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Abstract(10"
In"a"recent"study"it"was"illustrated"that"the"El"Nino"Southern"Oscillation"(ENSO)"11"
mode" can" exist" in" the" absence" of" any" ocean" dynamics." This" oscillating" mode"12"
exists" just" due" to" the" interaction" between" atmospheric" heat" fluxes" and" ocean"13"
heat" capacity." The" primary" purpose" of" this" study" is" to" further" explore" these"14"
atmospheric" Slab" Ocean" ENSO" dynamics" and" therefore" the" role" of" positive"15"
atmospheric"feedbacks"in"model"simulations"and"observations.""16"
The" positive" solar" radiation" feedback" to" SST," due" to" reduced" cloud" cover" for"17"
anomalous"warm"SSTs," is" the"main"positive" feedback" in" the"Slab"Ocean"El"Nino"18"
dynamics."The"strength"of"this"positive"cloud"feedback"is"strongly"related"to"the"19"
strength"of" the"equatorial"cold" tongue."The"combination"of"negative" latent"heat"20"
flux"to"the"east"and"positive"sensible"heat"flux"to"the"west"of"positive"anomalies"21"
leads" to" the" westward" propagation" of" the" SST" anomalies," which" allows" for"22"
oscillating"behavior"with"a"preferred"period"of"6\7"years."23"
Several" indications"are"found"that"parts"of"these"dynamics"are"indeed"observed"24"
and" simulated" in" other" atmospheric" or" coupled" general" circulation" models"25"
(AGCMs" or" CGCMs)." The" CMIP3" AGCM\slab" ensemble" of" 13" different" AGCM"26"
simulations"shows"unstable"ocean\atmosphere"interactions"along"the"equatorial"27"
Pacific" related" to" stronger" cold" tongues." In" observations" and" in" the"CMIP3"and"28"
CMIP5"CGCM"model" ensemble" the" strength" and" sign"of" the" cloud" feedback" is" a"29"
function"of" the" strength"of" the"cold" tongue." In" summary," this" indicates" that" the"30"
Slab"Ocean"El"Nino"dynamics"are"indeed"a"characteristic"of"the"equatorial"Pacific"31"
climate"that"is"only"dominant"or"significantly"contributing"to"the"ENSO"dynamics"32"
if" the"SST"cold" tongue" is"sufficiently"strong." In" the"observations" this" is"only" the"33"
case"during"strong"La"Nina"conditions."34"
The" presence" of" the" Slab" Ocean" ENSO"mode" in" observations" and" CGCM"model"35"
simulations" implies" that" the" family"of"physical"ENSO"modes"does"have"another"36"
member,"which"is"entirely"driven"by"atmospheric"processes"and"does"not"need"to"37"
have" the" same" spatial" pattern" nor" the" same" time" scales" as" the" main" ENSO"38"
dynamics."" "39"



1. Introduction(40"
The"El"Nino"Southern"Oscillation"(ENSO)"is"the"globally"most"dominant"mode"of"41"
coupled" atmosphere\ocean" variability" on" seasonal" to" interannual" time" scales."42"
The" interaction" between" ocean" and" atmosphere" is" in" general" described" by" the"43"
Bjerknes" feedbacks"between"sea"surface" temperature" (SST)," zonal"winds" in" the"44"
central"equatorial"Pacific"and"the"thermocline"depth"along"the"equatorial"Pacific."45"
In" the"most"common"picture"of"ENSO"the"ocean"dynamics"are"considered"to"be"46"
the"driving"force"of"the"mode"[Neelin"et"al.,"1998]."The"dominant"effect"of"these"47"
dynamics"can"be"summarized"in"the"conceptual"model"of"the"Recharge\Discharge"48"
Oscillator"of"heat"content"in"the"upper"equatorial"Pacific"[e.g."Jin,"1997]."49"
The"net"atmospheric"heat"fluxes"are"in"general"considered"to"be"strong"negative"50"
feedbacks"in"the"ENSO"mode"[Neelin"et"al.,"1998,"Sun"et"al.,"2006"or"Bellenger"et"51"
al.,"2013"here"referred" to"as"B13]."However,"Sun"et"al." [2006]"and"B13"pointed"52"
out" that" many" coupled" general" circulation" model" (CGCM)" simulations" largely"53"
underestimate" important"negative" feedbacks" from" the"atmospheric"heat" fluxes."54"
In" particular," the" short" wave" radiation" feedback" due" to" the" response" in" cloud"55"
cover" to" changes" in" the" SST" deviates" from" the" observations" [Guilyardi" et" al.,"56"
2009,"Lloyd"et"al.,"2009"and"B13]."B13"found"that"the"response"of"the"short"wave"57"
radiation"(clouds)"is"strongly"linked"to"the"mean"SST"along"the"equatorial"Pacific"58"
with"stronger"simulated"mean"cold" tongues" leading" to"a"weaker"negative"short"59"
wave"radiation"feedback."60"
Dommenget"[2010,"hereafter"as"D10]"described"ENSO\kind"of"variability"entirely"61"
forced" by" atmospheric" heat" fluxes" integrated" by" the" ocean" mixed" layer" heat"62"
capacity."A" similar" result"was"also" found"by"Clement"et" al." [2011]."This"kind"of"63"
ENSO"variability"does"neither" involve"any"ocean"dynamics" " (similar" to" the" ‘SST"64"
mode’"in"Neelin"et"al.,"1998)"nor"any"of"the"Bjerknes"feedbacks."The"Slab"Ocean"65"
ENSO"described" in"D10" is"entirely"controlled"by" the"coupling"between"SST"and"66"
atmospheric"net"heat"flux,"i.e."the"sum"of"short"wave"radiation,"thermal"radiation,"67"
latent"and"sensible"heat"flux.""68"
These" dynamics" described" in" the" ECHAM5" atmospheric" general" circulation"69"
model"(AGCM)"appear"to"be"quite"different"from"the"dynamics"observed."It"opens"70"
up"the"questions:""71"

• How"can"the"atmospheric"heat"fluxes"alone"cause"an"oscillating"behavior"72"
in" SST" variability" on" interannual" time" scales" in" the" AGCM" slab" ocean"73"
simulation?"74"

• To"what"extent"is"this"finding"a"model"artifact"of"the"ECHAM5"AGCM"or"do"75"
these"dynamics"exist"in"other"AGCMs"and"in"the"observations?"76"

• To"what" extent" are" the" atmospheric"dynamics"of"CGCM"simulations" and"77"
observations"similar"to"this"Slab"Ocean"El"Nino"mode?"78"

"79"
The"aim"of"this"study"is"to"address"these"questions."This"study"will"illustrate"how"80"
the"combination"of"a"positive"short"wave" feedback"and"out\of\phase" latent"and"81"
sensible"heat"fluxes"can"result"in"SST"oscillations"on"interannual"time"scales."We"82"
will" further" demonstrate" that" these" dynamics" are" not" a" unique" feature" of" the"83"
ECHAM5"model,"but"are"indeed"present"in"other"AGCMs"and"in"the"observations"84"
under" some" circumstances." It" will" also" be" illustrated" that" the" atmospheric"85"
dynamics"in"some"coupled"general"circulation"models"(CGCMs)"are"more"similar"86"
to"the"Slab"Ocean"El"Nino"dynamics"than"they"are"to"the"observed"dynamics."87"



The"paper"is"organized"as"follows:"the"following"section"introduces"the"datasets,"88"
model" simulations"and"methods"used" in" this" study." In" the" first"analysis" section"89"
we" explore" the" characteristics" of" the" Slab" Ocean" ENSO" dynamics" in" AGCMs"90"
coupled"to"a"Slab"Ocean"model."In"Section"4"we"take"a"closer"look"at"the"positive"91"
cloud" feedbacks" in" observations" and" CGCM" simulations," and" in" Section" 5" we"92"
finish"the"analysis"sections"with"a"discussion"of"the"atmospheric"heat"flux"terms"93"
in" CGCM" simulations." The" study" is" concluded" with" a" summary" and" discussion"94"
section."95"

2. Data(and(Methods(96"
In" this" study" we" use" several" different" observational" datasets," reanalysis" and"97"
different"model" simulations."Observed" SSTs" are" based" on" the"HADISST"dataset"98"
from"1870"to"2011"[Rayner"et"al.,"2003]."Cloud"cover"observations"from"1984"to"99"
2002" are" taken" from" the" ISCCP" dataset" [Rossow" and" Schiffer," 1999]." The"100"
observed"atmospheric"heat"flux"components"and"the"net"heat"flux"from"1984"to"101"
2002"are"taken"from"the"Woods"Hole"Oceanographic"Institution"(WHOI)"dataset,"102"
also"referred" to"as" the"OA"Flux"dataset" [Yu"et"al.,"2008]."We"also"use" the"NCEP"103"
reanalysis" from" 1950" to" 2010" [Kalnay" et" al.," 1996]" for" comparison." The"mean"104"
equatorial" Pacific" thermocline" depth," h," is" estimated" by" the" depth" of" the" 20°C"105"
isotherm," Z20," (interpolated" from" oceanic" potential" temperature" data)" is" taken"106"
from"the"BMRC"dataset" [Smith,"1995]." "For" the"analysis"of" the"observations"we"107"
used" the" time" period" 1984\2002" from" all" datasets," as" this" is" the" largest"108"
overlapping"time"period."109"
Several"different"model"ensembles"are"analyzed" in" this" study:"The"ensemble"of"110"
the" ECHAM5\slab" simulations" from"D10" is" a" set" of" 24" simulations," each" 50yrs"111"
long,"with"the"ECHAM5"[Roeckner"et"al.,"2003]" "AGCM"coupled"to"a"simple"Slab"112"
Ocean" model." The" 24" simulations" differ" only" in" their" mean" SST" climatologies,"113"
which"were"forced"to"mimic"the"mean"SSTs"of"24"simulations"from"the"coupled"114"
model" inter\comparison"project" (CMIP)"phase"3;" (see"Table"1)." The" run" forced"115"
towards"the"CNRM\CM3"SST"climatology,"which"has"a"very"strong"cold"tongue,"is"116"
one"of" the" runs"with" the"most"pronounced"Slab"Ocean"El"Nino"variability."This"117"
run"is"continued"for"1000yrs"(referred"to"as"ECHAM5\slabELNINO)."118"
The"53"CGCM"simulations"analyzed"in"this"study"are"taken"from"the"CMIP"phase"3"119"
and"5" (CMIP3"and"CMIP5)"database"20th" century" control" simulations" [Meehl" et"120"
al.,"2007"and"Taylor"et"al.,"2012]."The"model" simulations"are"either" taken" from"121"
the" pre\industrial" or" 20th" century" scenarios." To" avoid" artificial"model" drifts" or"122"
anthropogenic"climate"trends,"all"model"data"has"been"linearly"detrended."For"a"123"
complete"list"of"the"CGCM"simulations"see"Table"1"and"2."The"database"does"not"124"
provide"subsurface"ocean"temperatures"(for"defining"the"thermocline"depth)"or"125"
heat" fluxes" for" all" the" model" simulations." Therefore" some" of" the" analyses"126"
presented"below"are"only"based"on"a"subset"of"all"the"models."127"
Further"we"analyzed"an"ensemble"of"13"different"AGCMs"coupled"to"a"simple"Slab"128"
Ocean"model"taken"from"the"CMIP3"database."We"took"all"AGCM\slab"simulations"129"
in" the"database" that"had"a"20th" century" control" run."All"AGCM\slab" simulations"130"
are" at" least" 20yrs" long" (see" Table" 1)" and" all" simulations" are" flux" corrected"131"
towards"the"observed"mean"SST"climatology."The"AGCM\slab"simulations"are"the"132"
counterparts" to" some" CMIP3" CGCM" simulations;" using" the" same" AGCM," see"133"
Table"1.""134"



