@3 ,3Nj3a <aC0 ,3II R8 j@3 lA/ <aC0Y BN j@3 $3<CNA

NCN<. j@3 lA/ <aC0 cCLnI�j3c j@3 UInL3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CInjCRN nN03a j@3 CN�nA

3N,3 R8 q3ajC,�I sCN0 c@3�a �N0 $Rj@ q3ajC,�I �N0 @RaCyRNj�I 0C{ncCRNY QN,3 j@3 ,aRccAc3,jCRN�I

c,�ICN< a�jCR `c = |Hc|
|Hy| ≥

√
Ϲе /@

/q
≈ Иφ Vb3,jCRN lYlYkYSW. Cjc ,RN,3Nja�jCRN 0CcjaC$njCRN

Cc nc30 �c j@3 CNCjC�I ,RN0CjCRN 8Ra j@3 8RIIRsCN< +QMi`QH �N0 b2MbBiBpBiv cCLnI�jCRNcY

7Ra j@3 +QMi`QH cCLnI�jCRN. j@3 LR03I sCII ,RNjCNn3 anNNCN< 8Ra kf @Rnac sCj@ @RaCyRNA

j�I 0C{ncCRNY 7Ra j@3 b2MbBiBpBiv cCLnI�jCRN. j@3 LR03I sCII anN 8Ra kf @Rnac sCj@Rnj j@3

@RaCyRNj�I 0C{ncCRN Vj@3 @RaCyRNj�I 0C{ncCRN ,R3|,C3Nj Cc c3j jR zWY

7C<na3 lYl c@Rsc j@3 ,RN,3Nja�jCRN 0CcjaC$njCRN �8j3a � l:A@Rna cCLnI�jCRN 8aRL +QMA

i`QH V7C<na3 lYl�W. b2MbBiBpBiv V7C<na3 lYl$W. �N0 j@3Ca 0C{3a3N,3c V7C<na3 lYl,WY +RLA
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Figure 2.2: Final plume cross‐sectional concentration distribution from (a) CONTROL simulation (with hor‐
izontal diffusion), (b) SENSITIVITY simulation (without horizontal diffusion), and (c) the difference between
CONTROL and SENSITIVITY simulations.

U�a30 jR j@3 cCLnI�jCRN sCj@Rnj @RaCyRNj�I 0C{ncCRN Vb2MbBiBpBivW. j@3 ,RN,3Nja�jCRN cCLA

nI�j30 sCj@ @RaCyRNj�I 0C{ncCRN V+QMi`QHW Cc cL�II3a CN j@3 ,3Nj3a �a3�. s@C,@ CN0C,�j3c �

cIC<@jIw 8�cj3a 0CInjCRNY ?Rs3q3a. j@3 ,3Nj3a ,RN,3Nja�jCRN U3a,3Nj�<3 0C{3a3N,3 $3js33N j@3

jsR cCLnI�jCRNc Cc RNIw zYelX �j j@3 3N0 R8 j@3 l:A@Rna cCLnI�jCRNY �N0 j@3 ,3Nj3a ,RN,3NA

ja�jCRN U3a,3Nj�<3 03,a3�c3c 8aRL SYezX �j Sl @Rnac jR zYkOX �j kf @RnacY r3 a3U3�j30 j@3

+QMi`QH �N0 b2MbBiBpBiv cCLnI�jCRNc sCj@ 0C{3a3Nj q�In3c 8Ra j@3 j@a33 q�aC�$I3c Vq3aA

jC,�I sCN0 c@3�a. @RaCyRNj�I �N0 q3ajC,�I 0C{ncCRN ,R3|,C3NjcWY i�$I3 lYS c@Rsc j@3 a3cnIjc 8Ra

q�aC30 q3ajC,�I sCN0 c@3�a �N0 0C{ncCRNY �II j@3 a3cnIjc Ua3c3Nj j@�j j@3 ,RN,3Nja�jCRN U3a,3NjA

�<3 0C{3a3N,3 CN j@3 ,3Nj3a R8 j@3 UInL3 ,aRccAc3,jCRN Cc I3cc j@�N kX $3js33N +QMi`QH

�N0 b2MbBiBpBiv cCLnI�jCRNcY

i@nc. j@3 �0�UjCq3 <aC0 CN j@3 UInL3 LR03I ,RNcCcjc R8 � c3\n3N,3 R8 jsR @C<@Aa3cRInjCRN

::



Table 2.1: The percentage difference of the center concentration in the plume cross‐section (black dot
in Figure 2.2c) between the CONTROL and SENSITIVITY simulations with varied vertical wind shear (b),
vertical diffusion coefficient (/q), and horizontal diffusion coefficient (/@).

<aC0c jR a3cRIq3 j@3 UInL3 c3<L3Nj ,aRccAc3,jCRN. N�L3Iw. � jsRA0CL3NcCRN�I VlA/W a3Ua3c3Nj�A

jCRN R8 j@3 3�aIw UInL3 c3<L3Nj ,aRccAc3,jCRN Vb3,jCRN lYlYkYSW �N0 � ,RLUnj�jCRN�IIw 3|,C3Nj

RN3A0CL3NcCRN�I VSA/W a3Ua3c3Nj�jCRN R8 j@3 L�jna3 UInL3 c3<L3Nj ,aRccAc3,jCRN Vb3,jCRN

lYlYkYlW s@3N @RaCyRNj�I 0C{ncCRN Cc N3<IC<C$I3Y

lYlYkYS 2�aIw UInL3 c3<L3Nj ,aRccAc3,jCRN- lA/ `3Ua3c3Nj�jCRN

�c c@RsN CN 7C<na3c lYS� �N0 lYS$. � lA/ @C<@Aa3cRInjCRN a3,j�N<nI�a <aC0 Cc �0RUj30 jR

cCLnI�j3 j@3 UInL3 c3<L3Nj ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN �j j@3 3�aIw cj�<3Y +RLA

U�a30 jR j@3 cj�N0�a0 <IR$�I 2nI3aC�N LR03I a3cRInjCRN V� @RaCyRNj�I a3cRInjCRN R8 �UUaRuCA

L�j3Iw Ϲеω jR Ϲеφ L �N0 � q3ajC,�I a3cRInjCRN R8 ϹеД LW. j@3 ,aRccAc3,jCRN�I lA/ <aC0 CN j@3

UInL3 LR03I �0RUjc � 8�aA@C<@3a a3cRInjCRN V� @RaCyRNj�I a3cRInjCRN R8 ϹеИ L �N0 � q3ajC,�I

a3cRInjCRN R8 Sz LW jR a3cRIq3 j@3 3�aIw ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN R8 j@3 UInL3

c3<L3NjY

/C{ncCRNY i@3 ,aRccAc3,jCRN�I 0CInjCRN ,�nc30 $w q3ajC,�I �N0 @RaCyRNj�I 0C{ncCRN Cc ,�IA

,nI�j30 CN j@3 lA/ @C<@Aa3cRInjCRN <aC0 �c-

∂+
∂j = /@

∂И+
∂cИ + /q

∂И+
∂yИ ...... (И)
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s@3a3 + Cc j@3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN. j Cc j@3 jCL3. /@ �N0 /q �a3 j@3 @RaCyRNj�I

�N0 q3ajC,�I 0C{ncCRN ,R3|,C3Njc. a3cU3,jCq3Iw. �N0 c �N0 y V�c c@RsN CN 7C<na3c lYS� �N0 lYS$W

�a3 j@3 @RaCyRNj�I �N0 q3ajC,�I 0Ccj�N,3c. a3cU3,jCq3Iw. CN j@3 UInL3 c3<L3Nj ,aRccAc3,jCRNY

p3ajC,�I sCN0 c@3�aY i@3 ,aRccAc3,jCRN�I 0CcjRajCRN �jjaC$nj30 jR j@3 q3ajC,�I sCN0 c@3�a Cc

,�I,nI�j30 �c ∂+
∂j = −n ∂+

∂c . s@3a3 n(c, y) = b · y Cc � @RaCyRNj�I sCN0 ~3I0 03~N30 $�c30 RN j@3

q3ajC,�I sCN0 c@3�a VbW. +(c, y) Cc j@3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN. �N0 V⃗c, y⃗W Cc j@3

+�aj3cC�N ,RRa0CN�j3 cwcj3L CN j@3 ,aRccAc3,jCRN�I lA/ <aC0 0RL�CN V�c c@RsN CN 7C<na3c lYS�

�N0 lYS$WY

BN j@3 UInL3 LR03I. j@3 ,aRccAc3,jCRN�I lA/ <aC0 a3cRInjCRN V0c × 0yW ,@�N<3c CN j@a33

cCjn�jCRNc V0c �N0 0y �Is�wc ,@�N<3 UaRURajCRN�IIwW-

VSW r@3N j@3 UInL3 c3<L3Nj qRInL3 CN,a3�c3cg03,a3�c3c $3,�nc3 R8 Ua3ccna3 �N0 j3LU3aA

�jna3 ,@�N<3c VC03�I <�c I�sW. $Rj@ j@3 UInL3 c3<L3Nj I3N<j@ VHW �N0 ,aRccAc3,jCRN�I lA/ <aC0

,3II �a3� V0c × 0yW CN,a3�c3g03,a3�c3 UaRURajCRN�IIwY

VlW r@3N j@3 UInL3 c3<L3Nj I3N<j@ 3uU�N0cg,RNja�,jc 0n3 jR @RaCyRNj�I sCN0 c@3�a. j@3

,aRccAc3,jCRN�I lA/ <aC0 ,3IIc 03,a3�c3gCN,a3�c3 jR 3Ncna3 UInL3 c3<L3Nj qRInL3 ,RNc3aq�jCRN

0naCN< j@3 @RaCyRNj�I cja3j,@CN< UaR,3ccY

VkW r@3N j@3 lA/ <aC0 ,3II Cc jRR cL�II jR L33j j@3 +Rna�NjĢ7aC30aC,@cĢH3sw V+7HW ,RNA

0CjCRN 8Ra 0C{ncCRN �N0 �0q3,jCRN UaR,3cc3c. 3q3aw kƨk <aC0 ,3IIc CN j@3 ,aRccAc3,jCRN�I lA/

<aC0 �a3 L3a<30 CNjR S <aC0 ,3IIY i@3 +7H ,RN0CjCRN 8Ra 0C{ncCRN Cc ðj
ðuИ < Ϲ

И/u
. ðj VnNCj- cW

Cc j@3 jCL3 cj3U. �N0 ðu VnNCj- LW �N0 /G VnNCj- LИ c−ϹW �a3 j@3 <aC0 ,3II cU�,CN< �N0 0C{ncCRN

,R3|,C3Nj �IRN< j@3 0Ca3,jCRN R8 u⃗. a3cU3,jCq3IwY i@3 +7H ,RN0CjCRN 8Ra �0q3,jCRN Cc nðj
ðu < Ϲ.

s@3a3 ðj Cc j@3 jCL3 cj3U. �N0 ðu �N0 n �a3 j@3 <aC0 ,3II cU�,CN< �N0 sCN0 cU330 �IRN< j@3

0Ca3,jCRN R8 u⃗. a3cU3,jCq3IwY BN Rna ,�c3. u⃗ a383ac jR c⃗ Ra y⃗ CN j@3 UInL3 c3<L3Nj ,aRccAc3,jCRN

