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ABSTRACT
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3.An idealized nighttime stratocumulus
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:-(1$*)/#$!&,"1*2(#"&)*")2*"!$*$K/"1*%(*%-$*!$+9$,;
%&8$*0$(+%!(9-&,*,(#9()$)%+F*S)*(8$!8&$:*(.* %-$
)/#$!&,"1*+$%/9*(.* %-$*CH*+&#/1"%&()+* &+*0&8$)* &)
L"<1$*NF*^(%$*%-"%*%-$*8$!%&,"1*!$+(1/%&()*/+$2*&)*%-$
#/1%&1"=$!*#(2$1+*8"!=*.!(#*"*/)&.(!#*0!&2*%(*"*8"!=;
&)0*0!&2*:&%-*.&)$!*!$+(1/%&()*&)*%-$*)$&0-<(!-((2*(.
%-$*&)8$!+&()F

4.Intercomparison results

,1+2)6$+$9"4-.)"'
_)*W&0F*C*:$*9!$+$)%*%-$*%&#$*$8(1/%&()*(.*%-$*,1(/2;

%(9*-$&0-%J*%-$*,1(/2*,(8$!J*%-$*8$!%&,"11=*&)%$0!"%$2
1&K/&2*:"%$!*9"%-J*")2*%-$*VB>;"8$!"0$2*L]?*")2

@$"*+/!.",$*%$#9$!"%/!$ Nhh*]

@/!.",$*9!$++/!$ Cccc*-V"

>"!0$;+,"1$*2&8$!0$),$ b*×*Cc−O*+−C

5(!&(1&+*9"!"#$%$! Cc−d*+−C

S&!*2$)+&%= C*M0*#−E

A(/0-)$++*1$)0%- N*×*Cc−d*#

[$!%&,"1*0!&2*+9",$ Nb*#

@&#/1"%&()*%&#$ N*-(/!+

LSB>?*NF*U)$;2&#$)+&()"1*+&#/1"%&()*9"!"#$%$!+F
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,(#9"!$*%-$+$*8"1/$+*%(*%-$*,(!!$+9()2&)0*EH*>?@
!$+/1%+*&)*W&0F*NF*L-$*>?@*!$+/1%+*!$9!$+$)%*-(!&'()%"1
"8$!"0$+*(8$!*"*EFb*M#*×*EFb*M#*2(#"&)F*5(),$!)&)0
%-$*.!",%&()"1*,1(/2*,(8$!J*&)*CH*&%*&+*2$.&)$2*"+*%-$
#"I&#/#*(.*%-$*.!",%&()"1*,1(/2*"#(/)%+*(.*"11*1$8;
$1+J*:-$!$"+*&)*%-$*>?@*&%*&+*2$.&)$2*"+*%-$*.!",%&()*(.
0!&2*,(1/#)+*%-"%*-"8$*,1(/2*:"%$!F*W!(#*W&0F*C*:$
+$$*%-"%*%-$*CH*#(2$1+*9!(2/,$*"*<(/)2"!=*1"=$!*%(9
%-"%*!&+$+*.!(#*kcc*#*%(*"<(/%*kbcghcc*#*"%*%-$*$)2
(.*%-$*+&#/1"%&()F*^(%$*%-"%*%-$*%&#$*8"!&"%&()*(.*%-$
VB>*%(9*&+*2&!$,%1=*9!(9(!%&()"1*%(*%-$*$)%!"&)#$)%*!"%$
"+*&%*&+*0&8$)*<=*%-$*2&..$!$),$*<$%:$$)*%-$*$)%!"&);
#$)%*8$1(,&%=*")2*%-$*9!$+,!&<$2*1"!0$;+,"1$*+/<+&2;
$),$F*L-$* .&)"1* 8"1/$+* .(!* %-$* ,1(/2* ,(8$!* 8"!=
<$%:$$)*kcn*")2*CccnJ*:&%-*%-$*#/1%&1"=$!*#(2$1+
9!(2/,&)0*1$++*%-")*Cccn*,1(/2*,(8$!*")2*%-$*5@Y
</1M*#(2$1*9!(2/,&)0*Cccn*,(8$!F*L-$*&)%$0!"%$2
1&K/&2*:"%$!*9"%-*8"!&$+*<$%:$$)*Cc*")2*dc*0*#−NJ*")2
-$!$*"0"&)* %-$*8"1/$+*9!(2/,$2*<=* %-$*#/1%&1"=$!
#(2$1+*"!$*8$!=*,1(+$F*W&)"11=J* %-$*VB>;"8$!"0$2
L]?*3()1=*.(!*%-$*#(2$1+*-"8&)0*"*9!(0)(+%&,*$K/";
%&()*.(!*L]?7*"%%"&)+*"*.&)"1*+%"%&()"!=*8"1/$*8"!=&)0
<$%:$$)*cFN*")2*cFb*#N*+−NF