All"analyses"presented"here"are"based"on"monthly"mean"data,"with"the"anomalies"135"
defined"for"each"data"set"or"model"simulation"individually"relative"to"the"data"or"136"
models" mean" seasonal" climatology." For" the" analysis" of" the" heat" flux" or" other"137"
forcing" components" contributions" to" the" SST" dynamics" in" the" CMIP3" CGCM"138"
simulations" we" compare" the" auto\correlation" of" the" SST," CSST," and" the" cross\139"
correlation" of" the" SST"with" the" SST" tendencies,"CdSSTdt," (as" shown" in" Fig." 1" for"140"
instance)"with"the"cross\correlation"of"different"forcing"terms"with"the"SST"(red"141"
line"in"Fig."1"for"the"net"heat"flux"for"instance)."We"quantify"the"similarity"in"these"142"
curves" by" computing" the" correlation" between" the" Fisher" z\transformed" curves"143"
from"lag"\1"to"1"on"the"normalized"x\axis."The"normalization"of"the"x\axis"for"all"144"
models" is"done"by"the"oscillation"period"of"each"model,"which"is"defined"by"the"145"
lag\time"of"the"first"local"minima"in"the"CSST"function"of"each"model"multiplied"by"146"
two." We" further" weight" the" correlation" estimated" by" an" exponential\function"147"
decaying"with"|lag|"to"incorporate"the"exponentially"decaying"nature"of"CSST."We"148"
can" therefore" estimate" the" similarity" between" forcings" and"CSST" or"CdSSTdt" in" all"149"
model"simulations"and"observations"independent"of"the"individual"ENSO"period"150"
of"each"dataset"and"focusing"on"the"ENSO"phases"between"0"and"+/\180"degrees."151"
In"this"approach"we"can"identify"forcing"terms"as"local"feedbacks"if"they"correlate"152"
with"CSST."With"positive"correlations"indicating"positive"feedbacks"and"vice"versa."153"
Forcing" terms" that" correlate"with"CdSSTdt" are" out\of\phase" feedbacks" that" drive"154"
the" evolution" of" the" SST." Again" positive" correlations" indicate" positive" out\of\155"
phase"feedbacks"that"drive"the"evolution"of"the"SST"and"vice"versa."156"
We"note"here"that"our"approach"of"comparing"tendencies"with"forcing"terms"on"157"
the" basis" of" correlations" is" only" a" qualitative" evaluation" of" the" relationships,"158"
which"is"motivated"by"the"good"description"of"the"slab"ocean"El"Nino"mode"in"the"159"
ECHAM5\slabELNINO" simulation"with" this" approach." It" is" not" a" quantitative" heat"160"
budget"analysis"and"can"only"give"a" first"order" indication"of" the"relative"role"of"161"
different"forcing"terms."162"
The" correlation" between" monthly" mean" SST" and" cloud" cover" anomalies" as"163"
function"of"the"mean"SST"is"computed"by"first"sorting"the"data"into"SST"intervals"164"
according"to"the"mean"SST"in"the"NINO3"region"(150oW"to"90oW"/"5oS"to"5oN)"or"165"
the"mean"meridional"SST"gradient"between"the"NINO3"region"minus"the"mean"of"166"
the"regions"5o"to"the"north"and"south."Then"anomalies"of"SST"and"cloud"cover"for"167"
each"data"set" (e.g."models"or"observations)" for"each"SST" interval"are"computed"168"
relative"to"the"intervals"means."The"correlation"values"are"then"computed"based"169"
on"the"anomalies"relative"to"the"SST"intervals"means."170"

3. The(Slab(Ocean(El(Nino(Dynamics(171"
In" this" first"analysis"section"we"will" layout" in"detail"how"the"different"heat" flux"172"
components"in"the"ECHAM5\slabELNINO"simulation"respond"to"SST"variations"and"173"
how" these" interactions" lead" to" the" increased" interannual"oscillation"of" the"Slab"174"
Ocean" El" Nino."We"will" summarize" the" essence" of" the" interactions" in" a" simple"175"
stochastic" toy" model." It" is" further" illustrated" how" the" strength" of" the" SST"176"
variability" depends" on" the" mean" SST" climatology" in" the" ensemble" of" the"177"
ECHAM5\slab" simulations." In" the" second" part" of" this" section" we" will" look" for"178"
evidence" of" the" Slab" Ocean" El" Nino" characteristics" in" other" slab" ocean" AGCM"179"
simulations"from"the"CMIP3"database."180"



The"Slab"Ocean"El"Nino"dynamics"are"substantially"different"from"what"we"know"181"
about"the"dynamics"that"control"the"ENSO"mode."This"can"best"be"illustrated"by"182"
comparing"the"SST"tendency"equations"of"the"Slab"Ocean"model"with"the"simple"183"
Recharge" Oscillator" model" of" Jin" [1997]." The" Slab" Ocean" SST" tendencies" are"184"
entirely"controlled"by"the"net"atmospheric"heat"fluxes,"Fatmos:"185"
"186"
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"188"
The" flux" corrections," Qclim,0 control" the" mean" SST" climatology." They" are" state"189"
independent"and"therefore"do"not"directly"affect"the"evolution"of"SST"anomalies."190"
However," by" influencing" the"mean" SST" they" indirectly" control" the" atmospheric"191"
response"to"the"SST."192"
The"Recharge"Oscillator"model"as"formulated"by"Burgers"et"al."[2005]"is"based"on"193"
two"coupled"tendency"equations"between"the"anomalous"NINO3"SST,"T,"and"the"194"
anomalous"mean"equatorial"Pacific"thermocline"depth,"h.""In"the"study"of"Frauen"195"
and" Dommenget" [2010]" they" are" driven" by" atmospheric" wind" stress" over" the"196"
central"Pacific"region"(160E\140W,"6S\6N),"τ,"and"net"atmospheric"heat"flux"over"197"
the" NINO3" region," !!"#$% ," from" the" full" complexity" atmospheric" general"198"
circulation"model"ECHAM5"leading"to"the"following"two"equations:"199"

"200"
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"204"
Details"of" the"model"parameters"and"how"they"are"derived"are"given" in"Frauen"205"
and"Dommenget"[2010].""In"the"following"we"will"refer"to"this"model"as"RECHOZ."206"
The" different" nature" of" the" Slab"Ocean"model" and" the" Recharge"Oscillator" and"207"
how"they"relate"to"the"observed"behavior"can"best"be"illustrated"on"the"basis"of"208"
the"cross\correlations"at"different"lag/lead"times"between"NINO3"SST"anomalies,"209"
their"tendencies,"Fatmos0and"h,"see"Fig."1.""First"of"all,"we"can"note"that"in"all"three"210"
cases"the"auto\correlation"of"the"SST"goes"to"significant"negative"values,"peaking"211"
as"defined"at"the"normalized"lag"of"0.5,"which"indicates"oscillating"behavior"in"all"212"
three"data"sets."The"ECHAM5\slabELNINO"simulation"shows"some"unusual"behavior"213"
with"the"lag"1"correlation"being"larger"in"amplitude"than"the"lag"0.5"correlation"214"
(Fig."1b),"which"reflects"some"non\linear"behavior,"which"was"also"shown"in"D10.""215"
More"importantly,"in"the"ECHAM5\slabELNINO"simulation"(Fig."1b)"we"can"also"see"216"
that" the" cross\correlation" between" SST" and" the" SST\tendencies," CdSSTdt," is"217"
identical" to" the"cross\correlation"between"SST"and"Fatmos," Catmos."This" illustrates"218"
that"the"SST"anomalies"in"the"ECHAM5\slabELNINO"simulation"are"by"construction"219"
caused"by"Fatmos"(eq."[1])."In"contrast"we"see"in"Fig."1a"that"the"observed"Catmos"is"220"
different." Here" Fatmos" is" mostly" opposing" (acting" against)" the" SST\tendencies,"221"
highlighting"that"the"SST\tendencies"are"not"caused"by"Fatmos.""222"
The"cross\correlation"between"observed"NINO3"SST"and"Z20"(an"estimate"of"h)"is"223"
similar"to"CdSSTdt,"indicating"that"the"Z20"anomalies"cause"the"SST"anomalies."This"224"
is" nearly" identical" to" the" characteristics" of" the" RECHOZ" model" (Fig." 1c)." It" is"225"
important" to" note" here" that" the" ECHAM5\slabELNINO" and" the" RECHOZ" model"226"
simulations"have" the" identical" atmosphere"model," but"different" SST" tendencies"227"
(eqs."[1]"and"[2])"and"different"mean"SST"climatologies."The"different"mean"SST"228"



can"cause"different"atmospheric"responses"to"the"same"SST"anomalies"in"the"two"229"
models."230"
To"better"understand"the"dynamics"in"the"ECHAM5\slabELNINO"model"we"need"to"231"
look"at"the"four"components"of"the"net"atmospheric"heat"flux,"Fatmos:"232"
"233"
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"235"
The"absorbed"solar"radiation,"Fsolar," the"net" thermal"radiation,"Fthermal," the" latent"236"
heat" loss," Flatent," and" the" turbulent" sensible" heat" flux" Fsense," make" up" the" net"237"
atmospheric"heat" fluxes,"Fatmos."All" fluxes"are"defined" to"be"positive"downward,"238"
i.e." positive" heat" fluxes"warm" the" ocean." In" Fig."2" it" is" illustrated" how" the" four"239"
components" of" Fatmos0 cross\correlate" to" the" SST" and" its" tendencies" in" the"240"
ECHAM5\slabELNINO" simulation" and" in" observations." In" the" ECHAM5\slabELNINO"241"
simulation"Fsolar" correlates"with" the" SST" and"Fsense" correlates" best"with" the" SST"242"
tendencies." The" Fthermal" and"Flatent" heat" fluxes" are" both" anti\correlated"with" the"243"
SST." So" in" this" model" the" driving" forces" are" on" average" the" Fsolar" and" Fsense,"244"
whereas"Fthermal"and"Flatent"are"on"average"opposing"the"SST"and"therefore"damp"245"
the"SST."246"
This"relation"between"the"heat"flux"components"and"the"SST"is"quite"different"in"247"
the"observations."Here,"most"heat" flux"components"are" in"average"opposing"the"248"
SST,"which"corresponds"to"a"net"damping"of"the"SST."This"is"similar"for"the"NCEP"249"
heat"flux"terms"(not"shown),"but"the"thermal"radiation"is"more"closely"related"to"250"
the"SST"auto\correlation"than"to"the"SST\tendencies."251"
We"can" further"explore" the" relative" importance"of" the"heat" flux" components" in"252"
the" ECHAM5\slabELNINO" simulation" by" the" lag/lead" regressions" along" the"253"
equatorial"Pacific"in"a"Hoevmoeller"diagram"(Fig."3)"and"for"lag=0"(Fig."4)."A"few"254"
important"characteristics"can"be"pointed"out"here:"255"
"256"