V7C<na3c lYS� �N0 lYS$WY

�c j@3 UInL3 c3<L3Nj 03q3IRUc. j@3 CN�n3N,3 R8 @RaCyRNj�I 0C{ncCRN RN j@3 ,aRccAc3,jCRN�I
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0CInjCRN ,RNjCNnRncIw 03,a3�c3c �N0 3q3Njn�IIw $3,RL3c N3<IC<C$I3 ,RLU�a30 jR j@3 CN�n3N,3

R8 q3ajC,�I 0C{ncCRNY i@Cc ,�N $3 q3aC~30 j@aRn<@ c,�I3 �N�IwcCcY i@3 c,�I3c R8 j@3 q3ajC,�I �N0

@RaCyRNj�I 0C{ncCRN j3aLc CN 2\Y VlW �a3 |/q| |+|
|Hy|И �N0 |/@| |+|

|Hc|И . a3cU3,jCq3IwY Hy �N0 Hc VCN 7C<A

na3 lYS$W 03NRj3 j@3 q3ajC,�I �N0 @RaCyRNj�I I3N<j@ c,�I3c. a3cU3,jCq3Iw. R8 j@3 ,aRccAc3,jCRN.

s@C,@ ,RNj�CNc �UUaRuCL�j3Iw O9X R8 j@3 CNE3,j30 ja�,3a L�cc-

∫ +Hy/И

−Hy/И

∫ +∞

−∞
+И/ (c, y) 0c 0y ≈ е.ϭφ

∫ +∞

−∞

∫ +∞

−∞
+И/ (c, y) 0c 0y ...... (Д)

∫ +Hc/И

−Hc/И

∫ +∞

−∞
+И/ (c, y) 0y 0c ≈ е.ϭφ

∫ +∞

−∞

∫ +∞

−∞
+И/ (c, y) 0y 0c ...... (ω)

s@3a3 +И/(c, y) Cc j@3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN $�c30 RN j@3 +�aj3cC�N

,RRa0CN�j3 cwcj3L V⃗c, y⃗W $nCIj CN j@3 lA/ <aC0 V7C<na3 lYS$WY i@3 q3ajC,�I sCN0 c@3�a ,�N 3IRNA

<�j3 j@3 @RaCyRNj�I ,aRccAc3,jCRN�I I3N<j@ c,�I3 Hc j@aRn<@ ,aRccAc3,jCRN�I 0CcjRajCRN V/ɫa$3,G

� ;3ay. SOOfd FRNRUG�. SOO9W. s@C,@ CN jnaN 03,a3�c3c |/@| |+|
|Hc|И Y i@nc. j@3 q3ajC,�I 0C{nA

cCRN j3aL ,�N <a3�jIw 3u,330 j@3 @RaCyRNj�I 0C{ncCRN j3aLY QN,3 j@3 q3ajC,�I 0C{ncCRN j3aL Cc

Sz jCL3c �c I�a<3 �c j@3 @RaCyRNj�I 0C{ncCRN j3aL V
|/q| |+|

|Hy|И

|/@| |+|
|Hc|И

≥ ϹеW. s@C,@ a3\nCa3c j@3 ,aRccA

c3,jCRN�I c,�I3 a�jCR jR �0@3a3 jR `c = |Hc|
|Hy| ≥

√
Ϲе |/@|

|/q| . j@3 @RaCyRNj�I 0C{ncCRN Cc ,RNcC0A

3a30 N3<IC<C$I3Y �c q3aC~30 $w j@3 +QMi`QH VsCj@ @RaCyRNj�I 0C{ncCRNW �N0 b2MbBiBpBiv

VsCj@Rnj @RaCyRNj�I 0C{ncCRN RN,3 `c ≥
√

Ϲе /@
/q

W cCLnI�jCRNc. j@3 ~N�I ,aRccAc3,jCRN�I ,RN,3NA

ja�jCRN 0CcjaC$njCRN Cc cCLCI�a $3js33N j@3 +QMi`QH �N0 b2MbBiBpBiv cCLnI�jCRNc V7C<na3

lYlW. �N0 j@3 ,3Nj3a ,RN,3Nja�jCRN U3a,3Nj�<3 0C{3a3N,3 $3js33N j@3 jsR cCLnI�jCRNc Cc I3cc

j@�N SXY

BN j@3 cja�jRcU@3a3. j@3 jwUC,�I q�In3c 8Ra /@ �N0 /q �a3 Ϲе �N0 е.Ϲφ LИ c−Ϲ. a3cU3,jCq3Iw

V/ɫa$3,G � ;3ay. SOO9d b,@nL�NN 3j �IY. SOO9WY i@3a38Ra3. RN,3 j@3 UInL3 ,aRccAc3,jCRN�I

c,�I3 a�jCR V`cW Cc @C<@3a j@�N l9 V
√

Ϲе /@
/q

≈ ИφW CN j@3 cja�jRcU@3a3. j@3 3�aIw UInL3 c3<L3Nj
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,aRccAc3,jCRN ja�NcCjCRNc CNjR j@3 L�jna3 UInL3 c3<L3Nj ,aRccAc3,jCRNY ?RaCyRNj�I 0C{ncCRN

$3,RL3c N3<IC<C$I3 �IRN< j@3 L�jna3 UInL3 c3<L3Nj ,aRccAc3,jCRN. �N0 RNIw q3ajC,�I 0C{nA

cCRN �N0 q3ajC,�I sCN0 c@3�a UI�w �N 3cc3NjC�I U�aj CN j@3 L�jna3 UInL3 c3<L3Nj ,aRccAc3,jCRNY

� LRa3 cja�C<@j8Ras�a0 $nj ,RLUnj�jCRN�IIw 3|,C3Nj SA/ cI�$ <aC0 a3UI�,3c j@3 lA/ <aC0 jR

a3cRIq3 j@3 L�jna3 UInL3 c3<L3Nj ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN. s@C,@ ,�N $3

,RNcC03a30 �c 0CL3NcCRN a30n,jCRN V8aRL 7C<na3 lYS$ jR 7C<na3 lYS,WY

lYlYkYl K�jna3 UInL3 c3<L3Nj ,aRccAc3,jCRN- SA/ bI�$ Ua3c3Nj�jCRN

�8j3a 0CL3NcCRN a30n,jCRN V8aRL j@3 lA/ jR SA/ <aC0W. j@3 ,aRccAc3,jCRN�I SA/ <aC0 V7C<A

na3 lYS,W ,RLUaCc3c IRN< �N0 j@CN cI�$c sCj@ j@a33 03<a33c R8 8a330RL. CY3Y. j@3 $a3�0j@ V#W.

03Uj@ V/W. �N0 jCIjCN< �N<I3 VɒWY ɒ Cc j@3 �N<I3 $3js33N j@3 ,aRccAc3,jCRN�I $a3�0j@ �N0 q3ajC,�I

0Ca3,jCRN. �c c@RsN CN 7C<na3 lYS,Y i@3 CNCjC�I jCIjCN< �N<I3 VɒW R8 j@3 SA/ cI�$ <aC0 Cc ,�I,nA

I�j30 $�c30 RN j@3 I3N<j@ c,�I3 V`cW R8 j@3 ,aRccAc3,jCRN�I lA/ <aC0- ɒ = �a,j�N (`c)Y bCN,3 `c

Cc �UUaRuCL�j3Iw l9 s@3N s3 a3UI�,3 j@3 ,aRccAc3,jCRN�I lA/ <aC0 sCj@ j@3 ,aRccAc3,jCRN�I SA/

<aC0. j@3 CNCjC�I jCIjCN< �N<I3 Cc �UUaRuCL�j3Iw ξЊ.Њ ◦Y i@3 CNCjC�I 03Uj@ V/W R8 j@3 SA/ cI�$ <aC0

Cc 03~N30 cCLCI�aIw jR j@3 q3ajC,�I a3cRInjCRN V0yW R8 j@3 ,aRccAc3,jCRN�I lA/ <aC0 V/ = 0yWY i@3

CNCjC�I $a3�0j@ V#W R8 j@3 SA/ cI�$ <aC0 �0RUjc j@3 q�In3 R8 j@3 @RaCyRNj�I I3N<j@ c,�I3 VHcW R8

j@3 ,aRccAc3,jCRN�I lA/ <aC0 V# = HcWY i@3 jRj�I NnL$3a R8 SA/ <aC0 ,3IIc VM0W Cc j@3 c�L3 �c

j@3 NnL$3a R8 <aC0 ,3IIc �IRN< j@3 q3ajC,�I 0Ca3,jCRN R8 j@3 ,aRccAc3,jCRN�I lA/ <aC0Y

i@3 CNCjC�I ,RN,3Nja�jCRN 0CcjaC$njCRN CN j@3 ,aRccAc3,jCRN�I SA/ <aC0 Cc ,�I,nI�j30 $�c30

RN j@3 ,RN,3Nja�jCRN 0CcjaC$njCRN CN j@3 ,aRccAc3,jCRN�I lA/ <aC0Y 7Cacj. s3 nc3 �N CNj3aURI�A

jCRN L3j@R0 V$CICN3�a �N0 ,RNc3aq�jCq3 CNj3aURI�jCRN L3j@R0c �a3 �q�CI�$I3 CN j@3 cRna,3 ,R03W

jR L�U j@3 lA/ ,RN,3Nja�jCRN 0CcjaC$njCRN +И/(c, y) CN j@3 V⃗c, y⃗W ,RRa0CN�j3 cwcj3L RNjR j@3

,RN,3Nja�jCRN 0CcjaC$njCRN +TИ0($, 0) CN j@3 V⃗$, 0⃗W ,RRa0CN�j3 cwcj3L V7C<na3 lYS$WY i@3N j@3

,RN,3Nja�jCRN 0CcjaC$njCRN +TИ0($, 0) Cc CNj3<a�j30 �IRN< j@3 $ ��uCc R8 j@3 s@RI3 ,aRccAc3,jCRN

�N0 0CqC030 $w j@3 CNCjC�I $a3�0j@ V#W jR R$j�CN j@3 CNCjC�I SA/ ,RN,3Nja�jCRN 0CcjaC$njCRN CN
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3�,@ SA/ <aC0 ,3II +TϹ0(0). �c c@RsN 8aRL 7C<na3 lYS$ jR 7C<na3 lYS,-

+TϹ0(0) =
Ϲ
#

∫
+TИ0($, 0) 0$ ...... (φ)

#3,�nc3 j@3 lA/ <aC0 V7C<na3 lYS$W ,�NNRj 3u�,jIw Rq3aI�U sCj@ j@3 SA/ <aC0 V7C<na3 lYS,W.

cRL3 R8 j@3 CNE3,j30 ja�,3a L�cc VIR,�j30 RnjcC03 j@3 SA/ <aC0 0RL�CNW I3�Gc 0naCN< j@3 CNA

j3aURI�jCRN 8aRL j@3 lA/ <aC0 jR j@3 SA/ <aC0 Vj@3 SA/ <aC0 Cc <3N3a�IIw cL�II3a j@�N j@3 lA/

<aC0WY i@Cc I3�G�<3 R8 j@3 ja�,3a L�cc. s@C,@ Cc I3cc j@�N SX R8 j@3 jRj�I ja�,3a L�cc CN j@3 CNCA

jC�I lA/ <aC0. Cc �0030 jR j@3 @Rcj 2nI3aC�N LR03I jR 3Ncna3 j@�j j@3 jRj�I L�cc R8 j@3 CNE3,j30

ja�,3a Cc ,RNc3aq30Y �8j3a j@3 CNCjC�I ,RN0CjCRN V#. /. ɒ. +TϹ0W R8 j@3 ,aRccAc3,jCRN SA/ <aC0 Cc

�jj�CN30 CN j@3 UInL3 LR03I. j@3 SA/ cI�$ <aC0 ,�I,nI�j3c j@3 ,aRccAc3,jCRN�I 0CInjCRN nN03a j@3

CN�n3N,3 R8 q3ajC,�I 0C{ncCRN �N0 q3ajC,�I sCN0 c@3�a. j@3a3$w C<NRaCN< @RaCyRNj�I 0C{ncCRNY

p3ajC,�I /C{ncCRNY i@3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN V+W 0CInjCRN 0n3 jR q3ajC,�I 0C{ncCRN

Cc ,�I,nI�j30 �c-
∂+
∂j = /0

∂И+
∂0И ...... (Ѝ)

s@3a3 /0 = /q cCN (ɒ) Cc j@3 0C{ncCRN ,R3|,C3Nj ,RLURN3Nj �IRN< j@3 0Ca3,jCRN R8 0⃗.