5(#9"!&)0* %-$+$* !$+/1%+* %(* %-$* ,(!!$+9()2&)0
>?@*!$+/1%+*&)*W&0F*NJ*:$*(<+$!8$*%-"%*%-$*+9!$"2*&)
%-$*CH*!$+/1%+*&+*,(#9"!"<1$*%(*%-"%*&)*%-$*>?@*".%$!
%-$*"2f/+%#$)%*%&#$*(.*!(/0-1=*C*-(/!F*S+*#$)%&()$2
<=*6($)0*$%*"1F* 3CDDO7J*()$*!$"+()*.(!* %-$*+9!$"2
&)* %-$*>?@*!$+/1%+* &+* %-"%*2&..$!$)%*!"2&"%&()*,(2$+
9!(2/,$*+/<+%")%&"11=*2&..$!$)%*!"2&"%&8$*,((1&)0*!"%$+
")2* ,()+$K/$)%1=* 2&..$!$)%* 8"1/$+* (.*L]?* ")2
$)%!"&)#$)%F*L-$*-&0-$!;(!2$!* %/!</1$),$*#(2$1
")2*%-$*5@Y*</1M*#(2$1*+-(:*")*"8$!"0$*$)%!"&);
#$)%*!"%$*(.*cFD*,#*+−C*(8$!*%-$*+$,()2*-(/!*(.*+&#/;
1"%&()J*:-&,-*,(!!$+9()2+*!$"+()"<1=*%(*%-$*"8$!"0$
>?@*8"1/$F*a(:$8$!J*&)*,()%!"+%*%(*%-$*>?@*!$+/1%+J
%-$* CH* !$+/1%+* 2&2* )(%* "11(:* %-$* $+%"<1&+-#$)%
-$!$*(.*"*1&)$"!*!$1"%&()+-&9*<$%:$$)*%-$*$)%!"&)#$)%
8$1(,&%=* ")2* %-$*L]?F*U)$* &)%$!$+%&)0*9(&)%* (.
%-&+*,(#9"!&+()*&+*%-"%*,(),$!)&)0*%-$*L]?*$8(1/%&()J
%-$*CH*#(2$1+*+-(:*"*<$%%$!*"0!$$#$)%*:&%-*%-$*EH
>?@+* %-")* %-$*NH*5A6+J*:-&,-*9!(2/,$2*8"1/$+
(.*"<(/%* cFD* #N* +−N* 3+$$* W&0F* Cc* &)*6($)0*$%* "1F
CDDO7F* _)2$$2J* %-$*NH*5A6+*9!(2/,$2* %((;-&0-
8"1/$+*(.*L]?*<$,"/+$* %-$* 1"!0$*$22&$+* &)* %-$+$
#(2$1+*"!$*NH*")2* %!")+9(!%*9!(9$!%&$+*8$!%&,"11=
1$++*$..&,&$)%1=*9$!*/)&%*(.* %/!</1$)%*M&)$%&,*$)$!0=
%-")* EH* 1"!0$* $22&$+F*U)$;2&#$)+&()"1* %/!</;
1$),$*,1(+/!$* +,-$#$+*9"!"#$%$!&'$*"11* %/!</1$)%
$22&$+* ")2* 2(* )(%*#"M$* ")=* "++/#9%&()* "<(/%
%-$*+-"9$*(.*%-$*%/!</1$)%*$22&$+F

W_4F*CF*L&#$*$8(1/%&()*(.*3"7*,1(/2;%(9*-$&0-%J*3<7*.!",%&()"1
,1(/2*,(8$!J* 3,7*8$!%&,"11=* &)%$0!"%$2* 1&K/&2*:"%$!*9"%-J* ")2
327*<(/)2"!=* 1"=$!*"8$!"0$2*L]?*.!(#* %-$*+&I*2&..$!$)%*CH
+&#/1"%&()+e*%-&,M*+(1&2*1&)$*.(!*]^6_J*%-&)*+(1&2*1&)$*.(!*5@YJ
2(%%$2*1&)$*.(!*S?AUJ*2"+-$2g2(%%$2*1&)$*.(!*YYJ*1()0;2"+-$2
1&)$*.(!*G[YJ*")2*+-(!%;2"+-$2*1&)$*.(!*^S@SF

W_4F*NF*@"#$*"+*&)*W&0F*C*</%*.(!*2&..$!$)%*>?@*+&#/1"%&()+F
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31+:$#.)5,4+&#"8)4$%
L-$*.(11(:&)0*8$!%&,"1*9!(.&1$+*"!$*+)"9+-(%+*"%