• The"El"Nino"mode" in" the"ECHAM5\slabELNINO"has"a" characteristic"east\to\257"
west" propagation" (Fig." 3a)," which" is" a" key" element" of" the" oscillating"258"
nature"in"this"model"with"a"period"of"about"6\7"yrs"[D10].""259"

• The" most" dominant" driver" of" all" four" components" is" Fsolar." Since"260"
anomalous"Fsolar" can"only"be"caused"by"variations" in" the"cloud"cover,"we"261"
can"conclude" that" the"main"driver" is"a"positive"cloud" feedback."Reduced"262"
cloud" cover" leads" to" increased" Fsolar" which" amplifies" the" existing" SST"263"
anomalies"[D10].""264"

• Flatent"contributes"to"the"build"up"of"the"SST"anomalies,"in"particular"in"the"265"
central"and"western"Pacific."It"is"also"the"main"component"that"leads"to"the"266"
decay"and"westward"propagation"of"the"eastern"edge"of"the"SST"anomalies"267"
[D10]."268"

• In" the" ECHAM5\slabELNINO" simulation" the" strong" cold" tongue" creates"269"
meridional"temperature"gradients,"which"together"with"converging"winds"270"
for"positive"SST"anomalies"can"lead"to"small"but"relevant"positive0Fsense"by"271"
heat" advection." It" is" interesting" to" note," that" despite" its" very" small"272"
amplitude,"the"Fsense"is"one"of"the"main"forcings"for"the"SST"evolution"in"the"273"
east"to"west"propagation," in"particular"in"the"central"and"western"Pacific"274"
(see"Fig."4)."This"indicates"that"Fsense"could"have"a"steering"control"on"the"275"
SST"evolution:"It"provides"a"small"tendency"for"the"westward"propagation"276"
of"the"SST"anomalies"at"the"western"edge"of"the"SST"anomaly.""277"



In" summary,"we" find" that" the"most" important"element" in" the"atmospheric"heat"278"
flux"forcing"is"a"positive"cloud"feedback"and"the"combination"of"Fsense0and"Flatent00is"279"
important"in"the"east\to\west"propagation."This"propagation"along"the"equator"is"280"
causing"the"preferred"time"scale"oscillation"in"the"ECHAM5\slabELNINO.""281"
A" simple" toy"model" can" illustrate" the" nature" of" the" oscillating" behavior" in" the"282"
ECHAM5\slabELNINO"simulation"and"the"important"roles"that"the"positive"feedback"283"
from"Fsolar0and"the"equatorial"out\of\phase"feedbacks"play:"284"
"285"

" " [5]"286"

"287"
In" this" simple" stochastic" model" of" the" SST" variability" (anomalies)" of" 8" points"288"
along" the" equator," ," the" tendencies" of" T0 times" the" heat" capacity," ," are"289"
forced"by"three"terms:"a"local"damping"with" ,"a"remote"forcing"290"

from"all"other"locations"along"the"equator"proportional"to"the"strength"of"cremote,"291"
and"a"white"noise"forcing," ,"with"a"standard"deviation"of"25W/m2."This"simple"292"
linear"model"captures"the"essence"of"the"heat"flux"interactions"along"the"equator"293"
in" the"ECHAM5\slabELNINO"simulation"as" illustrated" in"Figs."3"and"4." " It"does"not"294"
capture"the"non\linear"aspects"of"the"ECHAM5\slabELNINO"simulation"as"shown"in"295"
D10"or"indicated"by"Fig."1b."296"
The"strength"of"the"local"damping"is"determined"by"the"sum"of"all"heat"fluxes,"but"297"
is"dominated"by"Fsolar"in"the"ECHAM5\slabELNINO"simulation."cremote"is"a"function"of"298"
location"as"can"be"seen"in"Fig."4""relative"to"the"NINO3".4"region"(190oE"to"240oE;"299"
5oS" to"5oN)."The" forcing" is" positive" for" locations" to" the"west"with" amplitude"of"300"
about" +1" to" +3W/m2/K" and" negative" for" locations" to" the" east" with" amplitude"301"
about"\2"to"\4W/m2/K"if"T"is"positive"in"the"NINO3".4"region."A"comparison"of"Fig."302"
3b," c" and" g" and" Fig." 4" shows" that"Fsense" plays" an" important" role" in" the" remote"303"
forcing"term"to"the"west."We"integrated"this"model"for"104"years"with"a"daily"time"304"
step."305"
In"Figure"5"the"power"spectra"of" the"ECHAM5\slabELNINO"simulation"and"the"toy"306"
model"are"shown."We"can"see"that"both"models"show"similar"spectra"with"a"peak"307"
at"around"7yrs."To"mimic"the"ECHAM5\slab"simulations"that"do"not"have"strong""308"
El" Nino" variability" (D10)" we" can" assume" that" the" remote" forcing" is" missing"309"
(second"term"RHS"in"eq."[5])"and"that"due"to"the"missing"positive"cloud"feedback"310"
the"local"damping"is"much"stronger"( )."The"result"of"this"model"311"

is"shown"as"the"red"line"in"Fig."5b."The"dark"blue"and"green"lines"in"Fig."5b"are"the"312"
results" of" the" model" without" the" remote" forcing" or" with" a" stronger" negative"313"
feedback"only."In"the"light"blue"line"we"have"not"considered"the"Fsense"term"in"the"314"
remote" forcing."We" can" see" that" this" has" a" significant" impact" on" the" preferred"315"
period." In"summary" the" toy"model"highlights" the" important"role"of" the"positive"316"
cloud" feedbacks" to" increase" the" low\frequency" variability" and" it" highlights" the"317"
role"of"the"propagation"(remote"forcing)"in"creating"the"oscillation."In"the"latter"318"
case" the" out\of\phase" feedbacks" of" Fsense" and" Flatent" are" important" even" though"319"
they" are" small" in" amplitude." They" both" have" a" steering" control" of" the"320"
propagation." This" weak" steering" control" is" only" capable" in" producing" an"321"
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oscillation" if" the"effective"sum"of"all" local" feedbacks" is"weak"(near"zero)"due" to"322"
the"positive"cloud"feedback."323"
We"now"need"to"address"the"question:"are"the"ECHAM5"AGCM"feedbacks"unique"324"
to" the" ECHAM5\slab" model" simulations" or" do" they" exist" in" other" model"325"
simulations"and"even"in"the"observations."326"
In"the"set"of"24"different"ECHAM5\slab"simulations"the"positive"cloud"feedback"is"327"
strongly"controlled"by"the"mean"SST"climatology"[D10]."Only"the"simulations"that"328"
have" much" stronger" than" observed" equatorial" cold" tongues," have" the" El" Nino"329"
kind" of" variability" in" the" ECHAM5\slab" runs," see" Fig." 6." Thus" even" in" the"330"
ECHAM5\slab"ensemble"we"do"not"see"the"Slab"Ocean"El"Nino"mode"for"current"331"
mean" SST" conditions." Figure" 7a" shows" the" spatial" structure" of" the" mean" SST"332"
spread" in" the" ECHAM5\slab" simulations." It" clearly" points" out" the" large"333"
uncertainty"in"the"control"SST"in"the"NINO3"region."In"order"to"illustrate"that"the"334"
different"mean"SST"climatologies"lead"to"different"SST"variability,"we"define"Slab"335"
Ocean"El"Nino"variability"ON" as" those" runs" in" the"ECHAM5\slab"ensemble"with"336"
the"mean"meridional"SST"difference"between"the"NINO3"region"minus"the"mean"337"
of"the"regions"5o"to"the"north"and"south"smaller"\1.8oC"and"the"other"runs"as"Slab"338"
Ocean" El" Nino" mode" OFF." " This" threshold" roughly" marks" the" meridional" SST"339"
difference"at"which"the"SST"variability"in"the"ECHAM5\slab"simulations"appears"340"
to"be"increasing"beyond"the"background"variability"level"of"about"0.5oC"(see"Fig."341"
6b)."The"average"SST"of"those"models"with"the"Slab"Ocean"El"Nino"variability"ON"342"
shows"the"signature"of"the"too"strong"cold"tongue"bias"(Fig."7c)."This"is"to"some"343"
degree" forced"by" the"selection"of" the"ON"and"OFF"ensemble."More" importantly,"344"
the" ratio" in" SST" standard" deviation" of" the" models" with" a" strong" cold" tongue"345"
relative" to" all" the"models"with" a"weak" cold" tongue" is" strongly" enhanced" in" the"346"
NINO3"region"(Fig."7e)."347"
We"can"further"illustrate"that"the"patterns"of"variability"in"the"tropical"Pacific"are"348"
quite"different"between"the"ECHAM5\slab"runs"with"El"Nino"ON"or"OFF;"see"Fig."349"
8." In" the" El" Nino" ON" ensemble" the" leading" EOF\1" has" the" equatorial" El" Nino"350"
pattern"structure,"whereas"the"EOF\1"of"the"El"Nino"OFF"ensemble"is"missing"the"351"
equatorial"signature."A"good"way"to"quantify"the"differences"in"the"leading"modes"352"
of"variability"between"the"two"datasets"is"by"rotating"the"leading"modes"towards"353"
the"pattern"that"maximizes"the"explained"variance"differences"between"the"two"354"
datasets" according" to" the" methods" of" Dommenget" [2007]" and" Bayr" and"355"
Dommenget" [2013]." The" pattern" that" is" most" dominant" in" the" El" Nino" ON"356"
ensemble," but" missing" in" the" El" Nino" OFF" ensemble," is" the" equatorial" pattern"357"
DEOF\1"(Fig."8e,"with"an"explained"variance"of"37%"in"El"Nino"ON"and"4%"in"El"358"
Nino"OFF),"which"is"similar"to"the"EOF\1"of"the"El"Nino"ON"ensemble."359"
We" can" now" look" at" other" Slab" Ocean" model" simulations" to" explore" the"360"
possibility"that"the"Slab"Ocean"El"Nino"mode"exists"in"other"models"as"well."We"361"
therefore"analyze"13"control"Slab"Ocean"simulations"of"the"20th"century"from"the"362"
CMIP3"database;"see"Table"1."It"needs"to"be"noted"here"that"the"CMIP"ensemble"363"
has"some"important"differences"relative"to"the"ECHAM5\slab"ensemble:"First"of"364"
all" the"CMIP3" slab" simulations" are" relatively" short,"with"most" of" them" just" 20\365"
50yrs" long" (see" Table" 1)." Further," the" Slab" Ocean" simulations" of" the" CMIP"366"
ensemble"are"all"flux"corrected"to"fit"to"observed"SST,"whereas"the"ECHAM5\slab"367"
ensemble"is"forced"to"mimic"the"CMIP3"coupled"model"SST"climatologies"[D10]."368"
Subsequently" the" cold" tongues" in" the" CMIP3" slab" ensemble" are" not" as"369"
pronounced"as"in"the"ECHAM5\slab"ensemble;"see"Fig."6b."In"order"to"capture"at"370"