�N0 0⃗ Cc j@3 �uCc CN j@3 V⃗$. 0⃗W ,RRa0CN�j3 cwcj3L. �c c@RsN CN 7C<na3 lYS,Y KRa3Rq3a. /q Cc j@3

q3ajC,�I 0C{ncCRN ,R3|,C3NjY p3ajC,�I sCN0 c@3�aY �,,Ra0CN< jR 2\cY V9WAVeW R8 M�CL�N 3j �IY

VlzSzW. j@3 q3ajC,�I sCN0 c@3�a VbW ,�N aRj�j3 �N0 3IRN<�j3 j@3 SA/ cI�$ <aC0Y i@nc. j@3 q3ajC,�I

sCN0 c@3�a CN�n3N,3c j@3 $a3�0j@ V#W. 03Uj@ V/W. �N0 jCIjCN< �N<I3 VɒW �c 8RIIRsc-

0ɒ
0j = b ,RcИ(ɒ) ...... (Њ)

0#
0j = # b cCN(ɒ) ,Rc(ɒ) ...... (ξ)
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0/
0j = −/ b cCN(ɒ) ,Rc(ɒ) ...... (ϭ)

bCLCI�a jR j@3 ,aRccAc3,jCRN�I lA/ <aC0. j@3 SA/ cI�$ <aC0 a3cRInjCRN V#ƨ/W ,�N �IcR ,@�N<3

CN j@a33 cCjn�jCRNc V# �N0 / ,@�N<3 UaRURajCRN�IIwW-

VSW r@3N j@3 UInL3 c3<L3Nj qRInL3 CN,a3�c3cg03,a3�c3c $3,�nc3 R8 Ua3ccna3 �N0 j3LU3aA

�jna3 ,@�N<3c VC03�I <�c I�sW. $Rj@ j@3 UInL3 c3<L3Nj I3N<j@ VHW �N0 ,aRccAc3,jCRN�I SA/ <aC0

,3II �a3� V# × /W sRnI0 CN,a3�c3g03,a3�c3 UaRURajCRN�IIwY

VlW r@3N j@3 UInL3 c3<L3Nj I3N<j@ Cc 3IRN<�j30g,RNja�,j30 $w @RaCyRNj�I sCN0 c@3�a.

j@3 ,aRccAc3,jCRN�I SA/ <aC0 ,3IIc 03,a3�c3gCN,a3�c3 jR 3Ncna3 qRInL3 ,RNc3aq�jCRN 0naCN< j@3

@RaCyRNj�I cja3j,@CN< UaR,3ccY

VkW r@3N j@3 ,aRccAc3,jCRN�I SA/ <aC0 ,3II Cc jRR cL�II jR L33j j@3 +7H ,RN0CjCRN R8 j@3

0C{ncCRN UaR,3cc. 3�,@ U�Ca R8 <aC0 ,3IIc Cc L3a<30 CNjR S <aC0 ,3IIY

lYlY: 7CI�L3Nj�jCRN R8 j@3 UInL3

TInL3 c3<L3Nj I3N<j@ cUICjjCN<Y �c 03c,aC$30 CN b3,jCRN lYlYl. @RaCyRNj�I sCN0 c@3�a ,�N

cja3j,@ j@3 UInL3 c3<L3Nj I3N<j@. L�GCN< j@3 UInL3 c3<L3Nj I3N<j@ $3wRN0 j@3 @RaCyRNj�I

<aC0 ,3II cCy3 R8 j@3 @Rcj 2nI3aC�N LR03IY iR a30n,3 j@3 URccC$CICjw j@�j � IRN< UInL3 c3<A

L3Nj ,Rq3ac @3j3aR<3N3Rnc $�,G<aRnN0 ,RN0CjCRNc. j@3 UInL3 LR03I 3q3NIw cUICjc j@3 RaC<CA

N�I UInL3 c3<L3Nj VsCj@ � I3N<j@ R8 HW CNjR Mc VMc Cc j@3 cUICjjCN< NnL$3aW cL�II3a c3<L3Njc

V3�,@ sCj@ � I3N<j@ R8 H/McW RN,3 j@3 RaC<CN�I UInL3 c3<L3Nj I3N<j@ Cc ,RLL3Ncna�j3 sCj@ j@3

@RaCyRNj�I <aC0 ,3II cCy3 R8 j@3 @Rcj 2nI3aC�N LR03IY �8j3a cUICjjCN<. 3�,@ N3s cL�II3a UInL3

c3<L3Nj 3u@C$Cjc j@3 c�L3 ,aRccAc3,jCRN �c j@�j R8 j@3 RaC<CN�I UInL3 c3<L3Nj $nj RNIw Ϲ/Mc R8

j@3 RaC<CN�I UInL3 c3<L3Nj I3N<j@. s@C,@ Cc cCLCI�a jR j@3 CNCjC�I UInL3 c3<L3Nj I3N<j@ c3j CN

b3,jCRN lYlYSY

TInL3 c3<L3Nj ,aRccAc3,jCRN cUICjjCN<Y #3,�nc3 R8 j@3 q3ajC,�I sCN0 c@3�a. j@3 $a3�0j@ R8

j@3 UInL3 c3<L3Nj ,aRccAc3,jCRN ,�N a3�,@ c3q3a�I @nN0a30 GCIRL3j3ac. s@C,@ sRnI0 3u,330
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j@3 cCy3 R8 Cjc @Rcj 2nI3aC�N <aC0 ,3IIY �c c@RsN 8aRL 7C<na3 lYS, jR 7C<na3 lYS0. j@3 UInL3

c3<L3Nj ,aRccAc3,jCRN�I $a3�0j@ V#W Cc cUICj CNjR Mc C03NjC,�I cL�II3a U�ajc s@3N # Cc ,RLA

L3Ncna�j3 sCj@ j@3 @RaCyRNj�I <aC0 ,3II cCy3 R8 j@3 @Rcj 2nI3aC�N LR03IY �8j3a cUICjjCN<. 3�,@

cL�II3a UInL3 c3<L3Nj U�aj 3u@C$Cjc j@3 c�L3 UInL3 c3<L3Nj I3N<j@ �c j@�j R8 j@3 RaC<CN�I

UInL3 c3<L3Nj. $nj j@3 ,aRccAc3,jCRN�I $a3�0j@ a3�,@3c RNIw Ϲ/Mc R8 j@3 RaC<CN�I UInL3 c3<A

L3Nj ,aRccAc3,jCRN�I $a3�0j@Y

lYlY9 TInL3 c3<L3Nj 0CccRInjCRN

BN j@3 TC; LR03I. j@3 UInL3 c3<L3Nj Cc 0CccRIq30 8aRL j@3 3L$30030 UInL3 LR03I CNjR

j@3 @Rcj 2nI3aC�N LR03I RN,3 j@3 UInL3 c3<L3Nj L33jc �Nw R8 j@3 8RIIRsCN< 8Rna ,aCj3aC�- VSW

NRNICN3�aCjw ,aCj3aCRN. VlW qRInL3 ,aCj3aCRN. VkW IR,�jCRN ,aCj3aCRN. �N0 V:W jCL3 ,aCj3aCRNY �8j3a

UInL3 c3<L3Nj 0CccRInjCRN. j@3 ja�,3a ,RN,3Nja�jCRN CN j@3 @Rcj 2nI3aC�N LR03I <aC0 ,3II Cc

nU0�j30 �c-

+′
2n = +2n +

pTI
∑M0

C=Ϲ +TI(C)
p2n

...... (Ϲе)

s@3a3 +2n �N0 +′
2n �a3 j@3 ja�,3a ,RN,3Nja�jCRNc CN j@3 @Rcj 2nI3aC�N LR03I <aC0 ,3II $3A

8Ra3 �N0 �8j3a UInL3 c3<L3Nj 0CccRInjCRN. a3cU3,jCq3IwY p2n Cc j@3 qRInL3 R8 j@3 @Rcj 2nI3aC�N

LR03I <aC0 ,3II. M0 Cc j@3 NnL$3a R8 UInL3 LR03I <aC0 ,3IIc a3Ua3c3NjCN< j@3 UInL3 c3<L3Nj.

+TI(C) Cc j@3 ja�,3a ,RN,3Nja�jCRN CN UInL3 <aC0 ,3II C VC5S. l. YYY. M0W. �N0 �II UInL3 LR03I <aC0

,3IIc @�q3 j@3 c�L3 qRInL3 pTIY

MRNICN3�aCjw ,aCj3aCRNY K�Nw Ua3qCRnc cjn0C3c @�q3 �UUIC30 � cCy3 ,aCj3aCRN Vj@3 UInL3

c3<L3Nj cCy3 ,RLL3Ncna�j3 sCj@ j@3 @Rcj 2nI3aC�N LR03I <aC0 cCy3W jR 0CccRIq3 j@3 UInL3 c3<A

L3Nj 8aRL j@3 UInL3 LR03I CNjR j@3 @Rcj 2nI3aC�N LR03I VF�a�L,@�N0�NC 3j �IY. lzzl. lzzfWY

?Rs3q3a. j@3a3 a3L�CNc � @C<@ ,RN,3Nja�jCRN <a�0C3Nj sCj@CN j@3 UInL3 c3<L3Nj s@3N j@3

UInL3 c3<L3Nj cCy3 a3�,@3c j@3 @Rcj 2nI3aC�N LR03I <aC0 cCy3Y i@3 cCy3 ,aCj3aCRN 8Ra UInL3

0CccRInjCRN C<NRa3c j@3 @C<@ ,RN,3Nja�jCRN <a�0C3Nj sCj@CN j@3 UInL3 c3<L3Nj. s@C,@ L�w CNA
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jaR0n,3 $C�c CN j@3 UInL3 NRNICN3�a UaR,3cc cCLnI�jCRNY BN j@Cc cjn0w. s3 �0RUj � NRNICN3�aCjw