+&#/1"%&()*-(/!*CFb*&)*%-$*CH*#(2$1+J*:-&1$*%-$*,(!;
!$+9()2&)0*>?@*9!(.&1$+*!$9!$+$)%*%&#$*"8$!"0$+*(8$!
-(/!*C*%(*NF*W&0/!$*E*&11/+%!"%$+*%-$*8$!%&,"1*9!(.&1$+
(.* %-$*8&!%/"1*9(%$)%&"1* %$#9$!"%/!$J* %-$*%(%"1*:"%$!
#&I&)0*!"%&(J*")2* %-$* 1&K/&2*:"%$!*,()%$)%F*S11*CH
#(2$1+*9!(2/,$*K/&%$*+&#&1"!*!$+/1%+e*"*:$11;#&I$2
VB>*")2*"*#"I&#/#*1&K/&2*:"%$!*#&I&)0*!"%&(*!")0;
&)0*.!(#*cFCb*%(*cFE*0*M0−CJ*:&%-*"*#"I&#/#*8"1/$
(.* cFE*0*M0−C* .!(#* %-$*]^6_*#(2$1F*S* +1&0-%1=
2$,(/91$2*<(/)2"!=*1"=$!*+%!/,%/!$*:"+*9!(2/,$2*<=
%-$*G[Y*#(2$1F*L-$*CH*!$+/1%+*.&%*:&%-&)*%-$*+,"%%$!
(.*%-$*,(!!$+9()2&)0*>?@*9!(.&1$+*+-(:)*&)*W&0F*dF
@(#$*>?@+*9!(2/,$2*"*1"!0$!*#"I&#/#*1&K/&2*:";
%$!*,()%$)%*(.*/9*%(*cFE*0*M0−C*")2*"*+1&0-%1=*2$,(/91$2
<(/)2"!=*1"=$!*+%!/,%/!$F*S+*2&+,/++$2*&)*6($)0*$%*"1F

3CDDO7J*%-$*1"!0$!*1&K/&2*:"%$!*,()%$)%*&+*2/$*%(*1"!0$!
!"2&"%&8$*.(!,&)0J*:-$!$"+* %-$*2$,(/91$2*<(/)2"!=
1"=$!*+%!/,%/!$*&)2&,"%$+*%-"%*%-$*,(!!$+9()2&)0*>?@
+&#/1"%&()*-"+*)(%*!$",-$2*&%+*.&)"1*+%"%&()"!=*+%"%$F
a(:$8$!J*:$*2(*)(%*!$%!&$8$*%-&+*.$"%/!$*&)*%-$*CH
#(2$1+*:-$!$*%-$*#"I&#/#*!"2&"%&8$*,((1&)0*!"%$*&+
9!(2/,$2*<=*%-$*G[Y*#(2$1*3/+&)0*-&0-$!*8$!%&,"1
!$+(1/%&()*)$"!*,1(/2*%(97J*:&%-*"*8"1/$*(.*O*]*-−C*&)
,()%!"+%*%(*"*8"1/$*(.*N*]*-−C*&)*%-$*5@Y*#(2$1*")2
!(/0-1=*d*]*-−C*&)*%-$*(%-$!*#(2$1+*3W&0F*b7F

^$I%J*&)*W&0+F*O*")2*k*:$*,(#9"!$*%-$*CH*+&#/;
1"%$2*9!(.&1$+*(.*%-$*%(%"1*#(#$)%/#*.1/IJ*%-$*</(=;
"),=*.1/IJ*")2*%-$*%(%"1*:"%$!*.1/I*%(*%-$*,(!!$+9()2&)0
>?@*8"1/$+F*S+*$I9$,%$2J*%-$*9!(.&1$+*(.*%-$*+$,()2;
(!2$!*#(#$)%+*+-(:*"*#/,-*1"!0$!*8"!&"<&1&%=*<$;
%:$$)*2&..$!$)%*#(2$1+* .(!*CH*")2*>?@* %-")* %-$
9!(.&1$+*(.*%-$*.&!+%;(!2$!*#(#$)%+F*4&8$)*%-&+*8"!&;

W_4F*dF*@"#$*"+*&)*W&0F*E*</%*.!(#*2&..$!$)%*>?@+*"8$!"0$2*(8$!*%-$*+$,()2*-(/!*(.*+&#/1"%&()F

W_4F*EF*[$!%&,"1*9!(.&1$+*(.*3"7*8&!%/"1*9(%$)%&"1* %$#9$!"%/!$J*3<7*%(%"1*:"%$!*#&I&)0*!"%&(J*")2*3,7*1&K/&2*:"%$!*#&I&)0*!"%&(*.(!
+&#/1"%&()*-(/!*CFb*.!(#*%-$*+&I*CH*,(2$+F
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"<&1&%=J*&%*&+*2&..&,/1%*%(*&)%$!,(#9"!$*%-$*CH*")2*%-$
>?@F*^$8$!%-$1$++J*"11*CH*#(2$1+*9!(2/,$2*%-$*%:(
#"&)*.$"%/!$+J*:-&,-*"!$*"*#"I&#/#*</(="),=*.1/I
&)*%-$*,1(/2*1"=$!*")2*"*K/"+&;1&)$"!*%(%"1*:"%$!*.1/I
9!(.&1$F*L-$*.1/I$+*(.*,()+$!8$2*8"!&"<1$+*"!$*$I9$,%$2
%(*<$*"99!(I&#"%$1=*1&)$"!*<$%:$$)*+/!.",$*8"1/$+*")2
,1(/2;%(9*8"1/$+*%-"%*"!$*2$%$!#&)$2*<=*$)%!"&)#$)%
")2*!"2&"%&8$*.1/I*2&8$!0$),$F*L-$*1(:$+%*.1/I*8"1/$+
3:$*()1=*,()+&2$!*-$!$*%-$*#"I&#/#*8"1/$+7*"!$*9!(;
2/,$2*<=*%-$*^S@S*#(2$1*")2*%-$*-&0-$+%*()$+*<=
%-$*G[Y*#(2$1J*:&%-*"*#"I&#/#*.1/I*2&..$!$),$