least" two" models" with" a" relatively" strong" cold" tongue" (MRI_CGCM2.3.2" and"371"
ncar_ccsm3_0),"we"select"CMIP3"slab"ensemble"El"Nino"ON"with"a"threshold"of"\372"
1.5oC"instead"of"\1.8°C"for"the"ECHAM5\slab"ensemble."373"
For"the"signatures"of"the"Slab"Ocean"El"Nino"mode"as"presented"in"Fig."6,"7"and"8"374"
we"can"make"the"following"findings"for"the"CMIP3"slab"ensemble:"375"
"376"

• The"CMIP3" slab" simulations" show"an" enhanced" spread" in" the"mean" SST"377"
climatologies"along"the"eastern"equatorial"Pacific"(Fig."7b)"comparable"to"378"
the" CMIP" CGCM"models" (not" shown)" and" the" ECHAM5\slab" simulations"379"
(Fig."7a),"even"though"they"are"all"forced"by"flux"corrections"towards"the"380"
observed"SST"climatology."This"suggests"that"the"CMIP3"slab"simulations"381"
have"some"unstable"ocean\atmosphere"interaction"that"must"be"related"to"382"
atmospheric" feedbacks," since" no" ocean" feedbacks" exist" in" these"383"
simulations."384"

• Similar" to" the" ECHAM5\slab" ensemble" the" CMIP3" slab" simulations"with"385"
the"stronger"SST"variability"have"also"a"stronger"mean"cold"tongue"(Fig."7c"386"
and"d)."387"

• In" turn," the" CMIP3" slab" simulations" with" a" stronger" mean" cold" tongue"388"
(MRI_CGCM2.3.2" and" ncar_ccsm3_0)" have" an" enhanced" ratio" in" SST"389"
standard" deviation" along" the" equatorial" band" relative" to" all" the"models"390"
with"a"weak"cold"tongue,"which"is"focused"almost"entirely"onto"the"NINO3"391"
region" (Fig." 7f)." It" needs" to" be" noted" here" that" the"mean" SSTs" in" these"392"
CMIP3"slab" simulations"are"not"directly" related" to" the"mean"SSTs" in" the"393"
coupled" CGCM" simulations" using" the" same" atmosphere" model." In" the"394"
coupled" simulations" the" mean" SST" climatology" is" a" result" of" coupled"395"
dynamics."In"the"CMIP3"slab"simulations"the"mean"SST"is"forced"towards"396"
observations"by"flux"corrections."Limitations"in"the"estimation"of"the"flux"397"
corrections"for"CMIP3"slab"simulations"cause"differences"in"the"mean"SST."398"

• The"CMIP3" slab"El"Nino"ON" simulations" have" an" equatorial" El"Nino" like"399"
variability" pattern" that" is"missing" in" the" other" El" Nino" OFF" simulations"400"
(Fig."8b,"d"and"f)."401"

• However," it" is" not" yet" clear" if" any" of" the" CMIP3" models" does" have" the"402"
oscillating"Slab"Ocean"El"Nino"mode."It"needs"to"be"noted"that"the"CMIP3"403"
slab" simulations" are" too" short" to" note" oscillations" in" these" runs." More"404"
importantly,"none"of"the"CMIP3"simulations"is"in"the"range"of"very"strong"405"
cold"tongues,"in"which"the"ECHAM5\slab"simulations"with"strong"El"Nino"406"
like" variability" are" (below" \1.8oC" in" Fig." 6b)." Again" this" is" related" to" the"407"
fact" that" the" CMIP3"models" are" forced" towards" an" observed"mean" SST,"408"
which"does"not"allow"the"strong"cold" tongue,"whereas" the"ECHAM5\slab"409"
simulations" are" forced" towards" the" CMIP3" CGCM" models" mean" SSTs,"410"
which"do"have"very"strong"cold"tongues."411"

In"summary,"we"find"that"the"CMIP3"slab"simulations"agree"relatively"well"with"412"
the"ECHAM5\slab"simulations"in"their"Slab"Ocean"El"Nino"characteristics."Indeed,"413"
it" seems" possible" that"most" other" atmospheric" GCMs" are" capable" of" producing"414"
the"Slab"Ocean"El"Nino"if"forced"into"a"strong"mean"SST"cold"tongue"condition."415"



4. Positive(Cloud(Feedbacks(416"
In"the"previous"section"we"have"shown"that"a"positive"cloud"feedback" is"one"of"417"
the" main" elements" of" the" Slab" Ocean" El" Nino" mode." We" now" like" to" further"418"
explore" how" this" positive" cloud" feedback" depends" on" the" mean" SST" and" if" it"419"
exists"in"observations"and"other"models"as"well."420"
In"Figure"9"we"show"the"correlation"between"SST"and"cloud"cover"for"the"tropical"421"
Pacific"domain."In"the"ECHAM5\slab"ensemble"we"defined"SST"anomalies"relative"422"
to"the"climatological"SST"mean"of"each"of"the"24"simulations"and"then"combined"423"
several" simulations" to" one" ensemble." In" the" 18" ECHAM5\slab" simulations"with"424"
the"meridional"mean" SST" difference" (Fig." 6b)" larger" than" \1.8oC" (hereafter" “El"425"
Nino" mode" OFF”" ensemble)" the" correlation" between" SST" and" cloud" cover" is"426"
positive" throughout" most" of" the" domain" (Fig." 9a)." It" is" strongest" in" the" off"427"
equatorial" and" western" Pacific." On" the" other" hand," for" the" El" Nino" mode" ON"428"
ensemble" the" correlation" between" SST" and" cloud" cover" is" negative" along" the"429"
equatorial" and" eastern" Pacific" (Fig." 9b)." This" negative" correlation" is" consistent"430"
with" the" positive" cloud" feedback" and" positive" correlation" between" Fsolar0 and"431"
NINO3" SST" (Fig." 2b):" the" warmer" the" SST" the" smaller" the" cloud" cover" and"432"
subsequently"the"larger"the"anomalous"Fsolar."The"difference"between"the"“El"Nino"433"
mode"ON”"and"“El"Nino"mode"OFF”"ensembles"(Fig."9c)"is"strongly"negative"along"434"
the" central" equatorial" Pacific," clearly" highlighting" that" the" positive" cloud"435"
feedback" is" a" prominent" signature" of" the" ECHAM5\slab" “El" Nino" mode" ON”"436"
ensemble.""437"
Since" the" two"ensembles" are" selected"by" the"mean"SST"difference"between" the"438"
equatorial" cold" tongue"and" the"higher" latitudes," it" seems"reasonable" to"assume"439"
that"the"positive"cloud"feedback"is"effectively"a"function"of"the"mean"SST."Figure"440"
10" quantifies" this" non\linear" relationship" by" the" strength" of" the" correlation"441"
between" SST" and" cloud" cover" as" a" function" of" the" mean" SST" (see" data" and"442"
methods" section" for" details)." Overall," the" correlation" between" SST" and" cloud"443"
cover"is"clearly"a"function"of"the"mean"SST"(Fig."10b)."For"positive"or"near"zero"444"
meridional" mean" SST" differences" (weak" or" no" cold" tongue)" the" correlation"445"
between"SST"and"cloud"cover"is"positive,"but"for"negative"meridional"mean"SST"446"
differences" (normal" or" strong" cold" tongue)" the" correlation" between" SST" and"447"
cloud" cover" is" more" negative." This" relationship" is" also" present" in" the" mean"448"
NINO3" SST" (Fig." 10a)," but" is" not" as" clear" as" for" the" meridional" mean" SST"449"
differences" and" it" also" apparently" breaks" down" for" the" very" extreme" NINO3"450"
mean"SST"values"(18oC"or"28oC)."451"
We"now"repeat"the"above"analysis"for"the"observations."We"have"to"keep"in"mind"452"
that" the"mean" SST" in" the" ECHAM5\slab" simulations" varies" over" a"much"wider"453"
range" than" it" is" observed." In" the" observations" the" meridional" mean" SST"454"
difference" ranges" between" \2oC" to" 0oC," but" in" the" ECHAM5\slab" simulations" it"455"
ranges" from" \6oC" to" 1oC." Similarly" the" mean" NINO3" SST" in" the" ECHAM5\slab"456"
simulations" reaches"much" lower" " (<23oC)" values" than" observed" (compare" Fig."457"
10a" and" c)." However," despite" the" fact" that" the" observed" SST"mean" values" are"458"
confined"on"a"much"warmer"and"narrower"range,"we"find"a"qualitatively"similar,"459"
but" quantitatively" more" pronounced" behavior" in" the" observations." The"460"
correlation"between"SST"and"cloud"cover" is"more"negative" if" the"cold" tongue" is"461"
stronger"and"it"is"more"positive"if"the"mean"cold"tongue"is"weaker"(Fig."10c"and"462"
d)."This"is"also"consistent"with"the"result"of"Fig."9d\f."Here"we"find"that"overall"the"463"
correlation"between"SST"and"cloud"cover"is"positive,"but"for"the"coldest"25%"of"464"



all"monthly"mean"NINO3"SSTs"the"correlation" is"more"negative," in"particular" in"465"
the" central" and" eastern" Pacific" equatorial" region." Thus" in" time" periods" of"466"
relatively"strong"cold"tongues," typically" in"August" to"October"or"during"La"Nina"467"
conditions," the" normally" negative" cloud" feedback" turns" into" a" weak" positive"468"
feedback."469"