,aCj3aCRN Vj@3 UaR0n,j R8 � NRNICN3�a UaR,3cc $38Ra3 UInL3 0CccRInjCRN $3,RL3c ,RLL3Ncna�j3

sCj@ j@3 UaR0n,j �8j3a UInL3 0CccRInjCRNW jR 0CccRIq3 j@3 UInL3 c3<L3Nj 8aRL j@3 UInL3 LR03I

jR j@3 @Rcj 2nI3aC�N LR03I. s@C,@ 3N�$I3c $3jj3a 3cjCL�jCRNc R8 NRNICN3�a UaR,3cc3cY

�c Rna UaCL�aw LRjCq�jCRN 8Ra TC; LR03I 03q3IRUL3Nj. b�B LR03ICN< a3\nCa3c �,,na�j3

3cjCL�jCRN R8 �3aRcRI UaR,3cc3c cCN,3 j@3c3 �3aRcRI UaR,3cc3c. cn,@ �c ,R�<nI�jCRN. ,�N @C<@Iw

CN�n3N,3 j@3 U�ajC,I3 cCy3 0CcjaC$njCRN R8 j@3 CNE3,j30 �3aRcRIc V3Y<Y. cnI8�j3 �3aRcRIcWY bCN,3

L�Nw ,@3LC,�I �N0 �3aRcRI UaR,3cc3c V3Y<Y. �3aRcRI ,R�<nI�jCRNW �a3 c3,RN0ARa03a UaR,3cc3c.

s3 �UUIw � @wURj@3jC,�I c3,RN0ARa03a ,@3LC,�I UaR,3cc jR j@3 CNE3,j30 ja�,3a CN j@Cc cjn0w 8Ra

j@3 NRNICN3�aCjw ,aCj3aCRNY BN j@3 8njna3. j@3 @wURj@3jC,�I c3,RN0ARa03a UaR,3cc sCII $3 a3UI�,30

$w a3�I CN0C,�jRac V3Y<Y. RyRN3 UaR0n,jCRN CN j@3 cja�jRcU@3a3W RN,3 �3aRcRI �N0 ,@3LC,�I UaRA

,3cc3c �a3 ,RNcC03a30 CN j@3 UInL3 LR03IY iR cCLnI�j3 j@3 c3,RN0ARa03a UaR,3cc CN j@3 TC;

LR03I. s3 N330 jR ,RNcC03a j@3 CNj3a�,jCRN R8 j@3 NRNICN3�a V@3a3. c3,RN0ARa03aW UaR,3cc $3A

js33N j@3 $�,G<aRnN0 V@Rcj 2nI3aC�N LR03IW �N0 UInL3 c3<L3Nj V3L$30030 UInL3 LR03IW

VF�a�L,@�N0�NC 3j �IY. lzzzd FRac�GCccRG � K�II3j. lzSzWY #�c30 RN 2\cY VlW �N0 VkW CN FRaA

c�GCccRG � K�II3j VlzSzW. j@3 jRj�I UaR0n,j ,RN,3Nja�jCRN VT. 8aRL $Rj@ j@3 UInL3 LR03I �N0

j@3 @Rcj 2nI3aC�N LR03IW R8 j@3 @wURj@3jC,�I c3,RN0ARa03a UaR,3cc. 8aRL s@3a3 j@3 UInL3 c3<A

L3Nj Cc Rq3aI�C0. Cc nU0�j30 �c 8RIIRsc-

0[T]
0j = G([+TI] + [+2n])

И = G([+TI]
И + И[+TI][+2n] + [+2n]

И) ...... (ϹϹ)

s@3a3 [+TI] Cc j@3 CNE3,j30 ja�,3a ,RN,3Nja�jCRN VnNCj- LRI3,nI3 ,L−ДW CN j@3 UInL3 c3<A

L3Nj. [+2n] Cc j@3 CNE3,j30 ja�,3a ,RN,3Nja�jCRN CN j@3 $�,G<aRnN0. �N0 G Cc � UaRURajCRN�ICjw

,RNcj�Nj VnNCj- ,LД LRI3,nI3−Ϲ c−ϹW R8 j@3 c3,RN0ARa03a UaR,3ccY V 0[T]
0j Cc j@3 jRj�I UaR0n,jCRN

a�j3 CN j@3 cU�,3 s@3a3 j@3 UInL3 c3<L3Nj VUInL3 LR03IW Rq3aI�Uc sCj@ j@3 $�,G<aRnN0 V@Rcj
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2nI3aC�N LR03IW. cR 0[T]
0j Cc 03U3N03Nj RN j@3 CNE3,j30 ja�,3a ,RN,3Nja�jCRN 8aRL $Rj@ j@3 UInL3

c3<L3Nj �N0 $�,G<aRnN0 V[+TI] + [+2n]WY

i@3 UaR0n,j ,RN,3Nja�jCRN CN j@3 $�,G<aRnN0 VT2nW Cc nU0�j30 �c-

0[T2n]

0j = G[+2n]
И ...... (ϹИ)

i@3 UaR0n,j ,RN,3Nja�jCRN CN j@3 UInL3 c3<L3Nj VTTIW Cc nU0�j30 �c-

0[TTI]

0j =
0[T]
0j − 0[T2n]

0j = G([+TI]
И + И[+TI][+2n]) ...... (ϹД)

`3<�a0CN< j@3 NRNICN3�aCjw ,aCj3aCRN. s3 ,�I,nI�j3 j@3 L�cc R8 j@3 N3s UaR0n,j 8aRL j@3

@wURj@3jC,�I c3,RN0ARa03a UaR,3cc $38Ra3 VT$38Ra3 = G
∑M$

C=Ϲ[+И
TI(C) + +TI(C)+2n]ðj pTIW �N0

�8j3a VT�8j3a = G(+′И
2n − +И

2n)ðj p2nW UInL3 c3<L3Nj 0CccRInjCRN CN � <Cq3N jCL3 cj3U V�jW. �,A

,Ra0CN< jR 2\cY VSzWAVSkWY B8 j@3 U3a,3Nj�<3 0C{3a3N,3 R8 j@3 N3s UaR0n,j L�cc V|T�8j3a−T$38Ra3
T$38Ra3

|W

Cc cL�II3a j@�N � 03~N30 ,aCjC,�I U3a,3Nj�<3 V3Y<Y. SzX Cc nc30 CN b3,jCRN lY:W. j@3 UInL3 c3<A

L3Nj L33jc j@3 NRNICN3�aCjw ,aCj3aCRN �N0 $3<CNc jR 0CccRIq3 8aRL j@3 UInL3 LR03I CNjR j@3

@Rcj 2nI3aC�N LR03IY

r3 �IcR nc3 � 0C{3a3Nj ,aCjC,�I U3a,3Nj�<3 V9XW 8Ra j@3 NRNICN3�aCjw ,aCj3aC� jR CNq3cjCA

<�j3 j@3 c3NcCjCqCjw R8 j@3 TC; LR03I a3cnIjc jR 0C{3a3Nj NRNICN3�aCjw ,aCj3aCRN c3jjCN<c V9X

qcY SzXWY BN j@3 N3s TC; LR03I a3cnIjc ncCN< 9X 8Ra j@3 NRNICN3�aCjw ,aCj3aCRN. j@3 �q3a�<3

UInL3 c3<L3Nj IC83jCL3 Cc SzYl 0�wc. s@C,@ Cc I�a<3a j@�N j@3 LR03I a3cnIjc ncCN< SzX 8Ra j@3

NRNICN3�aCjw ,aCj3aCRN CN b3,jCRN lY: V4Y9 0�wcWY i@3 3NjaRUw 8Ra j@3 N3s TC; LR03I a3cnIjc

Vω.ЊЍ × Ϲе−ϹωW Cc I3cc j@�N j@3 TC; LR03I a3cnIjc CN b3,jCRN lY: Vω.ξД × Ϲе−ϹωW. s@C,@ CN0C,�j3c

j@�j � cL�II3a ,aCjC,�I U3a,3Nj�<3 CN j@3 NRNICN3�aCjw ,aCj3aCRN a3cnIjc CN I3cc ja�,3a LCuCN<Y #w

,@�N<CN< j@3 ,aCjC,�I U3a,3Nj�<3 8aRL SzX jR 9X 8Ra j@3 NRNICN3�aCjw ,aCj3aCRN. j@3 UInL3 c3<A
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L3Njc ,�N cj�w IRN<3a CN j@3 UInL3 LR03I $38Ra3 L33jCN< j@3 cjaC,j3a NRNICN3�aCjw ,aCj3aCRN

V9XW jR $3 0CccRIq30 CNjR j@3 @Rcj 2nI3aC�N <aC0Y i@nc. j@3 TC; LR03I ncCN< � cL�II3a ,aCjC,�I

U3a,3Nj�<3 8Ra j@3 NRNICN3�aCjw ,aCj3aCRN ,�N Ua3c3aq3 j@3 CNE3,j30 UInL3 c3<L3Nj 8Ra � IRN<3a

jCL3. a3cnIjCN< CN I3cc ja�,3a LCuCN<Y

pRInL3 ,aCj3aCRNY 7Ra �II j@3 UInL3 c3<L3Njc CN j@3 c�L3 @Rcj 2nI3aC�N <aC0 ,3II. j@3 qRIA

nL3 ,aCj3aCRN 3Ncna3c j@�j j@3 jRj�I qRInL3 R8 �II UInL3 c3<L3Njc VUInL3 LR03I <aC0 ,3IIcW

N3q3a 3u,330c � 03~N30 ,aCjC,�I U3a,3Nj�<3 V3Y<Y. kzX Cc nc30 CN b3,jCRN lY:W R8 j@3Ca @Rcj

2nI3aC�N <aC0 ,3II qRInL3Y QN,3 j@3 jRj�I qRInL3 R8 �II UInL3 c3<L3Njc 3u,330c j@3 03~N30

,aCjC,�I U3a,3Nj�<3 R8 j@3 @Rcj 2nI3aC�N <aC0 ,3II qRInL3. j@3 TC; LR03I 0CccRIq3c j@3 UInL3

c3<L3Njc CNjR j@3 @Rcj 2nI3aC�N LR03I. cj�ajCN< 8aRL j@3 I�a<3cj UInL3 c3<L3NjY i@Cc 0CccRInA

jCRN UaR,3cc Cc ,RNjCNn30 nNjCI j@3 jRj�I qRInL3 R8 UInL3 c3<L3Njc Cc cL�II3a j@�N j@3 ,aCjC,�I

U3a,3Nj�<3 R8 j@3 @Rcj 2nI3aC�N <aC0 ,3II qRInL3Y

r3 �IcR nc3 � 0C{3a3Nj ,aCjC,�I U3a,3Nj�<3 V9zXW 8Ra j@3 qRInL3 ,aCj3aC� jR CNq3cjC<�j3 j@3

c3NcCjCqCjw R8 j@3 TC; LR03I a3cnIjc jR 0C{3a3Nj qRInL3 ,aCj3aCRN c3jjCN<c VkzX qcY 9zXWY 7Ra

j@3 N3s TC; LR03I a3cnIjc ncCN< 9zX 8Ra qRInL3 ,aCj3aCRN. j@3 �q3a�<3 UInL3 c3<L3Nj IC83A

jCL3 Cc SkY4 0�wc. s@C,@ Cc I�a<3a j@�N j@3 TC; LR03I a3cnIjc ncCN< kzX 8Ra qRInL3 ,aCj3aCRN