"%%"&)&)0* Ec*G*#−N* .(!* %-$* </(="),=* .1/I* ")2
Oc*G*#−N*.(!*%-$*%(%"1*:"%$!*.1/IF*L-$!$*&+*)(*,1$"!
,(!!$1"%&()*<$%:$$)*%-$*</(="),=*.1/I*9!(2/,$2*<=
%-$*#(2$1+* ")2* %-$* "#(/)%*(.* !"2&"%&8$*-$"%&)0F
L-$!$.(!$J*%-$*2&..$!$),$+*&)*%-$*</(="),=*.1/I*+$$#
%(*<$*#"&)1=*2/$*%(*2&..$!$),$+*&)*%-$*%!$"%#$)%*(.*%/!;
</1$),$F*5(),$!)&)0*%-$*#(#$)%/#*.1/I$+J*:$*(<;
+$!8$*%((;1"!0$*8"1/$+*&)*%-$*S?AU*#(2$1F

W&)"11=J*:$*&11/+%!"%$* %-$*L]?*9!(.&1$+* &)*W&0F*hF
U)1=*%-$*CH*-"8&)0*"*9!(0)(+%&,*$K/"%&()*.(!*L]?
,(/12*9!(8&2$*9!(.&1$+F*L-$*>?@+*+-(:*"*#"I&#/#
8"1/$*(.*L]?*<$1(:*%-$*,1(/2*%(9F*L-&+*.$"%/!$*&+*"1+(
!$9!(2/,$2*<=*%-$*S?AU*#(2$1*")2*%-$*G[Y*#(2$1
3)(%*+-(:)7J*:-$!$"+*%-$*YY*#(2$1*9!(2/,$2*"*L]?
9!(.&1$*%-"%*&+*)$"!1=*,()+%")%*:&%-*-$&0-%F

L-$*&)%$!,(#9"!&+()*(.*%-$*CH*#(2$1&)0*:&%-*>?@
,")*<$*+/##"!&'$2*"+*.(11(:+F*G-$)*$8"1/"%&)0*%-$
"<(8$*&)%$!,(#9"!&+()J*:$*-"8$*%(*%"M$*&)%(*",,(/)%
%-"%*CH*#(2$1+*,"))(%*$I91&,&%1=*!$9!$+$)%*,1(/2;%(9
$)%!"&)#$)%*%-!(/0-*$)0/1.#$)%*(.*/99$!;1"=$!*:"!#
")2*2!=*"&!*3$F0FJ*B!$&2$)%-"1*")2*B"M$!*CDhbo*6($)0
$%*"1F*CDDb7F*W/!%-$!#(!$J*CH*,1(/2`%/!</1$),$*$);
+$#<1$*#(2$1+*-"8$*,1(+/!$*9!(<1$#+J*$+9$,&"11=*()
%-$*%/!</1$)%*1$)0%-*+,"1$+*&)*#/1%&1"=$!*+,-$#$+*(!
%-$*$)%!"&)#$)%* !"%$+* &)*#"++* .1/I*+,-$#$+F*U)$;
2&#$)+&()"1*#(2$1*8$!+&()+*+-(/12*<$*,()+&2$!$2*"+
%((1+*.(!*,(#9"!&)0*%-$*+/<0!&2*9"!"#$%$!&'"%&()*%(
<$*/+$2*&)*#$+(+,"1$*(!*01(<"1;+,"1$*EH*(9$!"%&()"1
#(2$1+F* _)*8&$:*(.* %-$+$*!$#"!M+*:$*,")*+"=* %-"%
9!$+$)%*CH*,1(/2`%/!</1$),$*$)+$#<1$*#(2$1+*,")
!$"+()"<1=*!$9!$+$)%* %-$*$8(1/%&()*(.*"*:$11;#&I$2
+%!"%(,/#/1/+;%(99$2*VB>F