5. Dynamics(of(Coupled(GCM(Simulations(470"
In" the" previous" section" we" illustrated" that" some" of" the" ECHAM5\slab" El" Nino"471"
mode" characteristics" exist" not" only" in" other" AGCMs" coupled" to" Slab" Ocean"472"
models,"but" that" the"positive" cloud" feedback"exists" in" the"observations"as"well."473"
We"now"explore" the"CMIP"CGCM"model"ensemble" to"search" for"evidence"of" the"474"
Slab"Ocean"El"Nino"mode"characteristics"in"these"simulations."475"
For" the" analysis" of" the" cloud" feedback" relationship"with" the"mean" SST" (Figs." 9"476"
and" 10)" we" treat" all" the" models" of" the" CMIP" ensemble" as" one" large" dataset."477"
Anomalies"are"computed"relative"to"the"mean"SST"of"each"model."Figures"9"and"478"
10" illustrate" that" the" CMIP" CGCM"model" ensemble" has" qualitatively" the" same"479"
mean" SST" depending" cloud" feedback" relationship" as" it"was" found" in" ECHAM5\480"
slab"simulations"and"observations."The"cloud"feedback"is"more"negative"for"data"481"
points" throughout"all" the"models,"where" the"absolute"SST" is" relatively" low"(the"482"
lowest" 10%" of" all" data;" Fig." 9h)." As" in" the" observations" and" the" ECHAM5\slab"483"
simulation" the" correlations" are" shifted" to" negative" values" in" the" central" Pacific"484"
along"the"equator"(Fig."9i)."However,"the"amplitude"of"this"shift"is"much"weaker"485"
than" in"observations"or" the"ECHAM5\slab" simulations."The"non\linearity" in" the"486"
cloud" feedback" as" a" function" of" the"mean" SST" in" the"NINO3" region" appears" to"487"
exist" in" the" CMIP" CGCMs" as" well" (Fig." 10" e" and" f)." Again," this" relationship" is"488"
weaker"than"observed"and"it"appears"to"break"down"for"the"most"extreme"NINO3"489"
mean"SST"cases"(Fig."10e)."490"
We" can" repeat" the" analysis" of" Fig." 9" and" 10" for" each" of" the" CMIP" CGCM"491"
simulations" individually." Basically" all" models" show" a" shift" towards" a" positive"492"
cloud"feedback"(less"clouds"for"positive"SST"anomalies,"i.e."negative"correlation)"493"
for"relative"strong"cold"tongues."Only"the"models,"which"already"have"a"relatively"494"
strong"positive"cloud"feedback,"do"not"show"this"shift"towards"a"stronger"positive"495"
cloud"feedback"for"relative"strong"cold"tongues."496"
The"results" for" the"CMIP"models"above"are"qualitatively" in"agreement"with" the"497"
study"of"B13."They"also"find"that"the"cloud"feedbacks"are"a"function"of"the"mean"498"
SST"and"in"particular"that"the"positive"cloud"feedbacks"are"more"likely"in"colder"499"
mean"SSTs"and"in"the"cold"season"(Aug."to"Oct.).""500"
We"now"like"to"further"explore"if"the"NINO3"SST"dynamics"or"tendencies"of"the"501"
individual"models" of" the" CMIP" CGCM" ensemble" follow" the" Recharge" Oscillator"502"
model," as" observed" or" in" the" RECHOZ"model" (Fig." 1a" and" c)," or" whether" they"503"
show" indications" of" the" Slab" Ocean" El" Nino"mode."We" base" this" analysis" on" a"504"
qualitative" comparison" (correlation)" of" forcing" terms" with" CSST" or" CdSSTdt0 (as"505"
shown"in"Figs."1"and"2"for"the"observations"and"ECHAM5\slabELNINO)." In"Fig."1b,"506"
for"instance,"we"find"that"CdSSTdt0(dashed"line)"is"identical"to"the"cross\correlation"507"
function" of" the" SST" with" the" net" heat" flux," Cnetheat," (red" line)." This" can" be"508"
quantified"by"a" lag\weighted"correlation"between"the" two"curves"(see"data"and"509"
methods"sections"for"details),"which"is"1.0"in"this"case."Similarly"the"correlation"510"
values"can"be"computed"for"each"of"the"forcing"components."We"note"here"again"511"



that"our"approach"is"only"a"qualitative"evaluation"of"the"relationships."It"is"not"a"512"
quantitative"heat"budget"analysis"and"can"only"give"a"first"order"indication"of"the"513"
relative"role"of"different"forcing"terms."514"
Figure"11"shows"the"correlations"for"all"six"different"forcing"components"for"the"515"
observations," NCEP," ECHAM5\slabELNINO," RECHOZ" and" all" CMIP" CGCM"516"
simulations." Starting" with" the" ECHAM5\slabELNINO" simulation" to" illustrate" the"517"
meaning"of"the"correlation"values,"we"can"see"that"Cnetheat0has"a"correlation"of"1.0"518"
with"CdSSTdt,"as"mentioned"before"(Fig."11b)."It"illustrates"that"the"SST"tendencies"519"
are"caused"by"the"net"heat"flux."Csense"(the"cross\correlation"function"between"SST"520"
and"Fsense)"is"highly"correlated"(0.85)"with"CdSSTdt,"but"has"only"a"weak"correlation"521"
with"CSST," see"Fig."11f."This"quantifies"what"we"can"see" in"Fig."2b"by"comparing"522"
Csense0(green" line)"with"CSST" (dashed" line)."We" further" find" that"Csolar" (the" cross\523"
correlation" function"between"SST"and"Fsolar)" is"highly"correlated"(0.6)"with"CSST,"524"
but"has"only"a"weak"correlation"with"CdSSTdt"and"both"Clatent"(the"cross\correlation"525"
function" between" SST" and" Flatent)" and" Cthermal" (the" cross\correlation" function"526"
between"SST"and"Fthermal)"are"negatively"correlated"with"CSST,"but"have"only"weak"527"
correlations"with"CdSSTdt0(Fig."11"d"and"e).""528"
For"the"observations"and"for"the"RECHOZ"simulation"the"relationships"are"quite"529"
different:" Cnetheat" is" anti\correlated" with" CSST" and" has" no" significant" correlation"530"
with" CdSSTdt." In" both," the" observations" and" the" RECHOZ" simulation" the" cross\531"
correlation"of" the" thermocline"depth" and" the" SST,"CZ20," has" the" largest" positive"532"
correlation"with"CdSSTdt."The"NCEP"reanalysis"heat"fluxes"appear"to"be"similar"to"533"
the"observed,"but"the"absolute"values"of"the"correlations"with"CSST"are"larger"than"534"
in"any"other"data"set."This"may"indicate"some"limitations"in"the"NCEP"reanalysis"535"
heat"fluxes."536"
The"main"features"of"the"ensemble"of"the"CMIP"models"can"be"summarized"to"the"537"
following"points:"538"

• All" models" have" a" strong" positive" correlation" of" the" CZ200with" CdSSTdt,"539"
consistent"with"what"we"expect" from"the"recharge"oscillator"model."The"540"
agreement"between"the"models"in"this"relationship"is"relatively"high."541"

• Most" models" have" no" significant" correlation" of" Cnetheat" with" CdSSTdt" and"542"
mostly"negative"correlations"with"CSST," suggesting" that"atmospheric"heat"543"
flux"forcings"are"mostly"damping"the"SST.""544"

• All" models" strongly" agree" on" a" negative" correlation" between" Clatent" and"545"
CSST,"suggesting"that"the"local"latent"heating"is"damping"the"SST"variability"546"
in"all"models."547"

• The"models"show"a"wider"spread"in"the"heat"flux"components"Fsolar,"Fthermal0548"
and"Fsense"relation"to"both"CSST"and"CdSSTdt"than"in"Fatmos."This"suggests"that"549"
the" spread" in" the" individual" components" is" compensating" each" other"550"
when"combined"to"the"total"Fatmos."In"each"of"these"components"they"seem"551"
to" cluster" into" two" groups." Here"Fsolar" and"Fthermal," have" largely" opposite"552"
behavior," highlighting" the" compensating" effect" of" thermal" and" solar"553"
radiation"due"to"cloud"cover"variations."554"

• The" larger"group"of"models"has"a"positive"correlation"between"Csolar" and"555"
CSST"or"CdSSTdt,"which"is"opposite"of"what"is"observed"and"is"more"similar"to"556"
the"ECHAM5\slab."For"most"models"Cthermal0has"the"opposite"correlation"of"557"
what" Csolar" has," supporting" the"mostly" opposite" thermal" radiation" cloud"558"
feedback."559"



• The" correlation" with" Csense" clusters" in" two" groups:" one" with" negative"560"
correlation"to"CSST,"as"observed."The"other"with"positive"correlation"to"CSST."561"
Positive" correlations"with"CdSSTdt," as" in" the"ECHAM5\slab," are"mostly"not"562"
simulated."563"

In" summary,"we" can" state" that"most" of" the"models" show"very" little" indications"564"
that"positive"atmospheric" forcing" feedbacks," such"as" in" the"Slab"Ocean"El"Nino,"565"
control" the" SST" dynamics." Nearly" all" models" clearly" fit" to" the" concept" of" the"566"
recharge" oscillator"model." However,"many"models" do" show"positive" cloud" and"567"
sensible"heat"flux"feedbacks."""568"
We" can" summarize" this" analysis" by" computing" the"distance" (root\mean\square"569"
error)" of" the" correlation" values" as" shown" in" Fig." 11b\f" for" all" the" CMIP"570"
simulations,"observations,"NCEP,"RECHOZ"and"the"ECHAM5\slabELNINO"simulation"571"
relative" to" the" observation" and" the" ECHAM5\slabELNINO" simulation;" see" Fig." 12.""572"
The"following"points"can"be"made"from"this"figure:""573"

• We" can" see" that" most" CMIP" simulations" are" closer" to" the" observed"574"
atmospheric"heat" flux" feedbacks"than"they"are"to" the"ECHAM5\slabELNINO"575"
simulation"(they"are"above"the"diagonal"in"Fig."12)."""576"

• The" models" closest" to" the" observed" heat" flux" versus" SST" relationships"577"
(CGCM3.1(T63)," GISS−AOM," ACCESS1," CCSM4," GFDL−ESM2M,"578"
NorESM1−ME)" have" all" negative" cloud" and" sensible" heat" flux" feedbacks"579"
and"they"all"do"not"have"a"strong"cold"tongue"relative"to"the"off"equatorial"580"
regions." Most" of" them" have" no" east\to\west" propagation" of" the" SST"581"
anomalies"(not"shown),"but"some"do"have" indications"of" that"(GISS\AOM"582"
and"NorESM1−ME)."B13"ranked" these"models" in" the"heat" flux"and"short"583"
wave"feedbacks"relatively"high"as"well."584"