CN b3,jCRN lY: V4Y9 0�wcWY i@3 3NjaRUw 8Ra j@3 N3s TC; LR03I a3cnIjc Vω.φД × Ϲе−ϹωW Cc I3cc

j@�N j@3 TC; LR03I a3cnIjc CN b3,jCRN lY: Vω.ξД × Ϲе−ϹωW. s@C,@ CN0C,�j3c j@�j � I�a<3a ,aCjC,�I

U3a,3Nj�<3 CN j@3 qRInL3 ,aCj3aCRN ,�nc3c I3cc ja�,3a LCuCN<Y #w ,@�N<CN< j@3 ,aCjC,�I U3aA

,3Nj�<3 8aRL kzX jR 9zX 8Ra j@3 qRInL3 ,aCj3aCRN. j@3 @Rcj 2nI3aC�N <aC0 ,3II ,�N @RI0 LRa3

UInL3 c3<L3NjcY i@3N j@3 UInL3 c3<L3Njc �a3 I3cc ICG3Iw jR L33j j@3 qRInL3 ,aCj3aCRN jR $3

0CccRIq30 CNjR j@3 @Rcj 2nI3aC�N <aC0 s@3N � I�a<3a ,aCjC,�I U3a,3Nj�<3 Cc �0RUj30 CN j@3 qRInL3

,aCj3aCRNY i@nc. j@3 TC; LR03I ncCN< � I�a<3a ,aCjC,�I U3a,3Nj�<3 8Ra j@3 qRInL3 ,aCj3aCRN ,�N

Ua3c3aq3 j@3 CNE3,j30 UInL3 c3<L3Nj 8Ra � IRN<3a jCL3. a3cnIjCN< CN I3cc ja�,3a LCuCN<Y

HR,�jCRN ,aCj3aCRNY i@3 H�<a�N<C�N UInL3 LR03I ,a3�j30 CN j@Cc cjn0w 8R,nc3c RN cCLnI�jA
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CN< UInL3c CN j@3 cja�jRcU@3a3Y r@3N j@3 UInL3 c3<L3Nj 3Nj3ac j@3 jaRURU�nc3. UInL3 3qRInA

jCRN $3,RL3c 0C{3a3Nj $3,�nc3 R8 0C{3a3Nj 3NqCaRNL3Njc CN j@3 jaRURcU@3a3 V3Y<Y. ,RNq3,jCq3

300C3cW. s@C,@ Cc NR IRN<3a cnCj�$I3 jR $3 cCLnI�j30 $w Rna UInL3 LR03IY i@nc. j@3 TC; LR03I

CN j@Cc cjn0w 0CccRIq3c j@3 UInL3 c3<L3Nj 8aRL j@3 UInL3 LR03I CNjR j@3 @Rcj 2nI3aC�N LR03I

nURN j@3 UInL3 c3<L3Nj a3�,@CN< j@3 jaRURU�nc3Y

iCL3 ,aCj3aCRNY � L�uCLnL IC83jCL3 V3Y<Y. l4 0�wc Cc nc30 CN b3,jCRN lY:W Cc 03~N30 8Ra

j@3 UInL3 c3<L3Nj jR a3L�CN CN j@3 UInL3 LR03IY QN,3 j@3 UInL3 c3<L3Nj a3L�CNc CN j@3

UInL3 LR03I IRN<3a j@�N j@3 L�uCLnL IC83jCL3. j@3 TC; LR03I 0CccRIq3c j@3 UInL3 c3<L3Nj

8aRL j@3 UInL3 LR03I CNjR j@3 @Rcj 2nI3aC�N LR03IY

lYk 2ЦΞϣЛΞАϔϱϩ ϱυ ϿϣЛϨζ ΫЁϱЅЅAЅζΫАϔϱϩΞϣ ϿΞЁΞϨζАζЁϔвΞАϔϱϩ

lYkYS +aRccAc3,jCRN�I lA/ <aC0 3q�In�jCRN

�N �N�IwjC,�I ;�nccC�N cRInjCRN 8Ra �NCcRjaRUC, 0C{ncCRN R8 �N CN3aj ja�,3a CN ICN3�a c@3�a

�Rs V/ɫa$3,G � ;3ay. SOOfd FRNRUG�. SOO9d r�I,3G. lzz:W Cc �0RUj30 jR q�IC0�j3 j@3 lA

/ <aC0 a3Ua3c3Nj�jCRN R8 j@3 3�aIw UInL3 ,aRccAc3,jCRN Vb3,jCRN lYlYkYSW CN j@3 UInL3 LR03IY

r3 �UUIw $Rj@ j@3 ,aRccAc3,jCRN�I lA/ <aC0 CN j@3 UInL3 LR03I �N0 �N�IwjC,�I cRInjCRNc jR

cCLnI�j3 UInL3 ,aRccAc3,jCRN�I 3qRInjCRN 0RsNsCN0 R8 � @wURj@3jC,�I URCNj cRna,3 R8 CN3aj

ja�,3a 3LCccCRN CN j@3 cja�jRcU@3a3Y i@3 CNCjC�I CN3aj ja�,3a CNE3,j30 8aRL j@3 URCNj cRna,3 Cc c3j

jR S G<Y BN j@3 cja�jRcU@3a3. jwUC,�I U�a�L3j3a q�In3c CN,In03 � q3ajC,�I sCN0 c@3�a R8 zYzzl

c−Ϲ. � @RaCyRNj�I 0C{ncCRN ,R3|,C3Nj R8 Sz LИ c−Ϲ. �N0 � q3ajC,�I 0C{ncCRN ,R3|,C3Nj R8 zYS9

LИ c−Ϲ V/ɫa$3,G � ;3ay. SOO9d b,@nL�NN 3j �IY. SOO9WY i@3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN

0CcjaC$njCRN R8 �N�IwjC,�I cRInjCRNc Szzz c3,RN0c �8j3a CNE3,jCRN Cc c3j �c j@3 CNCjC�I ,RN0CjCRN R8

j@3 ,aRccAc3,jCRN�I lA/ <aC0 cCLnI�jCRNY

7C<na3 lYk c@Rsc j@3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN �8j3a :4A@Rna cCLnI�jCRNc
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Figure 2.3: Plume cross‐sectional concentration distribution from (a) the 48‐hour simulation by the 2‐D
grid model, (b) corresponding analytical solutions, and (c) concentration difference between (a) and (b).

sCj@ j@3 lA/ <aC0 LR03I �N0 j@3 ,Raa3cURN0CN< �N�IwjC,�I cRInjCRNcY i@3 ,aRccAc3,jCRN�I ,RNA

,3Nja�jCRN 0CcjaC$njCRNc cCLnI�j30 sCj@ j@3 lA/ <aC0 LR03I �a3 cCLCI�a jR j@3 a3cnIjc R$j�CN30

sCj@ �N�IwjC,�I cRInjCRNc. �N0 j@3Ca cU�jC�I ,Raa3I�jCRN ,R3|,C3Nj a3�,@3c SYzzY bIC<@j 0C{3aA

3N,3c V7C<na3 lYk,W $3js33N j@3 jsR cCLnI�j30 ,RN,3Nja�jCRN 0CcjaC$njCRNc �a3 �,,3Uj�$I3 ,RNA

cC03aCN< j@3 0Cc,a3jCy�jCRN R8 j@3 lA/ <aC0 LR03IY 7C<na3 lY: c@Rsc j@3 ,RN,3Nja�jCRN U3a,3NjA

�<3 0C{3a3N,3 $3js33N j@3 lA/ <aC0 LR03I cCLnI�jCRN �N0 ,Raa3cURN0CN< �N�IwjC,�I cRInjCRNc

�j j@3 ,3Nj3a R8 j@3 UInL3 ,aRccAc3,jCRN Vj@3 $I�,G 0Rj CN 7C<na3 lYS,WY i@3 U3a,3Nj�<3 0C{3aA

3N,3 CN ,3Nj3a ,RN,3Nja�jCRN $3js33N j@3 jsR cCLnI�jCRNc Cc I3cc j@�N SXY

lYkYl +aRccAc3,jCRN�I SA/ <aC0 3q�In�jCRN

�8j3a ,aRccAc3,jCRN�I lA/ <aC0 LR03I q�IC0�jCRN. s3 ,RLU�a3 j@3 ,aRccAc3,jCRN�I SA/ <aC0

LR03I a3cnIjc jR j@3 ,Raa3cURN0CN< lA/ <aC0 LR03I a3cnIjcY BNCjC�IIw. S G< CN3aj ja�,3a Cc CNA

E3,j30 CNjR j@3 ,3Nj3a <aC0 ,3II R8 j@3 ,aRccAc3,jCRN�I lA/ <aC0 nN03a j@3 jwUC,�I cja�jRcU@3aC,
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Figure 2.4: Concentration percentage difference between the 2‐D grid model results and analytical solu‐
tions at the center of the plume cross‐section (marked with a black dot in Figure 2.3c).
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Figure 2.5: Schematic of the 48‐hour simulating result comparison between the 1‐D and 2‐D grid models.
`c is the cross‐sectional scale ratio defined in Section 2.2.3.1.

U�a�L3j3a c3jjCN<c 03~N30 CN b3,jCRN lYkYSY �c c@RsN CN 7C<na3 lY9. j@3 ,aRccAc3,jCRN�I lA/

<aC0 cCLnI�j3c j@3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CInjCRN nN03a j@3 0C{ncCRN �N0 sCN0 c@3�a

CN�n3N,3 �j j@3 $3<CNNCN<Y r@3N j@3 UInL3 ,aRccAc3,jCRN�I �cU3,j a�jCR V`cW Cc I�a<3 3NRn<@

V`c ≥ Иφ. �c 03c,aC$30 CN b3,jCRN lYlYkYSW. j@3 ,RN,3Nja�jCRN 0CcjaC$njCRN CN j@3 ,aRccAc3,jCRN�I

lA/ <aC0 Cc a3L�UU30 RNjR j@3 ,aRccAc3,jCRN�I SA/ <aC0 Vb3,jCRN lYlYkYlWY i@3 SA/ <aC0 a3A

UI�,3c j@3 lA/ <aC0 jR cCLnI�j3 j@3 UInL3 ,aRccAc3,jCRN�I ,RN,3Nja�jCRN 0CcjaC$njCRN 8Ra :4

@RnacY i@3 ~N�I SA/ <aC0 LR03I a3cnIjc �a3 ,RLU�a30 jR j@3 ,Raa3cURN0CN< lA/ <aC0 LR03I

a3cnIjcY

7C<na3 lYf c@Rsc j@3 ~N�I ,RN,3Nja�jCRN 0CcjaC$njCRN cCLnI�j30 sCj@ j@3 SA/ <aC0 LR03I

V$In3 cRIC0 ICN3W �N0 ,Raa3cURN0CN< lA/ <aC0 LR03I Va30 0�c@30 ICN3WY r3 ~N0 j@�j j@3 CNE3,j30

CN3aj ja�,3a 0CInj3c 8�cj3a CN j@3 ,aRccAc3,jCRN�I SA/ <aC0. ,RNcCcj3Nj sCj@ Ua3qCRnc cjn0C3c V3Y<Y.
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Figure 2.6: Final concentration distribution simulated in the cross‐sectional 1‐D (blue line) and 2‐D (red
dashed line) grid models. The x‐axis is along the direction 0⃗ of the 1‐D grid (Figure 2.1c).