W_4F*bF*@"#$*"+*&)*W&0F*E*</%*.(!*%-$*!"2&"%&8$*,((1&)0*!"%$+*3]*-−C7F

W_4F*OF*[$!%&,"1*9!(.&1$+*(.*3"7*#(#$)%/#*.1/I$+*(.*-*")2*9J*3<7*</(="),=*.1/IJ*")2*3,7*%(%"1*:"%$!*.1/I*"%*+&#/1"%&()*-(/!*CFb*.!(#
%-$*+&I*CH*,(2$+F
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5.Sensitivity to vertical resolution

_)*%-$*9!$+$)%*&2$"1&'$2*+%!"%(,/#/1/+*$I9$!&#$)%
:$*2$#()+%!"%$2*%-"%*-&0-;!$+(1/%&()*CH*%/!</1$),$
#(2$1+*,")*9!(2/,$*!$+/1%+* %-"%*"!$*,(#9"!"<1$* %(
>?@*!$+/1%+F*a(:$8$!J*&)*9!$+$)%*(9$!"%&()"1*.(!$,"+%
#(2$1+*%-$*8$!%&,"1*!$+(1/%&()*&)*%-$*VB>*&+*"%*#(+%
Ccc*(!*Ncc*#J*:-$!$"+*&)*9!$+$)%*,1&#"%$*#(2$1+*%-$
)/#<$!*(.*8$!%&,"1*1"=$!+*&)*%-$*VB>*%=9&,"11=*!")0$+
<$%:$$)*()$*")2*.(/!F*L-$!$.(!$J*&%*&+*2$+&!"<1$*%(*%$+%
%-$*CH*#/1%&1"=$!*#(2$1+*"%*!$+(1/%&()+*,(#9"!"<1$
%(*%-"%*/+$2*&)*(9$!"%&()"1*#(2$1+F

W(/!*+$)+&%&8&%=*%$+%+*-"8$*<$$)*!/)*()*%-$*9!$+$)%
+%!"%(,/#/1/+*,"+$*/+&)0*8$!%&,"1*!$+(1/%&()+*(.*NbJ*bcJ
CccJ*")2*Ncc*#F*L-$*",%/"1*%-&,M)$++*(.*%-$*+%!"%(,/;
#/1/+*1"=$!*:"+*"<(/%*Ecc*#J*+(*%-"%*%-&+*+$)+&%&8&%=

2$+&0)*,(!!$+9()2+*%(*CNJ*OJ*EJ*")2*C*#(2$1*1"=$!+J
!$+9$,%&8$1=J*&)+&2$*%-$*,1(/2*1"=$!F*L-$*#(2$1*!/)+
-"8$*<$$)*2()$*:&%-*%-$*S?AU*#(2$1J*:-&,-*&+*/+$2
-$!$*"+*"*!$9!$+$)%"%&8$*.(!*"11*%-$*#/1%&1"=$!*#(2$1+F
W&0/!$*D*&11/+%!"%$+*%-$*%&#$*$8(1/%&()*(.*%-$*,1(/2;
%(9*-$&0-%*")2*%-$*,1(/2*,(8$!*.(!*%-$*.(/!*2&..$!$)%
!/)+J*")2*W&0F*Cc*&11/+%!"%$+* %-$*8$!%&,"1*9!(.&1$+*(.
,1(/2*:"%$!*")2*L]?*"%*+&#/1"%&()*-(/!*CFbF*G$*(<;
+$!8$*%-"%*%-$*!$+/1%+*(<%"&)$2*:&%-*Nb;*")2*bc;#*!$+(;
1/%&()+*"!$*)$"!1=*&2$)%&,"1J*")2*%(*"*1$++$!*2$0!$$*%-$
!$+/1%*:&%-*"*Ccc;#*8$!%&,"1*!$+(1/%&()*&+*+%&11*K/&%$*!$";
+()"<1$J*"1%-(/0-*)(*0!(:%-*&)*<(/)2"!=*1"=$!*-$&0-%
&+* +$$)*(8$!* %-$* N;-(/!* +&#/1"%&()* &)* %-&+* ,"+$F
a(:$8$!J*%-$*#(2$1*",,/!",=*2$,!$"+$+*K/&,M1=*:-$)
%-$*8$!%&,"1*!$+(1/%&()*0($+*2(:)*%(*Ncc*#o*&)*9"!%&,/;
1"!J*%-$*#(2$1$2*,1(/2*,(8$!*(.*Ocn*&+*#/,-*%((*1(:F