• The"models" that" in" terms" of" the" heat" flux" versus" SST" relationships" are"585"
closest" to" the" ECHAM5\slabELNINO" simulation" and"most" remote" from" the"586"
observations" (BCCR−BCM2.0," CNRM−CM3," GISS−EH," INM−CM3.0,"587"
BCC−CSM1−1," CSIRO−Mk3−6−0," INMCM4" all" have" positive" cloud" and"588"
sensible"heat"flux"feedbacks,"SST"anomalies"propagating"from"the"east"to"589"
the"west" (only"weakly" in"BCC−CSM1−1)" and" stronger" cold" tongues" than"590"
the"CMIP"ensemble"mean."All" these"features"are"consistent"with"the"Slab"591"
Ocean" ENSO" mode" in" the" ECHAM5\slab" ensemble." B13" ranked" these"592"
models"in"the"heat"flux"and"short"wave"feedbacks"relatively"low"as"well."593"

• The"CMIP3"model"BCCR−BCM2.0"(grey"1" in"Fig."12)"shows"the"strongest"594"
indications" that" positive" atmospheric" forcing" feedbacks" control" the"595"
evolution"of" the"SST."Fig."13" shows"some"statistics"of" the"BCCR−BCM2.0"596"
simulation," which" again" shows" remarkable" similarities" in" the" heat" flux"597"
forcings" with" the" ECHAM5\slabELNINO" simulation" (Figs." 1\3" and" 7)." This"598"
model"has"also"a"very"strong"cold"tongue"and"SST"anomalies"propagating"599"
from"the"east"to"the"west."600"

6. Summary(and(discussion(601"
The"primary"purpose"of"this"study"was"to"further"explore"the"Slab"Ocean"El"Nino"602"
dynamics" and" therefore" the" role" of" atmospheric" positive" feedbacks" controlling"603"
the"dynamical"evolution"of"the"SST"in"the"ENSO"mode."We"essentially"addressed"604"
three"questions,"for"which"we"summarize"the"answers"below:"605"



Firstly,"how"can"the"atmospheric"heat"fluxes"alone"cause"an"oscillating"behavior"606"
on"interannual"time"scales"in"the"AGCM"slab"ocean"simulation?"The"Slab"Ocean"El"607"
Nino" dynamics" are" summarized" in" a" simple" toy"model" in" eq." [5]," whose"main"608"
features"are"as"follows:"609"

• A"strong"mean"cold"tongue"SST"supports"a"relatively"strong"positive"cloud"610"
feedback,"which"allows"for"unstable"interannual"SST"variability"along"the"611"
equatorial"Pacific."612"

• The" combination" of" latent" and" sensible" heat" fluxes" leads" to" the"613"
propagation"of"the"SST"anomalies"from"the"east"to"the"west."Even"though"614"
these" forcings" are" weak," they" can" lead" to" substantial" interannual"615"
oscillations" in" the" presence" of" weak" overall" local" feedbacks" due" to" the"616"
strong"positive"cloud"feedback."617"

Secondly,"to"what"extent"is"this"finding"a"model"artifact"of"the"ECHAM5"AGCM"or"618"
do" these" dynamics" exist" in" other" AGCMs" and" in" the" observations?" We" could"619"
demonstrate"that"the"Slab"Ocean"El"Nino"dynamics"are"not"a"model"artifact"of"the"620"
ECHAM5"AGCM."The"following"we"found:"621"

• The"CMIP3"AGCM\slab"ensemble"of"13"different"AGCM"simulations"shows"622"
enhanced"spread"in"the"mean"SST"climatology"along"the"equatorial"Pacific,"623"
despite" the" application" of" flux" corrections" towards" the" observed" SST"624"
climatologies."This"suggests"that"the"coupled"system"of"the"AGCM\slabs"of"625"
this"model"ensemble"has"unstable"ocean\atmosphere"interaction,"as"in"the"626"
ECHAM5\slab" ensemble." This" unstable" interaction" allows" for" large" SST"627"
variability"for"a"given"forcing.""628"

• The" simulations" of" the" CMIP3" AGCM\slab" ensemble" with" the" strongest"629"
cold" tongues"have" the"strongest"SST"variability"and" the" leading"mode"of"630"
variability"along"the"equatorial"Pacific,"consistent"with"the"ECHAM5\slab"631"
ensemble."632"

• In"observations"and"in"the"CMIP"CGCM"model"ensemble"the"strength"and"633"
sign"of"the"cloud"feedback"is"a"function"of"the"mean"SST"in"the"equatorial"634"
Pacific,"which"is"qualitatively"consistent"with"the"ECHAM5\slab"ensemble."635"
This"modeling"result"is"largely"consistent"with"B13."In"the"observations"a"636"
positive"cloud"feedback"under"current"climatic"conditions"may"only"exist"637"
during"strong"La"Nina"conditions,"supporting"strong"cold"tongues.""638"

In"summary,"this"indicates"that"the"presence"of"the"Slab"Ocean"El"Nino"dynamics"639"
is" to" first" order" not" related" to" some" model" characteristics" (e.g." cloud"640"
parameterizations),"but"is"indeed"a"characteristic"of"the"equatorial"Pacific"climate"641"
that" is"only"dominant"or" significantly"contributing" to" the"ENSO"dynamics" if" the"642"
SST"cold"tongue"is"sufficiently"strong."In"the"observations"this"is"usually"not"the"643"
case," but" during" the" seasons" with" stronger" cold" tongues" or" strong" La" Nina"644"
conditions"it"is."645"
Finally,"to"what"extent"are"the"atmospheric"dynamics"(heat"flux"relation"to"SST)"646"
of"CGCM"simulations"and"observations"similar"to"this"Slab"Ocean"El"Nino"mode?"647"
We" chose" a" qualitative" comparison" of" SST" tendencies" with" forcing" terms" to"648"
highlight"possible"driving"mechanisms."It"has"to"be"noted"here"that"this"is"not"a"649"
quantitative" heat" budget" analysis." It" therefore" only" provides" indications" of" the"650"
relative" role" of" atmospheric" heat" flux" forcing" terms" or" feedbacks" in" the" ENSO"651"
dynamics."We"find"the"following"main"qualitative"behavior:"652"

• Most"models" follow" the" recharge" oscillator"mechanism"with"Z200leading"653"
the" SST" tendencies" and" net" atmospheric" heat" fluxes" damping" the" SST"654"



variability."This"is"consistent"with"the"mean"behavior"in"the"observations."655"
However," some" models" have" the" net" atmospheric" heat" fluxes" as" a"656"
significant"driver"of"the"SST"dynamics.""657"

• Seven"(BCCR−BCM2.0,"CNRM−CM3,"GISS−EH,"INM−CM3.0,"BCC−CSM1−1,"658"
CSIRO−Mk3−6−0"and" INMCM4)"out"of" the"49"model"simulations"appear"659"
to" have" atmospheric" dynamics" (surface" heat" fluxes)" that" are"660"
quantitatively"closer" to" the"Slab"Ocean"ENSO"dynamics" than" they"are" to"661"
the" observed" atmospheric" dynamics." For" these" models" it" has" to" be"662"
assumed"that"the"Slab"Ocean"ENSO"dynamics"play"a"significant"part"in"the"663"
overall"ENSO"dynamics"of"the"models."664"

• The" models" that" are" closest" to" the" observed" atmospheric" dynamics" as"665"
analyzed" in"this"study"are:"CGCM3.1(T63),"GISS−AOM,"ACCESS1,"CCSM4,"666"
GFDL−ESM2M" and" NorESM1−ME." These" models" appear" to" be" most"667"
realistic" in" the" atmospheric" heat" flux" feedbacks" in" the" ENSO" cycle."668"
However," it" needs" to" be" noted" here" that" this" does" not" imply" that" these"669"
models"are"overall"most"realistic"in"their"ENSO"dynamics,"as"neither"the"670"
oceanic"feedbacks"nor"the"overall"ENSO"dynamics"have"been"analyzed"in"671"
this"study."672"

The" results" have" some" implications" for" ENSO" dynamics" as" such" and" for" CGCM"673"
model"simulations."First"of"all"it"is"clear"from"this"analysis"that"ENSO"modes"can"674"
have" different" driving" mechanisms," which" are" to" some" part" caused" by"675"
atmospheric" feedbacks."The"different"mechanisms"of" variability"do"not"need" to"676"
have" the" same" spatial" pattern" nor" do" they" need" to" have" the" same" time" scales."677"
Thus,"ENSO"in"model"simulations"can"follow"different"mechanisms."This"may"to"678"
some"extend"explain"why"state"of"the"art"climate"models"still"differ"substantially"679"
in" their" characteristics" of" ENSO" at" present" day" climate" and" in" future" climate"680"
change"projections"[Guilyardi"et"al.,"2009,"Collins"et"al.,"2010].""681"
In" the" development" of" CGCM" simulations" the" development" team" is" often" faced"682"
with" the" problem" that" the" tropical" Pacific" coupled" climate" system" needs" to" be"683"
‘tuned’" to" the" observed" climate" by" changing" parameters" in" not" well" defined"684"
parameterizations." In" previous" developments" the" strength" of" the" ENSO" mode"685"
may" have" been" an" indicator" of" a" good" representation" of" the" tropical" Pacific"686"
coupled"ocean\atmosphere"dynamics."However,"the"results"of"this"study"and"also"687"
that"of"B13"suggest"that"the"overall"ENSO"statistics"in"terms"of"strength,"pattern"688"
or" period" are" not" sufficient" to" determine" a" realistic" ENSO" behavior." The"689"
development" of" CGCM" simulations" needs" to" consider" the" right" dynamics"690"
controlling" the" ENSO"mode." As" such," analysis" of" the" atmospheric" feedbacks" as"691"
presented" in" this" study" should" contribute" to" determine" realistic" ENSO"692"
simulations." A" proper" estimation" of" the" skill" in" simulating" realistic" ENSO\693"
dynamics"should"be"based"on"multi\variate"indices"of"the"feedback/forcing"terms"694"
controlling" the"ENSO"dynamics," such"as" the" terms"of" the"Bjerknes"(BJ)"stability"695"
index" [Jin" et" al.," 2006]" and" an" index" of" the" atmospheric" feedback" such" as"696"
presented"in"Fig."11"and"12."In"that"atmospheric"and"oceanic"processes"should"be"697"
discussed"independent"of"each"other,"if"possible."698"
Finally," it" has" to" be" noted" that" the" work" presented" here" may" have" some"699"
implications" for" the" cloud" feedback’s" contribution" to" the" climate" sensitivity" to"700"
anthropogenic" forcings."Cloud" feedbacks," in"particular"over" the" tropical"oceans,"701"
are" one" of" the" main" sources" of" uncertainty" in" the" climate" sensitivity" to"702"
anthropogenic"forcings"in"CGCM"simulations"[Bony"and"Dufresne,"2005,"Webb"et"703"



al.," 2006" and" Williams" and" Webb," 2009]." We" have" illustrated" here" that" the"704"
feedbacks"of" the"clouds" in" the"equatorial"Pacific"are" strongly"depending"on" the"705"
mean" cold" tongue" SST." This" difference" in" the" feedbacks" of" the" clouds" can"706"
contribute"to"the"overall"uncertainty" in"the"cloud"feedbacks"contribution"to"the"707"
climate"sensitivity." Improving" the"ENSO"dynamics,"by" improving" the"mean"cold"708"
tongue"SST"bias"and"the"unrealistic"cloud"feedbacks,"will"most"likely"reduce"the"709"
uncertainties" in" the" climate" sensitivity" to" anthropogenic" forcings" by" some"710"
(maybe"small)"amount."711"
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Figures(((805"
"806"