7C<na3 e CN M�CL�N 3j �IY VlzSzWWY i@3 ~N�I ,3Nj3a ,RN,3Nja�jCRN CN j@3 ,aRccAc3,jCRN�I SA/

<aC0 LR03I a3cnIjc Cc OY:X IRs3a j@�N j@�j CN j@3 ,aRccAc3,jCRN�I lA/ <aC0 LR03I a3cnIjc VjsR

$I�,G c\n�a3 URCNjc CN 7C<na3 lYfWY 7C<na3 lYe c@Rsc j@�j j@3 U3a,3Nj�<3 0C{3a3N,3 R8 j@3 ,3NA

j3a ,RN,3Nja�jCRN $3js33N j@3 jsR LR03Ic Cc cL�II3a j@�N SzXY i@3 3NjaRUw V,�I,nI�j30 $�c30

RN 3\n�jCRN VS:W CN b3,jCRN lY:YlYkW R8 j@3 ,RN,3Nja�jCRN 0CcjaC$njCRN Cc ,�I,nI�j30 jR \n�NjC8w

@Rs Ln,@ 3uja� ja�,3a 0C{ncCRN Cc ,�nc30 $w ,@�N<CN< j@3 lA/ <aC0 jR j@3 SA/ <aC0Y r3 8RnN0

j@�j j@3 U3a,3Nj�<3 0C{3a3N,3 R8 j@3 ~N�I 3NjaRUw $3js33N j@3 SA/ �N0 lA/ <aC0 a3cnIjc Cc �UA

UaRuCL�j3Iw lzXY ?Rs3q3a. 8Ra j@3 c�L3 :4A@Rna cCLnI�jCRN. j@3 +Tm jCL3 a3\nCa30 8Ra j@3

SA/ <aC0 LR03I Cc lz c. s@CI3 Cj Cc kz LCN VS.4zz cW 8Ra j@3 lA/ <aC0 LR03IY
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Figure 2.7: Final hourly mean concentration percentage difference (black dots) between the 1‐D and 2‐D
grid model results (1‐D minus 2‐D) in the center grid cell (shown as the two black square points in Figure
2.6). The red line is the smoothing results after the 2‐hour moving average.
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lY: ;ϣϱΪΞϣ Ϩϱβζϣϔϩό

lY:YS 2uU3aCL3Nj c3jjCN<

r3 ,RNcC03a �N CN3aj ja�,3a CNE3,jCRN c,3N�aCR ncCN< U�a�L3j3ac j@�j �a3 a3I3q�Nj 8Ra j@3

cCLnI�jCRN R8 cRI�a <3R3N<CN33aCN< jR ,RLU�a3 j@3 TC; LR03I sCj@ � ,RNq3NjCRN�I <IR$�I 2nI3A

aC�N LR03I VCY3Y. j@3 ;2QbA+@3L LR03IWY i@Cc c,3N�aCR �ccnL3c j@�j �N �Ca,a�8j �C3c $�,G �N0

8Raj@ ,RNjCNnRncIw �j l:z L c−Ϲ $3js33N kzïb �N0 kzïM �IRN< � c3I3,j30 IRN<Cjn03 ICN3 V@3a3.

S:SïrW �j � @3C<@j R8 9z @T� V�UUaRuCL�j3Iw lz GLWY �N CN3aj ja�,3a Cc ,RNjCNnRncIw CNE3,j30

$w j@3 �Ca,a�8j �j kz G< GL−Ϲ �IRN< j@3 �C<@j ja�,G. � q�In3 ,@Rc3N jR $3 ,RNcCcj3Nj sCj@ j@3 8�cj

0CInjCRN ,�c3 CN TC3a,3 3j �IY VlzSzWY

;2QbA+@3L V#3w 3j �IY. lzzSW. � <IR$�I j@a33A0CL3NcCRN�I VkA/W ,@3LC,�I ja�NcURaj

LR03I. Cc �0RUj30 �c j@3 @Rcj 2nI3aC�N LR03I 8Ra j@3 TC; LR03IY i@3 H�<a�N<C�N UInL3 LR03I

,a3�j30 CN j@Cc cjn0w Cc 3L$30030 CNjR j@3 ;2QbA+@3L LR03I jR $nCI0 j@3 TC; LR03IY i@3

@RaCyRNj�I a3cRInjCRN Cc И◦ × И.φ◦ CN j@3 @Rcj ;2QbA+@3L LR03I. s@C,@ ,RNj�CNc el q3ajC,�I

I3q3IcY KR03aNA2a� `3jaRcU3,jCq3 �N�IwcCc 8Ra `3c3�a,@ �N0 �UUIC,�jCRNcAl VK2``�lW 0�j�

V;3I�aR 3j �IY. lzSeW. sCj@ � @RaCyRNj�I a3cRInjCRN R8 е.φ◦ × е.ЍИφ◦. UaRqC03 j@3 CNUnj L3j3RA

aRIR<C,�I 0�j� 8Ra j@3 @Rcj ;2QbA+@3L LR03IY i@3 ja�NcURaj jCL3 cj3U Cc kzz c3,RN0c CN j@3

;2QbA+@3L LR03IY �3aRcRI �N0 ,@3LC,�I UaR,3cc3c �a3 jnaN30 R{ CN j@3 ;2QbA+@3L LR03I

�c s3 RNIw nc3 �N CN3aj ja�,3a CN j@Cc cjn0wY

i@3 CNE3,j30 �Ca,a�8j UInL3 Cc 0CqC030 CNjR c3<L3Njc. �N0 3�,@ UInL3 c3<L3Nj Cc CNCjC�IIw

03~N30 sCj@ � I3N<j@ R8 :z GL. s@C,@ Cc �UUaRuCL�j3Iw Ϲ/φ R8 j@3 @RaCyRNj�I <aC0 cCy3 R8 j@3

@Rcj ;2QbA+@3L LR03I VИ◦ × И.φ◦WY i@3 CNCjC�I ,aRccAc3,jCRN�I lA/ <aC0 a3cRInjCRN V7C<na3

lYS�W Cc c3j jR Szz L V0cW �N0 Sz L V0yWY i@3 CNCjC�I 0RL�CN cCy3 R8 j@3 ,aRccAc3,jCRN�I lA/ <aC0

Cc �UUaRuCL�j3Iw lz GL @RaCyRNj�IIw �N0 zY4 GL q3ajC,�IIwY �c 0Cc,ncc30 CN b3,jCRN lYlYkYS.

j@3 ,aRccAc3,jCRN�I SA/ <aC0 a3UI�,3c j@3 lA/ <aC0 jR a3Ua3c3Nj j@3 L�jna3 UInL3 ,aRccAc3,jCRN
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s@3N j@3 UInL3 ,aRccAc3,jCRN�I c,�I3 a�jCR V`c = Hc HyW Cc @C<@3a j@�N l9Y `3<�a0CN< UInL3 ~IA

�L3Nj�jCRN Vb3,jCRN lYlY:W. j@3 cUICjjCN< NnL$3a VMcW Cc c3j jR 9 CN j@Cc cjn0wY iR �,@C3q3 UInL3

c3<L3Nj 0CccRInjCRN Vb3,jCRN lYlY9W. j@3 ,aCjC,�I U3a,3Nj�<3 8Ra j@3 NRNICN3�aCjw ,aCj3aCRN Cc c3j

jR SzXY i@3 ,aCjC,�I U3a,3Nj�<3 8Ra j@3 qRInL3 ,aCj3aCRN Cc c3j jR kzXY i@3 L�uCLnL IC83jCL3

R8 j@3 UInL3 c3<L3Nj CN j@3 H�<a�N<C�N UInL3 LR03I Cc c3j jR : s33GcY �II j@3 U�a�L3j3ac 03A

~N30 @3a3 ,�N $3 LR0C~30 �,,Ra0CN< jR 0C{3a3Nj a3c3�a,@ N330cY 7Ra 3u�LUI3. s3 ,�N CN,a3�c3

j@3 a3cRInjCRN R8 j@3 UInL3 ,aRccAc3,jCRN�I <aC0. s@C,@ $3jj3a a3cRIq3c j@3 UInL3 ,aRccAc3,jCRN

$nj a3\nCa3c LRa3 ,RLUnjCN< a3cRna,3cY i@3a3 Cc � ja�03AR{ $3js33N j@3 LR03I �,,na�,w �N0

,RLUnjCN< 3|,C3N,w s@3N s3 �0RUj j@3 TC; LR03I jR ,�Ujna3 j@3 UInL3Ac,�I3 VCY3Y. cn$<aC0W

,@3LC,�I �N0 �3aRcRI UaR,3cc3cY

#Rj@ j@3 TC; LR03I �N0 j@3 cj�N0�a0 ;2QbA+@3L LR03I cCLnI�j3 �Ca,a�8j UInL3 3qRInA

jCRN 8Ra S LRNj@ VD�N lzS9WY i@3 cj�N0�a0 ;2QbA+@3L LR03I nc3c j@3 c�L3 c3jjCN<c �c j@3

@Rcj ;2QbA+@3L LR03I CN j@3 TC; LR03IY BN j@3 cj�N0�a0 ;2QbA+@3L LR03I. j@3 CNCjC�IIw

CNE3,j30 �Ca,a�8j UInL3 c3<L3Nj Cc CNcj�NjIw �N0 nNC8RaLIw 0CccRIq30 CNjR j@3 2nI3aC�N <aC0 ,3IIY
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UInL3 c3<L3Nj IC83jCL3 a�N<3c 8aRL zYl jR l4Yz 0�wc. sCj@ �N �q3a�<3 q�In3 R8 4Y9 0�wcY
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Figure 2.8: Description of the injected plume characteristics in the plume model. (a) The number of plume
segments of different types. The active plume is the plume segment simulated by the plume model. The
dissolved plume is the plume segment already dissolved into the host Eulerian model. The total plume
segments encompass the sum of the active and dissolved plume segments. (b) The distribution of the
plume segment lifetime (the time that the plume segment is simulated by the plume model).
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Figure 2.9: Schematic of the two different postprocessing approaches for the PiG model results. The large
square box indicates a Eulerian model grid cell. The small rectangular box indicates a plume model grid cell,
which represents the active plume segment. The shaded area (from light to dark blue) represents the tracer
concentration (from small to large).
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Figure 2.10: Final total column concentration of the injected tracer simulated by (a) the PiG model, (b) the
GEOS‐Chem model, and (c) their zonal mean distributions.