W_4F*kF*@"#$*"+*&)*W&0F*O*</%*.!(#*2&..$!$)%*>?@*"8$!"0$2*(8$!*%-$*+$,()2*-(/!*(.*+&#/1"%&()F

W_4F*hF*[$!%&,"1*9!(.&1$+*(.*%-$*L]?*.!(#*3"7*%-$*CH*,(2$+*")2*3<7*%-$*>?@+F
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G$*,(),1/2$*%-"%*&)*#/1%&1"=$!*%/!</1$),$*#(2$1+
"*#&)&#/#*)/#<$!*(.*8$!%&,"1*1$8$1+*&)+&2$*%-$*,1(/2
1"=$!*&+*)$,$++"!=*3%=9&,"11=*%-!$$7*%(*,!/2$1=*$+%&#"%$
%-$*,1(/2;1"=$!*2=)"#&,+F*[$!%&,"1* !$+(1/%&()+*(.
Ccc*#*+%&11*9!(2/,$*K/&%$*!$"+()"<1$*!$+/1%+*&)*+9&%$
(.*%-$*.",%*%-"%*&)*)"%/!$*!"2&"%&8$*,((1&)0*"%*,1(/2*%(9
(,,/!+*&)*"*1"=$!*(.*f/+%*"*.$:*#$%$!+F*W/!%-$!#(!$J
:-$)*,(#9"!&)0*%-$*!$+/1%+*(<%"&)$2*:&%-*Ncc;#*8$!;
%&,"1*!$+(1/%&()*%(*%-(+$*(<%"&)$2*:&%-*%-$*</1M*#(2$1
%=9$*3W&0+F*C*")2*E7J*:$*+$$*%-"%*"*</1M*#(2$1*#&0-%
9!(2/,$*!$+/1%+*%-"%*"!$*+/9$!&(!*%(*%-(+$*(.*"*#/1%&;
1"=$!*%/!</1$),$*#(2$1F*B=*8&!%/$*(.*&%+*.(!#/1"%&()J
%-$*</1M*#(2$1*&+*1$++*+$)+&%&8$*%(*%-$*8$!%&,"1*!$+(1/;
%&()*%-")*%-$*#/1%&1"=$!*#(2$1F

6.Summary and conclusions

G$*2&+,/++$2*CH*,1(/2* 3%/!</1$),$7*$)+$#<1$
#(2$1*!$+/1%+*.(!*")*&2$"1&'$2*)&0-%%&#$*#"!&)$*+%!";
%(,/#/1/+*,"+$J*"+*2$.&)$2*<=*%-$*45@@*<(/)2"!=
1"=$!*:(!M&)0*0!(/9J*")2*,(#9"!$2*%-$#*%(*2"%"*0$);

$!"%$2*.!(#*+$8$!"1*EH*>?@+F*6(+%*(.*%-$*CH*!$+/1%+
3"9"!%*.!(#*%-$*%:(*</1M*#(2$1+7*")2*%-$*>?@*!$+/1%+
:$!$*(<%"&)$2*:&%-* %-$*+"#$*8$!%&,"1* !$+(1/%&()*(.
Nb*#F*L-$*+&I*2&..$!$)%*CH*#(2$1+*9!$+$)%$2*&)*%-&+*&)%$!;
,(#9"!&+()*+%/2=*&),1/2$2*%-!$$*-&0-$!;(!2$!*%/!</;
1$),$*#(2$1+J*"11*-"8&)0*()$*9!(0)(+%&,*$K/"%&()*.(!
%-$*L]?*3()$*CFb;(!2$!*#(2$1J*()$*K/"+&;$K/&1&<!&/#

W_4F*DF*L&#$*$8(1/%&()*(.*3"7*,1(/2;%(9*-$&0-%*")2*3<7*,1(/2*,(8$!*.!(#*.(/!*+&#/1"%&()+*:&%-*2&..$!$)%*8$!%&,"1*!$+(1/%&()+*.!(#
%-$*CH*S?AU*#(2$1F

W_4F*CcF*@"#$*"+* &)*W&0F*D*</%* .(!* %-$*8$!%&,"1*9!(.&1$+*(.
3"7*1&K/&2*:"%$!*,()%$)%*")2*3<7*L]?*"%*+&#/1"%&()*-(/!*CFbF
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+$,()2;(!2$!*#(2$1J*")2*()$*%-&!2;(!2$!*#(2$17*"+
:$11*"+*()$*)()1(,"1*];,1(+/!$*#(2$1*")2*%:(*</1M
#(2$1+F*_)*,()%!"+%*%(*%-$*#/1%&1"=$!*#(2$1+J*%-$*</1M
#(2$1+*&),1/2$*()1=*()$*(!*%:(*8$!%&,"1*1"=$!+F

5(#9"!&)0*%-$*CH*")2*>?@*!$+/1%+J*:$*)(%&,$2*%-"%
%-$*!$+/1%+*(<%"&)$2*:&%-*%-$*2&..$!$)%*#/1%&1"=$!*%/!;
</1$),$*+,-$#$+*"!$*8$!=*,1(+$*%(*$",-*(%-$!*")2*."11
:&%-&)*%-$*+,"%%$!*(.*%-$*>?@*!$+/1%+F*L-$*L]?*9!$2&,%$2
.!(#*%-$*-&0-$!;(!2$!*%/!</1$),$*#(2$1+*-"+*"*,1(+$!
"0!$$#$)%*:&%-*%-"%*.!(#*%-$*>?@+*%-")*%-"%*.!(#*%-$
NH*5A6+F*U.*,(/!+$J*0&8$)* %-$&!*)"%/!$J* %-$*</1M
#(2$1+*,(/12*)(%*!$9!(2/,$*%-$*2$%"&1$2*8$!%&,"1*+%!/,;
%/!$*(.*%-$*,1(/2;%(99$2*<(/)2"!=*1"=$!o*)$8$!%-$1$++J
%-$=*"!$*"<1$*%(*!$9!(2/,$*"*!$"+()"<1$*VB>*+%!/,%/!$F