Figure"1.: Lag/lead"auto\"and"cross\correlations"with"the"NINO3"SST." "Auto\807"
correlation"of"the"NINO3"SST"(solid"black"line),"cross\correlation"with"the"808"
NINO3" SST" tendencies" (dashed" black" line)," with" NINO3" Fatmos(red" line)"809"
and" tropical" Pacific" h" (blue" line)." (a)" for" observations," (b)" for" the"810"
ECHAM5\slabELNINO"simulation"and"(c)"for"the"RECHOZ"simulation."The"x\811"
axis" is" normalized"by" the"El"Nino"oscillation"period"of" each"dataset;" see"812"
methods" section" for" details." The" numbers" in" the" legends" refer" to" the"813"
correlation"values"of"the"forcing"curves"with"the"SST"and"the"SST"tendency"814"
curves,"as"defined"in"the"methods"section."815"
"816"

Figure"2.: Lag/lead" auto\" and" cross\correlations"with" the" NINO3" SST," as" in"817"
Fig." 1," but" for" cross\correlations" with" the" heat" flux" components:" Fsolar"818"
(yellow),"Fthermal"(red),"Fsensible"(green)"and"Flatent"(blue)."All"heat"fluxes"are"819"
defined" positive" downward." (a)" for" observations" and" (b)" ECHAM5\820"
slabELNINO." The" two" values" in" brackets" are" the" correlations" with" SST"821"
autocorrelation"and"SST"tendencies"curves,"respectively."822"

"823"
Figure"3.: Hoevmoeller"diagrams"along"the"equatorial"(3oS"to"3oN)"Pacific"of"824"

lag/lead"regressions"with"the"SST"in"the"NINO3.4"region"(170oW"to"120oW"825"
/"5oS"to"5oN)""in"the"ECHAM5\slabELNINO"simulation."(a)"Auto\regression"in"826"
[K/K],"(b)"Fatmos,"(c)"the"sum"Fsolar"+Fthermal"+Flatent,"(d)"Fsolar,"(e)"Fthermal,"(f)"827"
Flatent" and" (g)" Fsense." Values" in" (b)\(g)" are" in" [W/m2/K]." The" y\axis" is"828"
lag/lead"month." The" solid" thick" line" in" all" panels" is" the" 0.7" contour" line"829"
from"(a)."830"

"831"
Figure"4.: Regressions"of"Fatmos"and"Fsense"with"the"SST"in"the"NINO3.4"region"832"

in"the"ECHAM5\slabELNINO"simulation"as" in"Fig."3,"but"only"at" lag"="0."SST"833"
auto\regression"in"K/K.""834"
"835"

Figure"5.: (a)"Power"spectrum"of"the"ECHAM5−slabELNINO"simulation"and"the"836"
mean"spectrum"for"the"ECHAM5\slab"El"Nino"OFF"simulations."(b)"Power"837"
spectra"of"different"toy"models."See"text"for"details."838"
"839"

Figure"6.: NINO3"SST"standard"deviation"(STDV)"as"function"of"(a)"the"mean"840"
NINO3"SST"and"(b)" the"mean"meridional"SST"difference"between"NINO3"841"
region"minus"the"mean"of"the"regions"50"to"north"and"south"for"different"842"
simulations"and"observations."843"

"844"
Figure"7.: (a)" Spread" (root\mean\square" error)" of" the" monthly" mean" SST"845"

climatologies" in" the" ECHAM5\slab" ensemble" relative" to" the" ensemble"846"
monthly"mean"SST"climatologies."Units"in"oC."(b)"Same"as"(a),"but"for"the"847"
CMIP3\slab" ensemble." (c)" The" mean" difference" in" the" SST" of" the" 6"848"
ECHAM5" simulations"with" the" negative"meridional"mean" SST" difference"849"
<\1.8oC" (as" seen" in" Fig." 6)" relative" to" the" ensemble" monthly" mean" SST"850"
climatologies."Units"in"oC."(d)"The"same"as"in"(c),"but"for"the"2"CMIP3\slab"851"
simulations" with" the" negative" meridional" mean" SST" difference" <\1.5oC."852"
(e)"The" ratios" of" the" STDV" of" the" 6" simulations" as" in" (c)" relative" to" the"853"



STDV" of" all" ECHAM5" simulations." (f)" As" in" (e)," but" for" the" CMIP3\slab"854"
ensemble." Each" model" in" the" CMIP3\slab" analysis" contributes" to" the"855"
results"with"equal"weight"independent"of"the"length"of"the"simulation."856"

"857"
Figure"8.: (a)"The"EOF\1"pattern"of"the"ECHAM5\slab"El"Nino"ON"simulations."858"

(b)"as"(a)"but"for"the"CMIP3"ensemble."(c)"and"(d)"as"(a)"and"(b)"for"the"El"859"
Nino"OFF"simulations.(e)" the"DEOF\1"mode"of" the"ECHAM5\slab"El"Nino"860"
ON"simulations"relative"to"the"El"Nino"OFF"simulations."(f)"as"(e)"but"for"861"
the"CMIP3"ensemble."The"explained"variances"of"each"EOF\mode"in"(a)"to"862"
(d)"are"shown" in" the"heading." "The" first"percentage"values" in" (e)"and"(f)"863"
are" the" explained" variances" of" the" DEOF\1" modes" in" the" El" Nino" ON"864"
simulations"and"the"second"values"are"for"the"El"Nino"OFF"simulations."865"

"866"
Figure"9.: (a)"Correlation"of" the" total" cloud" cover"with" the"SST"at" each"grid"867"

point" for" the" 18" ECHAM5" simulations" with" the" meridional" mean" SST"868"
difference" >\1.8oC" (El"Nino"mode"OFF)." (b)"As" in" (a)" but" for" 6" ECHAM5"869"
simulations" with" the" meridional" mean" SST" difference" <\1.8oC" (El" Nino"870"
mode"ON)."(c)"The"difference"between"(b)"minus"(a)."(d)"As"in"(a)"but"for"871"
all"observations."(e)"As"in"(d),"but"only"for"the"25%"of"the"coldest"monthly"872"
mean"NINO3"SST."(f)"The"difference"between"(e)"minus"(d)."(g)"As"in"(d),"873"
but"for"the"CMIP"CGCM"ensemble."(h)"As"in"(g),"but"only"for"the10%"of"the"874"
coldest"monthly"mean"NINO3"SST"in"the"whole"CMIP"CGCM"ensemble."(i)"875"
The"difference"between" (h)"minus" (g)."The"differences" in" the" central" eq."876"
Pacific"in"(c),"(f)"and"(i)"all"pass"the"99%"confidence"level"of"a"students"t\877"
test.""878"
"879"

Figure"10.: Correlation" of" the" total" cloud" cover" with" SST" over" the"880"
NINO3" region" as" function" of" the" (a)" mean" NINO3" SST" and" (b)" mean"881"
meridional"SST"difference"between"NINO3"region"minus"the"mean"of"the"882"
regions" 50" to" north" and" south" for" the" ECHAM5" simulations." The"883"
correlation"values"are"calculated"independently"for"all"data"pairs"with"the"884"
SST\values" within" the" SST\bin" centered" on" the" mean" SST" value" of" the"885"
points"shown"in"the"graph."Anomalies"are"defined"relative"to"the"sample"886"
space"of"each"bin."The"shaded"areas"mark"the"90%"confidence"interval."(c)"887"
and"(d)"as"in"(a)"and"(b)"but"for"the"observations."(e)"and"(f)"as"in"(a)"and"888"
(b)"but"for"the"whole"CMIP"model"ensemble."889"

"890"
Figure"11.: Correlation" of" CSST" (x\axis)" and" CdSSTdt" (y\axis)" with" (a)"891"

CZ20,(b)"Catmos,(c)"Csolar,0(d)"Cthermal,0(e)Clatentand"(f)"Csense"for"the"CMIP3"(grey"892"
numbers)" and"CMIP5" (blue" numbers)" simulations," the" observations," the"893"
RECHOZ" and" the" ECHAM5\slabELNINO" simulation." The" CMIP3" and" CMIP5"894"
model"names"corresponding"to"the"numbers"are"listed"in"Tables"1"and"2."895"
The"correlations"are"estimated"from"the"normalized"lag"\1"to"1"with" lag\896"
weighted" contributions." See"method" section" for" details." Note," that" some"897"
models"are"missing"in"some"panels,"due"to"missing"data."898"

"899"
Figure" 12:" Distance" (root\mean\square" error)" of" the" correlation" values" as"900"

shown" in" Fig." 11b\f" for" the" CMIP3" (grey" numbers)" and" CMIP5" (blue"901"
numbers)" simulations," the" observations," the" RECHOZ" and" the" ECHAM5\902"



slabELNINO"simulation"relative"to"the"observation"(x\axis)"and"the"ECHAM5\903"
slabELNINO" simulation" (y\axis)."Models"with" incomplete"heat" flux"data"are"904"
not"included"in"this"figure."905"

"906"
Figure"13:" Statistics"of" the"CMIP3"BCCR\BCM"2.0"model" simulation:" (a)" and"907"

(b)" lag/lead" cross\correlations" with" SST" as" in" Fig." 1" and" 2," but" for" the"908"
BCCR\BCM" 2.0" model" simulation." (c)" The" mean" difference" in" the" SST"909"
relative" to" the" CMIP3" ensemble" mean" SST." (d)" to" (i)" Hoevmoeller"910"
diagrams"along"the"equatorial"Pacific"of"lag/lead"regressions"with"the"SST"911"
as"in"Fig."3,"but"relative"to"the"NINO3"region."912"

" (913"



Tables(914"
"915"
Table"1:"List"of"CMIP3"CGCM"models"analyzed"in"this"study."The"runs"without"a"916"
number" in" the" first" column" do" not" have" the" data" for" the" heat" flux" analysis" as"917"
shown" in" Figure" 11." The" second" column" lists" the" CMIP3\slab" simulations" as"918"
discussed"in"section"3"with"the"numbers"indicating"the"lengths"of"the"simulations"919"
in"years.."The" third" column" lists"which"of" the"ECHAM5\slab" runs"have" the"Slab"920"
Ocean" El" Nino"mode"ON0or0OFF," which" is" also"mentioned" in" column" 2" for" the"921"
CMIP3"slab"simulations."922"
"923"