Figure 2.11: Final zonal mean concentration of the injected tracer from (a) the PiG model and (b) the
GEOS‐Chem model and (c) corresponding global mean concentration at different pressure levels.
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Figure 2.12: (a) The sorted tracer concentration (in ascending order) versus the cumulative tracer mass
fraction at the end of the simulation. (b) The time series of the entropy percentage difference between the
PiG and GEOS‐Chem model results (PiG minus GEOS‐Chem model results).
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;2QbA+@3L LR03I cCLnI�jCRN �j 0C{3a3Nj @RaCyRNj�I a3cRInjCRNc Vω◦ × φ◦. И◦ × И.φ◦. Ϲ◦ ×

Ϲ.Иφ◦. �N0 е.φ◦ × е.ЍИφ◦WY r3 ,�N c33 j@�j Una3Iw CN,a3�cCN< j@3 @RaCyRNj�I a3cRInjCRN. sCj@Rnj

CN,a3�cCN< j@3 q3ajC,�I a3cRInjCRN ,Raa3cURN0CN<Iw. sRnI0 ,�nc3 3uja� q3ajC,�I 0CcU3acCRN 8Ra j@3

CNE3,j30 ja�,3a V0n3 jR CN,a3�c30 q3ajC,�I ,RN,3Nja�jCRN <a�0C3NjWY i@nc. j@3 q3ajC,�I a3cRInjCRN

N330c jR CN,a3�c3 s@3N j@3 @RaCyRNj�I a3cRInjCRN CN,a3�c3c jR $3jj3a Ua3c3aq3 UInL3c CN j@3

cja�jRcU@3a3 Vx@n�N< 3j �IY. lzS4W. s@C,@ a3\nCa3c LRa3 ,RLUnjCN< a3cRna,3cY
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Figure 2.13: Sensitivity of chemical production from a hypothetical second‐order process to computational
effort for various model configurations. The total product of the process with a rate proportional to the
square of injected tracer concentration is shown for various resolutions of GEOS‐Chem compared to the
PiG model. The total product mass from different model results is normalized to that from the PiG model
results.
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Figure 2.14: Vertical profiles of final global mean tracer concentration.
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bja�jRcU@3aC, 3LCccCRNc 8aRL �Ca,a�8j Ra aR,G3jc �a3 CLURaj�Nj cRna,3c R8 ,@3LC,�I U3ajna$�A

jCRNcY bL�IIAa�0Cnc @C<@A�cU3,jAa�jCR UInL3c 8aRL cja�jRcU@3aC, 3LCccCRNc �a3 cL�II3a j@�N

<IR$�I 2nI3aC�N LR03Icȕ <aC0 ,3IIcY iR @3IU <IR$�I 2nI3aC�N LR03Ic a3cRIq3 cn$<aC0 UInL3c CN

j@3 cja�jRcU@3a3. � H�<a�N<C�N UInL3 LR03I. ,RLUaCcCN< � H�<a�N<C�N ja�E3,jRaw LR03I �N0

�N �0�UjCq3A<aC0 UInL3 LR03I sCj@ � c3\n3N,3 R8 UInL3 ,aRccAc3,jCRN a3Ua3c3Nj�jCRNc V8aRL

� @C<@IwAa3cRIq30 lA/ <aC0 jR � cCLUIC~30 SA/ <aC0 $�c30 RN � ja�03R{ $3js33N j@3 �,,na�,w

�N0 ,RLUnj�jCRN�I ,RcjW. Cc ,a3�j30 �N0 3L$30030 CNjR � <IR$�I 2nI3aC�N VCY3Y. ;2QbA+@3LW

LR03I jR 3cj�$ICc@ � LnIjCc,�I3 TInL3ACNA;aC0 VTC;W LR03IY r3 ,RLU�a3 j@Cc TC; LR03I jR

j@3 ;2QbA+@3L LR03I $�c30 RN � SALRNj@ cCLnI�jCRN R8 ,RNjCNnRnc CN3aj ja�,3a 3LCccCRNc

$w �Ca,a�8j CN j@3 cja�jRcU@3a3Y BN j@3 TC; a3cnIjc. j@3 ~N�I CNE3,j30 ja�,3a Cc LRa3 ,RN,3Nja�j30

�N0 �UUaRuCL�j3Iw Ϲ/Д R8 j@3 ja�,3a Cc �j ,RN,3Nja�jCRNc l jR : Ra03ac R8 L�<NCjn03 I�a<3a ,RLA

U�a30 jR j@3 ;2QbA+@3L a3cnIjcY i@3 3NjaRUw R8 CNE3,j30 ja�,3a CN j@3 TC; a3cnIjc Cc fX IRs3a

j@�N j@3 ;2QbA+@3L a3cnIjc. CN0C,�jCN< I3cc ja�,3a LCuCN<Y i@3 jRj�I UaR0n,j L�cc 8aRL �

@wURj@3jC,�I c3,RN0ARa03a UaR,3cc V�UUIC30 jR j@3 CNE3,j30 ja�,3aW CN j@3 TC; a3cnIjc Cc jsR RaA

03ac R8 L�<NCjn03 I�a<3a j@�N j@3 ;2QbA+@3L a3cnIjcY BN,a3�cCN< j@3 ;2QbA+@3L LR03Iȕc

@RaCyRNj�I a3cRInjCRN :A8RI0 Cc CNcn|,C3Nj jR a3cRIq3 j@Cc UaR0n,j 0C{3a3N,3. s@CI3 a3\nCaCN<

Rq3a c3q3N jCL3c j@3 ,RLUnj�jCRN�I a3cRna,3c R8 j@3 TC; LR03IY i@Cc U�U3a 03c,aC$3c j@3 TC;

LR03I 8a�L3sRaG �N0 U�a�L3j3aCy�jCRN R8 UInL3 U@wcC,�I UaR,3cc3cY +@3LC,�I �N0 �3aRcRI

UaR,3cc3c sCII $3 CNjaR0n,30 CN j@3 8njna3Y
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+RN,IncCRNc

BN j@Cc j@3cCc. s3 nc3 jsR N3s LR03ICN< L3j@R0c jR cCLnI�j3 �3aRcRI ja�NcURaj CN j@3 cja�jRA

cU@3a3 8Ra b�B 8aRL U�ajC,I3 jR UInL3 c,�I3Y
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r3 0Cc,ncc Rna a3cnIjc 8aRL jsR U3acU3,jCq3c- j@3 U@wcC,c R8 �jLRcU@3aC, ja�NcURaj �N0 j@3

�UUIC,�jCRN jR b�BY
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7aRL j@3 U@wcC,�I U3acU3,jCq3. s3 3uUIRa3 @Rs $�,G<aRnN0 ,Ca,nI�jCRN. cn,@ �c [#Q

�N0 #/+. CN�n3N,3c U�ajC,I3 ja�NcURaj �N0 IC83jCL3 CN j@3 cja�jRcU@3a3Y r3 ~N0 j@�j j@3a3 Cc

� ,Raa3I�jCRN $3js33N [#Q �N0 U�ajC,I3 NnL$3a CN j@3 cja�jRcU@3a3 V7C<na3 SYkWY /naCN< j@3

cj3�0wAcj�j3 cj�<3. s3 \n�NjC8w j@3 U�ajC,I3 NnL$3a �N0 IC83jCL3 CN 0C{3a3Nj a3<CRNc. �c s3II �c

j@3 U�ajC,I3 �nu �LRN< 0C{3a3Nj a3<CRNc. �c c@RsN CN 7C<na3 SY:Y r3 �IcR ~N0 j@3a3 Cc � c3�A

cRN�I ,w,I3 CN U�ajC,I3 IC83jCL3. sCj@ U�ajC,I3c CNE3,j30 CN j@3 sCNj3a @3LCcU@3a3 V/D7 CN M? Ra

DD� CN b?W <3N3a�IIw @�qCN< � IRN<3a IC83jCL3 j@�N j@Rc3 CNE3,j30 CN j@3 cnLL3a @3LCcU@3a3

VDD� CN M? Ra /D7 CN b?W. s@C,@ Cc ,RNcCcj3Nj sCj@ j@3 8�,j j@�j j@3 #/+ Cc cjaRN<3a CN j@3

sCNj3a @3LCcU@3a3Y i@3 L�uCLnL q�In3 R8 yRN�I L3�N U�ajC,I3 IC83jCL3 �j lz GL CN /D7 Cc

�UUaRuCL�j3Iw zYl w3�ac cL�II3a j@�N j@�j CN DD� VL�aG30 $w j@3 a30 �N0 $I�,G �aaRsc CN 7C<na3

SY4�WY ;Cq3N j@3 8�,j j@�j jaRUC,�I jaRURU�nc3 @3C<@j Cc @C<@3a CN /D7 j@�N CN DD� V7C<na3 SY4$W.

U�ajC,I3c CNE3,j30 CN j@3 IRs3a jaRUC,�I cja�jRcU@3a3 CN /D7 ,RnI0 $3 ,IRc3a jR j@3 jaRURU�nc3

�N0 j@3N �a3 LRa3 ICG3Iw jR $3 3u,@�N<30 $3js33N j@3 cja�jRcU@3a3 �N0 jaRURcU@3a3Y i@3 URI3A

s�a0 sCN0 VRa L3aC0CRN�I sCN0W CN j@3 IRs3a cja�jRcU@3a3 Cc NRj yRN�IIw @RLR<3N3Rnc. s@C,@

L�G3c U�ajC,I3c CNE3,j30 �j j@3 c�L3 �IjCjn03 �N0 I�jCjn03. $nj �j 0C{3a3Nj IRN<Cjn03c. nN03a<R

0C{3a3Nj a�j3c R8 URI3s�a0 ja�NcURaj. a3cnIjCN< CN 0C{3a3Nj U�ajC,I3 IC83jCL3c CN j@3 cja�jRcU@3a3Y

i@nc. j@3 URI3s�a0 sCN0 8aRL j@3 CNCjC�I CNE3,jCRN IR,�jCRNc ,�N $3 � sRaG�$I3 Ua30C,jRa R8 j@3

U�ajC,I3 IC83jCL3 CN j@3 cja�jRcU@3a3Y

7aRL j@3 U3acU3,jCq3 R8 b�B �UUIC,�jCRN. j@Cc cjn0w nc3c 8Rna CNE3,jCRN cja�j3<C3c jR \n�NA

jC8w j@3 c3NcCjCqCjw R8 U�ajC,I3 IC83jCL3 jR CNE3,jCRN IR,�jCRNc. CN,In0CN< j@3 NRq3I \n3cjCRN R8

@Rs CNE3,jCRN IRN<Cjn03 �{3,jc IC83jCL3Y Bj Cc �Ia3�0w s3II 3cj�$ICc@30 j@�j CN,a3�cCN< j@3 �IA

jCjn03 R8 CNE3,jCRN sCII CN,a3�c3 j@3 IC83jCL3 VMC3L3C3a 3j �IY. lzSSd FI3CNc,@LCjj 3j �IY. lzS4d

iCIL3c 3j �IY. lzSeW. $nj j@Cc CN,nac � ja�03R{ 0n3 jR j@3 NRNAICN3�a a3I�jCRNc@CU $3js33N 03A

UIRwL3Nj �IjCjn03 �N0 03UIRwL3Nj ,Rcj VK,+I3II�N 3j �IY. lzSld KRaCw�L� 3j �IY. lzSfd bLCj@

� r�<N3a. lzS4WY Qna a3cnIjc c@Rs j@�j j@Cc ja�03R{ ,�N $3 LCjC<�j30 j@aRn<@ ,�a38nI c3I3,A
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jCRN R8 j@3 CNE3,jCRN IRN<Cjn03 �N0 I�jCjn03. sCj@ �N ȒRUjCLCy30ȓ VH�jAIRN cja�j3<wW CNE3,jCRN �j