S)*&#9(!%")%*&++/$*.(!*%-$*45@@*<(/)2"!=*1"=$!
:(!M&)0*0!(/9*&+*%(*2$8$1(9*(!*%(*2$%$!#&)$*"*+,-$#$
%-"%*<$+%*")2*#(+%*$..&,&$)%1=*!$9!$+$)%+*%-$*,1(/2&;
)$++J*"+*:$11*"+*%-$*"++(,&"%$2*%/!</1$)%*(!*,()8$,%&8$
%!")+9(!%J*&)*%-$*<(/)2"!=*1"=$!F*G-"%*:$*,(#9"!$2
-$!$*:$!$*,(#91$%$*#(2$1+* !"%-$!* %-")* %/!</1$),$
+,-$#$+*()1=F*L-$*+/!.",$*.1/I$+*&)*%-$*9!$+$)%*+%/2=
:$!$*+#"11*+(*%-"%*%-$*#"&)*+(/!,$+*(.*2&..$!$),$*<$;
%:$$)*%-$*#(2$1+*"!$*2/$*%(*%-$&!*8$!%&,"1*+%!/,%/!$J
%-$*%!$"%#$)%*(.*%/!</1$),$*")2*,()8$,%&()J*")2*%-$
!"2&"%&()*+,-$#$*/+$2F*W/!%-$!#(!$J*:-$)*"22!$++;
&)0* %-$*"<(8$*&++/$*:$*+-(/12*<$*,"!$./1J*"+*+(#$
#(2$1+J*$+9$,&"11=*%-$*%:(*</1M*#(2$1+J*"!$*+%&11*&)*%-$
2$8$1(9#$)%"1*+%"0$F*̂ $8$!%-$1$++J*+(#$*,(),1/+&()+
()*%-&+*&++/$*,")*<$*9/%*.(!:"!2F*_%*&+*$8&2$)%*%-"%*"
</1M*#(2$1*,"))(%*!$9!$+$)%*%-$*2$%"&1$2*+%!/,%/!$*(.
%-$*VB>*"+*"*#/1%&1"=$!*#(2$1F*a(:$8$!J* %-$*</1M
#(2$1*&+*)/#$!&,"11=*$..&,&$)%*")2*&+*"*:$11;"2"9%$2
%((1* .(!*,1&#"%$*+%/2&$+*:-$!$
1(:*8$!%&,"1*#(2$1*!$+(1/%&()+
"!$*)$,$++"!=F*S+*+-(:)*&)*(/!
+$)+&%&8&%=*+%/2=J*%-$*#/1%&1"=$!
%/!</1$),$*+,-$#$+*!$K/&!$*"%
1$"+%*"<(/%*%-!$$*#(2$1*1"=$!+*&)
%-$*,1(/2*1"=$!*%(*,!/2$1=*!$9!$;
+$)%*,1(/2;1"=$!*2=)"#&,+F*S%
1(:*8$!%&,"1*!$+(1/%&()+J*Ncc*#
&)*%-$*9!$+$)%*+%/2=J*%-$*#/1%&;
1"=$!*#(2$1+*9$!.(!#$2*:(!+$
%-")* %-$*</1M*#(2$1+F*V!$+$)%
#$+(+,"1$*)/#$!&,"1*#(2$1+
")2*9(++&<1=*./%/!$*0$)$!"1*,&!;
,/1"%&()*#(2$1+*#&0-%*"..(!2
Ccc;* %(*Ncc;#*8$!%&,"1*!$+(1/;
%&()*&)*%-$*VB>J*:-&,-*&)2&,"%$+
%-"%*%-$*,-(&,$*<$%:$$)*</1M*(!
#/1%&1"=$!* %/!</1$),$*+,-$#$+