Name" CMIP3\slab" ECHAM5\slab"
1. BCCR−BCM2.0"" \" ON/
2. CGCM3.1(T63)" OFF"(30yrs)" OFF"
3. CGCM3.1(T47)"" OFF"(30yrs)" OFF"
4. CNRM−CM3" \" ECHAM5\slabELNINO"
5. CSIRO−Mk3.0"" OFF"(60yrs)" OFF"
6. CSIRO−Mk3.5"" \" OFF"
7. GFDL−CM2.0"" OFF"(50yrs)" OFF"
8. GFDL−CM2.1"" OFF"(100yrs)" OFF"
9. GISS−AOM" \" OFF"
10. GISS−EH" \" ON"
11. GISS−ER" OFF"(120yrs)" OFF"
12. IAP−FGOALS−g1.0"" \" OFF"
13. INM−CM3.0" OFF"(60yrs)" ON"
14. IPSL−CM4" \" OFF"
15. MIROC3.2(hires)" OFF"(20yrs)" OFF"
16. MIROC3.2(medres)" OFF"(60yrs)" OFF"
17. MIUB−ECHO−G" \" OFF"
18. MPI−ECHAM5" OFF"(100yrs)" ON"
19. MRI−CGCM2.3.2" ON"(150yrs)" OFF"
20. UKMO−HadCM3" \" OFF"
21. UKMO−HadGEM1" OFF"(70yrs)" OFF"

ncar_pcm1" \" ON"
ncar_ccsm3_0" ON"(50yrs)" OFF"
ingv_echam4" \" OFF"

"924"
"925"
" "926"



Table"2:List"of"CMIP5"CGCM"models"analyzed"in"this"study."927"
"928"

Name"
1. ACCESS1−0"
2. ACCESS1−3"
3. BCC−CSM1−1"
4. BNU−ESM"
5. CanESM2"
6. CCSM4"
7. CMCC−CM"
8. CNRM−CM5"
9. CSIRO−Mk3−6−0"
10. FGOALS−g2"
11. FGOALS−s2"
12. GFDL−CM3"
13. GFDL−ESM2G"
14. GFDL−ESM2M"
15. GISS−E2−H"
16. GISS−E2−R"
17. HadCM3"
18. HadGEM2−AO"
19. HadGEM2−CC"
20. HadGEM2−ES"
21. INMCM4"
22. IPSL−CM5A−LR"
23. IPSL−CM5A−MR"
24. MIROC5"
25. MIROC−ESM−CHEM"
26. MIROC−ESM"
27. MPI−ESM−LR"
28. MRI−CGCM3"
29. NorESM1−ME"

"929"



Figure 1

a) Observed b) ECHAM5− slabELNINO c) RECHOZ
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Figure 1.: Lag/lead auto- and cross-correlations with the NINO3 SST. Auto-correlation
of the NINO3 SST (solid black line), cross-correlation with the NINO3 SST tendencies
(dashed black line), with NINO3 Fatmos (red line) and tropical Pacific h (blue line). (a)
for observations, (b) for the ECHAM5− slabELNINO simulation and (c) for the RECHOZ
simulation. The x-axis is normalized by the El Nino oscillation period of each dataset; see
methods section for details. The numbers in the legends refer to the correlation values of
the forcing curves with the SST and the SST tendency curves, as defined in the methods
section.



Figure 2

a) Observed b) ECHAM5-slabELNINO
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Figure 2.: Lag/lead auto- and cross-correlations with the NINO3 SST, as in Fig. 1, but
for cross-correlations with the heat flux components: Fsolar (yellow), Fthermal (red), Fsense

(green) and Flatent (blue). All heat fluxes are defined positive downward. (a) for observations
and (b) ECHAM5− slabELNINO. The two values in brackets are the correlations with SST
autocorrelation and SST tendencies curves, respectively.



Figure 3

a) SST b) Fatmos c) Fsolar + Fthermal + Flatent

d) Fsolar e) Fthermal f) Flatent g) 10 · Fsense

Figure 3.: Hoevmoeller diagrams along the equatorial (3oS to 3oN) Pacific of lag/lead
regressions with the SST in the NINO3.4 region (170oW to 120oW / 5oS to 5oN) in the
ECHAM5− slabELNINO simulation. (a) Auto-regression in [K/K], (b) Fatmos, (c) the sum
Fsolar + Fthermal + Flatent, (d) Fsolar, (e) Fthermal, (f) Flatent and (g) Fsense. Values in (b)-(g)
are in [W/m2/K]. The y-axis is lag/lead month. The solid thick line in all panels is the 0.7
contour line from (a).



Figure 4

Regression heat vs. SST at lag = 0
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Figure 4.: Regressions of Fatmos and Fsense with the SST in the NINO3.4 region in the
ECHAM5− slabELNINO simulation as in Fig. 3, but only at lag = 0. SST auto-regression
in K/K.



Figure 5

a) ECHAM5-slab b) Toy Model
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Figure 5: (a) Power spectrum of the ECHAM5 − slabELNINO simulation and the mean
spectrum for the ECHAM5-slab El Nino OFF simulations. (b) Power spectra of different
toy models. See text for details.



Figure 6
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Figure 6: NINO3 SST standard deviation (STDV) as function of (a) the mean NINO3 SST
and (b) the mean meridional SST difference between NINO3 region minus the mean of the
regions 5o to north and south for different simulations and observations.



Figure 7

ECHAM5-slabs CMIP3-slabs

a) mean SST spread b) mean SST spread

c) SST mean diff. El Nino ON d) SST mean diff. El Nino ON

e) SST STDV: [El Nino ON]/[ALL] - 1 f) SST STDV: [El Nino ON]/[ALL] - 1

Figure 7: Spread (root-mean-square error) of the monthly mean SST climatologies in the
ECHAM5-slab ensemble relative to the ensemble monthly mean SST climatologies. Units in
oC. (b) Same as (a), but for the CMIP3-slab ensemble. (c) The mean difference in the SST
of the 6 ECHAM5 simulations with the negative meridional mean SST difference < −1.8oC
(as seen in Fig. 6) relative to the ensemble monthly mean SST climatologies. Units in oC.
(d) The same as in (c), but for the 2 CMIP3-slab simulations with the negative meridional
mean SST difference ¡-1.5oC. (e) The ratios of the STDV of the 6 simulations as in (c)
relative to the STDV of all ECHAM5 simulations. (f) As in (e), but for the CMIP3-slab
ensemble. Each model in the CMIP3-slab analysis contributes to the results with equal
weight independent of the length of the simulation.



Figure 8

ECHAM5-slabs CMIP3-slabs

a) El Nino ON EOF-1 (37%) b) El Nino ON EOF-1 (20%)

c) El Nino OFF EOF-1 (19%) d) El Nino OFF EOF-1 (18%)

e) DEOF-1 (37% / 4%) f) DEOF-1 (15% / 6%)

Figure 8.:(a) The EOF-1 pattern of the ECHAM5-slab El Nino ON simulations. (b) as (a)
but for the CMIP3 ensemble. (c) and (d) as (a) and (b) for the El Nino OFF simulations.
(e) the DEOF-1 mode of the ECHAM5-slab El Nino ON simulations relative to the El Nino
OFF simulations. (f) as (e) but for the CMIP3 ensemble. The explained variances of each
EOF-mode in (a) to (d) are shown in the heading. The first percentage values in (e) and
(f) are the explained variances of the DEOF-1 modes in the El Nino ON simulations and
the second values are for the El Nino OFF simulations.



Figure 9

ECHAM5-slab ensemble
a) b) c)

Observed
d) e) f)

CMIP ensemble
g) h) i)

Figure 9: (a) Correlation of the total cloud cover with the SST at each grid point for the
18 ECHAM5 simulations with the meridional mean SST difference > −1.8oC (El Nino
mode OFF). (b) As in (a) but for 6 ECHAM5 simulations with the meridional mean SST
difference < −1.8oC (El Nino mode ON). (c) The difference between (b) minus (a). (d) As
in (a) but for all observations. (e) As in (d), but only for those month that are the 25%
of the coldest monthly mean NINO3 SST. (f) The difference between (e) minus (d). (g)
As in (d), but for the CMIP CGCM ensemble. (h) As in (g), but only for the10% of the
coldest monthly mean NINO3 SST in the whole CMIP CGCM ensemble. (i) The difference
between (h) minus (g). The difference in in the central eq. Pacific in (c), (f) and (f) all pass
the 99% confidence level of a students t-test.



Figure 10

ECHAM5-slabs

a) Cloud-feedback vs. NINO3 SST b) Cloud-feedback vs. meridional SST diff.
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c) Cloud-feedback vs. NINO3 SST d) Cloud-feedback vs. meridional SST diff.
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e) Cloud-feedback vs. NINO3 SST f) Cloud-feedback vs. meridional SST diff.
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Figure 10: Correlation of the total cloud cover with SST over the NINO3 region as function of the
(a) mean NINO3 SST and (b) mean meridional SST difference between NINO3 region minus the
mean of the regions 50 to north and south for the ECHAM5 simulations. The correlation values
are calculated independently for all data pairs with the SST-values within the SST-bin centered
on the mean SST value of the points shown in the graph. Anomalies are defined relative to the
sample space of each bin. The shaded areas mark the 90% confidence interval. (c) and (d) as in
(a) and (b) but for the observations. (e) and (f) as in (a) and (b) but for the whole CMIP model
ensemble.
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a) Z20 b) Fatmos
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Figure 11: Correlation of CSST (x-axis) and CdSSTdt (y-axis) with (a) CZ20, (b) Catmos, (c) Csolar

(d) Cthermal (e) Clatent and (f) Csense for the CMIP3 (grey numbers) and CMIP5 (blue numbers)
simulations, the observations, the RECHOZ and the ECHAM5 − slabELNINO simulation. The
CMIP3 and CMIP5 model names corresponding to the numbers are listed in Tables 1 and 2. The
correlations are estimated from the normalized lag -1 to 1 with lag-weighted contributions. See
method section for details. Note, that some models are missing in some panels, due to missing
data.
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Figure 12: Distance (root-mean-square error) of the correlation values as shown in Fig. 11b-f
for the CMIP3 (grey numbers) and CMIP5 (blue numbers) simulations, the observations,
the RECHOZ and the ECHAM5 − slabELNINO simulation relative to the observation
(x-axis) and the ECHAM5− slabELNINO simulation (y-axis). Models with incomplete heat
flux data are not included in this figure.



Figure 13

BCCR-BCM 2.0 model statistics

a) netheat and Z20 b) heat flux components
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Figure 13: Statistics of the CMIP3 BCCR-BCM 2.0 model simulation: (a) and (b) lag/lead
cross-correlations with SST as in Fig. 1 and 2, but relative to the NINO3 region. (c)
The mean difference in the SST relative to the CMIP3 ensemble mean SST. (d) to (i)
Hoevmoeller diagrams along the equatorial Pacific of lag/lead regressions with the SST as
in Fig. 3, but relative to the NINO3 region.