S4Y9 GL �,@C3qCN< � cCLCI�a L3�N IC83jCL3 �c �N ȒnNRUjCLCy30ȓ VmNC8RaL cja�j3<wW CNE3,jCRN �j

lz GLY i@Cc L�w NRj $3 j@3 RNIw URccC$I3 L3j@R0 R8 CN,a3�cCN< U�ajC,I3 IC83jCL3 j@aRn<@ L3,@A

�NCcLc Rj@3a j@�N CN,a3�cCN< j@3 CNE3,jCRN �IjCjn03. CLUIwCN< j@�j UaCRa cjn0C3c R8 j@3 83�cC$CICjw

R8 b�B L�w $3 cC<NC~,�NjIw Rq3a3cjCL�jCN< j@3 ,Rcj �N0 ,RLUI3uCjw R8 �,@C3qCN< � cU3,C~,

j�a<3jY

kYl TϣЛϨζAЅΫΞϣζ Ϩϱβζϣϔϩό

� TC; LR03I ,�N $3 � ,RLUnj�jCRN�IIw 3|,C3Nj s�w jR CLUaRq3 j@3 a3Ua3c3Nj�jCRN R8 cn$<aC0A

c,�I3 LCuCN<. U�ajC,nI�aIw CN j@3 ,�c3 s@3a3 LCuCN< Cc 0aCq3N $w �Rs cja3j,@CN< j@�j ,a3�j3c

~I�L3Nj�aw cjan,jna3cY 7Ra 3u�LUI3. TC3a,3 � 7�CaIC3 VSOOkW cn<<3cj30 j@�j ,@�RjC, �0q3,jCRN

N3�a j@3 30<3 R8 j@3 URI�a qRaj3u ,RnI0 0a�s � cn$cj�NjC�I �LRnNj R8 �Ca CNjR j@CN ~I�L3NjcY

r3 ~N0 3qC03N,3 j@�j j@3 nc3 R8 j@3 TC; LR03I ,RnI0 $3 � U�j@s�w jR CLUaRqCN< j@3 NnL3aCA

,�I a3Ua3c3Nj�jCRN R8 NRNICN3�a UInL3Ac,�I3 UaR,3cc3c CN j@3 cja�jRcU@3a3 CN � <IR$�I 2nI3aC�N

LR03IY

r3 ,RLU�a3 j@3 TC; LR03I jR � <IR$�I 2nI3aC�N LR03I VCY3Y. ;2QbA+@3L LR03IW $�c30

RN � SALRNj@ cCLnI�jCRN R8 ,RNjCNnRnc CN3aj ja�,3a 3LCccCRNc $w �Ca,a�8j CN j@3 cja�jRcU@3a3Y

+RLU�a30 jR j@3 ;2QbA+@3L LR03I. j@3 TC; LR03I @�c LRa3 @C<@A,RN,3Nja�jCRN ,3Nj3ac

CN j@3 ~N�I jRj�I ,RInLN ,RN,3Nja�jCRN 0CcjaC$njCRN V7C<na3 lYSz�WY i@3 ~N�I jRj�I L�cc R8 CNA

E3,j30 ja�,3a a3L�CNCN< CN j@3 CNE3,jCRN �a3� VЍе jR ωе @T�. Де◦ b jR Де◦ MW CN j@3 TC; LR03I Cc

�UUaRuCL�j3Iw l4X I�a<3a j@�N j@�j CN j@3 ;2QbA+@3L LR03I V7C<na3 lYSS�WY i@nc. j@3 TC;

LR03I a3cnIjc c@Rs I3cc UInL3 0CcU3acCRN j@�N j@3 ;2QbA+@3L LR03I a3cnIjcY �j j@3 3N0 R8

j@3 cCLnI�jCRN. �UUaRuCL�j3Iw Sgk R8 j@3 CNE3,j30 ja�,3a a3L�CNc CN j@3 �,jCq3 UInL3 c3<L3Njc

CN j@3 TC; LR03I �N0 Cc j@3a38Ra3 �j Ln,@ @C<@3a ja�,3a ,RN,3Nja�jCRNc Vl jR : Ra03ac R8 L�<A
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NCjn03 I�a<3aW j@�N CN j@3 ;2QbA+@3L LR03IY � L3jaC,. j@3 3NjaRUw. Cc ,�I,nI�j30 $�c30 RN

j@3 kA/ LCuCN< a�jCR ~3I0 R8 j@3 CNE3,j30 ja�,3a jR \n�NjC8w CNE3,j30 ja�,3a LCuCN<Y i@3 3NjaRUw

8aRL j@3 TC; LR03I a3cnIjc Cc �UUaRuCL�j3Iw fX IRs3a j@�N j@�j 8aRL j@3 ;2QbA+@3L LR03I

a3cnIjc. cn<<3cjCN< j@�j j@3 CNE3,j30 ja�,3a 3uU3aC3N,3c I3cc LCuCN< CN j@3 TC; LR03IY rCj@ �

@wURj@3jC,�I c3,RN0ARa03a UaR,3cc �UUIC30 jR j@3 CNE3,j30 ja�,3a. j@3 ~N�I jRj�I UaR0n,j L�cc R8

j@3 c3,RN0ARa03a UaR,3cc 8aRL j@3 TC; LR03I Cc �UUaRuCL�j3Iw jsR Ra03ac R8 L�<NCjn03 I�a<3a

j@�N j@�j 8aRL j@3 ;2QbA+@3L LR03I V7C<na3c lYSkWY iR a3�,@ j@3 c�L3 jRj�I UaR0n,j L�cc

�c j@3 TC; LR03I. j@3 ;2QbA+@3L LR03I N330c jR <a3�jIw CN,a3�c3 $Rj@ j@3 @RaCyRNj�I �N0

q3ajC,�I a3cRInjCRNc. s@C,@ a3\nCa3c 8�a LRa3 ,RLUnjCN< a3cRna,3c j@�N 0R3c j@3 TC; LR03IY

7Ra 3u�LUI3. j@3 jRj�I UaR0n,j L�cc R8 j@3 ;2QbA+@3L LR03I �j е.φ◦ × е.ЍИφ◦ V@RaCyRNj�I

a3cRInjCRNW Cc cjCII Ln,@ cL�II3a VjsR Ra03ac R8 L�<NCjn03 cL�II3aW j@�N j@�j R8 j@3 TC; LR03I

VsCj@ j@3 @Rcj ;2QbA+@3L LR03I �j И◦ × И.φ◦W. $nj j@3 +Tm jCL3 a3\nCa30 8Ra j@3 ;2QbA

+@3L LR03I cCLnI�jCRN �j е.φ◦ × е.ЍИφ◦ VlkO +Tm @RnacW Cc Rq3a c3q3N jCL3c <a3�j3a j@�N

j@�j a3\nCa30 8Ra j@3 TC; LR03I cCLnI�jCRN Vkz +Tm @RnacWY i@3a38Ra3. Cj Cc $3N3~,C�I jR 3LA

$30 � H�<a�N<C�N UInL3 LR03I CNjR j@3 <IR$�I 2nI3aC�N LR03I 8Ra cn$<aC0 UInL3 cCLnI�jCRNc

CN j@3 cja�jRcU@3a3Y Qj@3asCc3. j@3 <IR$�I 2nI3aC�N LR03I L�w nN03a3cjCL�j3 $Rj@ j@3 ja�,3a

,RN,3Nja�jCRN �N0 c3,RN0ARa03a UaR,3cc3c R8 j@3 cn$<aC0 UInL3Y

i@Cc U�U3a a3URajc � ~acj cj3U CN 03q3IRUCN< � TC; LR03I j@�j ,RnI0 $3 3|,C3NjIw �UUIC30

jR � ;3N3a�I +Ca,nI�jCRN KR03I V;+KW Ra � ,@3LC,�I ja�NcURaj LR03I cn,@ �c ;2QbA+@3LY

i@3 N3uj cj3U Cc jR CLUI3L3Nj ,@3LC,�I �N0 �3aRcRI UaR,3cc3c CN j@3 TC; LR03IY i@3a3 �a3 RUA

URajnNCjC3c jR RUjCLCy3 j@3 UInL3 ja3�jL3Nj $w VCW �0EncjCN< j@3 a3cRInjCRN R8 j@3 cn$ALR03IcY

� @C<@3a a3cRInjCRN R8 j@3 UInL3 LR03I <aC0 ,�N $3jj3a a3cRIq3 j@3 UInL3 c3<L3Nj $nj a3\nCa3c

LRa3 ,RLUnjCN< a3cRna,3cY 7Ra 3u�LUI3. CN j@3 H�<a�N<C�N UInL3 LR03I. j@3 lA/ <aC0 Cc a3A

UI�,30 $w j@3 SA/ <aC0 CN j@3 L�jna3 UInL3 U@�c3 $�c30 RN � ja�03R{ $3js33N j@3 ,RLUnj�A

jCRN�I 3|,C3N,w Vj@3 SA/ <aC0 LR03I anNc Oz jCL3c 8�cj3a j@�N j@3 lA/ <aC0 LR03IW �N0 �,,nA
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a�,w Vj@3 U3a,3Nj�<3 0C{3a3N,3 R8 ,3Nj3a ,RN,3Nja�jCRN $3js33N j@3 SA/ �N0 lA/ <aC0 Cc sCj@CN

SzX. �c c@RsN CN 7C<na3 lYeWd VCCW ,RNcC03aCN< UInL3 Rq3aI�UUCN<Y 7Ra j@3 CNE3,j30 CN3aj ja�,3a

CN j@Cc cjn0w. j@3 UInL3 Rq3aI�UUCN< @�c � ICN3�a CN�n3N,3 RN j@3 ja�,3a ,RN,3Nja�jCRNY QN,3

j@3 ,@3LC,�I �N0 �3aRcRI UaR,3cc3c �a3 CNqRIq30 CN j@3 TC; LR03I. j@3 ja�,3a ,RN,3Nja�jCRN

sRnI0 @�q3 � NRNICN3�a ,@�N<3 0n3 jR UInL3 Rq3aI�UUCN<d VCCCW CNqRIqCN< Rj@3a a3<CL3c CNjR

j@3 3L$30030 UInL3 LR03I. cn,@ �c j@3 E3j a3<CL3 �N0 qRaj3u a3<CL3 VF¡a,@3a. SOO9d T�RIC �

b@�aC{. lzSfWY

Qna q�IC0�jCRN s�c ICLCj30 jR ,RLU�aCcRNc $3js33N j@3 TC; LR03I �N0 ;2QbA+@3L

LR03IcY bn,@ q�IC0�jCRN ,�N c@Rs j@�j � TC; LR03I a3UaR0n,3c � @C<@Aa3cRInjCRN 2nI3aC�N

LR03I. $nj CN j@3 IRN< anN. cja�jRcU@3aC, UInL3 LR03Ic sCII N330 jR $3 q�IC0�j30 �<�CNcj R$c3aA

q�jCRNcY i@Cc LC<@j $3 �,,RLUICc@30 ncCN< �Ca,a�8j CNj3a,3Ujc R8 UInL3c V7�@3w 3j �IY. SOO9W Ra

$�IIRRNA$�c30 L3j@R0c ICG3 j@�j UaRURc30 8Ra j@3 bja�jRcU@3aC, +RNjaRII30 T3ajna$�jCRN 2uU3aA
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