&+*+%&11*)(%*+$%%1$2F*S%*$K/"1*",,/!",=*:$*+-(/12*9!$;
.$!*%-$*#(+%*+&#91$*%/!</1$),$*+,-$#$F*L-$*9!$+$)%
+%!"%(,/#/1/+*+%/2=*+/00$+%+*%-"%*"*#(2$1*&),1/2&)0
"*)()1(,"1*.&!+%;(!2$!*(!*CFb;(!2$!*%/!</1$),$*+,-$#$
,")*<$*"+*"2"9%$2*%(*%-$*#(2$1&)0*(.*"*:$11;#&I$2
+%!"%(,/#/1/+;%(99$2*VB>*"+*"*+,-$#$* &),1/2&)0
"22&%&()"1*9!(0)(+%&,*(!*2&"0)(+%&,*$K/"%&()+*.(!*(%-$!
+$,()2;(!2$!*(!*%-&!2;(!2$!*#(#$)%+F*B/%*%-&+*,(),1/;
+&()*#&0-%*)(%*<$*8"1&2*:-$)*+&#/1"%&)0*"*%!"2$*:&)2
,/#/1/+*<(/)2"!=*1"=$!*:-$!$*-&0-$!;(!2$!*%/!</1$)%
#(#$)%+*#"=*<$*&#9(!%")%J*")2*%-$!$.(!$*"*-&0-$!;
(!2$!*%/!</1$),$*+,-$#$*(!*"*+-"11(:*,()8$,%&()*#"++
.1/I*+,-$#$*#&0-%*<$*<$%%$!*"2"9%$2F

_)* %-$*./%/!$* %-$*45@@*<(/)2"!=* 1"=$!*:(!M&)0
0!(/9*:&11*,(),$)%!"%$*()*")*&2$"1&'$2*$)%!"&)#$)%
$I9$!&#$)%*,()+&+%&)0*(.*"*+#(M$*,1(/2*1"=$!*3:&%-
'$!(*+/!.",$*.1/I$+J*'$!(*$8"9(!"%&()"1*,((1&)0`-$"%;
&)0J*")2*"*+9$,&.&$2*!"2&"%&()*.1/I*"10(!&%-#7J*&)*(!;
2$!* %(*$I"#&)$* &)*2$%"&1*,1(/2;%(9*$)%!"&)#$)%*"+
+&#/1"%$2*<=*>?@*")2*#(2$1$2*:&%-*%-$*"&2*(.*CH
%/!</1$),$*9"!"#$%$!&'"%&()+F*W/!%-$!#(!$J*:$*:&11
/+$*%-$*S%1")%&,*@%!"%(,/#/1/+*L!")+&%&()*?I9$!&#$)%
2"%"+$%*2$+,!&<$2* &)*B!$%-$!%()*")2*V&),/+*3CDDb7
")2*B!$%-$!%()*$%*"1F*3CDDb7*%(*&)8$+%&0"%$*%-$*/+$./1;
)$++*(.*CH*#(2$1+*&)*+&#/1"%&)0*"*%!"2$*:&)2*,/#/;
1/+*<(/)2"!=*1"=$!*")2*"*+%!"%(,/#/1/+;%(;,/#/1/+
%!")+&%&()F

;5<'"=4$(*6$'.%1*G$*:(/12*1&M$*%(*$I9!$++*(/!*0!"%&%/2$*%(
H!F*GF*AF*5(%%()J*:-(*1$"2+*%-$*45@@*B(/)2"!=;>"=$!*51(/2
G(!M&)0*4!(/9F*L-&+*!$+$"!,-*:"+*9"!%&"11=*+/99(!%$2*<=*0!")%+
.!(#*VSLU6*3_^@Y`5^A@*W!"),$7*")2*<=*U..&,$*(.*^"8"1*A$;
+$"!,-*4!")%*^cccCd;DC;p;CCkbF

Appendix: 1D modeling groups abbreviations and references

S?AU >"<(!"%(&!$*2RST!(1(0&$*Y6A B$,-%(12*$%*"1F*3CDDNJ*CDDb7J
YV@`5^A@*bbOcJ*U<+$!8"%(&!$ 5/&f9$!+*")2*B$,-%(12*3CDDb7
6&2&;V=!T)T$+J*L(/1(/+$J*W!"),$

5@Y 5(1(!"2(*@%"%$*Y)&8$!+&%=J A")2"11*$%*"1F*3CDDN7
W(!%*5(11&)+J*5(1(!"2(

]^6_ A(="1*^$%-$!1")2+*6$%$(!(1(0&,"1 a(1%+1"0*")2*B(8&11$*3CDDE7J
_)+%&%/%$J*H$*B&1%J*%-$*^$%-$!1")2+ a(1%+1"0*$%*"1F*3CDDb7

^S@S Y)&8$!+&%&$+*@9",$*A$+$"!,-*S++(,&"%&()J S1<!$,-%*$%*"1F*3CDkD7J
^S@S`6@W5J*a/)%+8&11$J*S1"<"#" G")0*3CDDEJ*CDDO7

YY Y)&8$!+&%=*(.*Y%"-J*@"1%*>"M$*5&%=J*Y%"- ]!/$0$!*3CDhh7

G[Y G$+%*[&!0&)&"*Y)&8$!+&%=J U1&8$!*$%*"1F*3CDkh7J
6(!0")%(:)J*G$+%*[&!0&)&" >$:$11$)*")2*>$:$11$)*3CDDO7
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