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ABS’J’I{AC’J’

(lptin]al  fingerprinting is applid to estimate the amount  of time it WOUICI  take to de-

tect warming by incrcasd concmtrations  of carl)on  dioxide in monthly averages of tcw-

pwature  profiles over the Indian Ocean. A sim])]c  radiative-convcdivc model is usd to

ddi~l(!  the strl]dllr~ of th~ wal”]l]i~)~  si~l]a],  and t]]~  ] ()()-~(!al”  ~olltl’o] ]’[1[1 of th(! (;~])]J

atn]osphcric oceanic glol)al clinlatc nlodcl is usd to cstinlate  the natural variability of

the upper air tcn]pcratunx. ‘1’hc sigtlal  is assund to IN thc diffawce  in t}vo period of

data, cad period consisting of twdw Consecutive mont  11s of nwnt hly avcrasc tcwlpcra-

turc profiles. W’hcm the varial)ilit,y  of nwnthly avwagcs arc assun]d  indq)cndcnt  of each

other,  the difference in August I]])pcr-air  tcn)pc:raturcs  yieldd the strongest fingerprint,

giving a tin~c span for a 1 -siglna detection of 22 years. WhCn only August surface tcln -

pcratllrcs arc used, the 1 -signla  ddwtion  time is 43 years. Wrllcn

variability bd,wwcn  nlolltlls  arc considcvd,  tll]c 1-sigma ddcction

13 years for surfacw  tcmpcraturcs.

corre]atiolls  of lmtural

tinlc l)ecwnlcs  10 years,

In o])timal  fingerprinting the detection tinlcs  can I)c critically dependent on sn]all,  lln-

cmtain aspects of the signal  shape used to dctxt  a particular signal. ‘llhe nldhoc]s  usd

to din~inatc  such a possibility are d }LOC in this work, yd a formal  nlcthod  to propw]y

handle such difficulties should bc construct ill the f[lture.
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1. Introduction

I’hat  the near-surface tcvnpcraturc  of the Harth’s atlnosphcrc has lmw  increasing over

the last scweral  dccadcs is almost  certain; ]lowcvcr,  whether tllc warnlillg  is attril)lltal~le

to incnasing  lcvds of grccnhousc gas concentrations is still qllcstional)]c (1 I’CC 95).

‘1’hc issue of attrihtability  is commonly  addressed l)y looking for distinct ivc features

in the pattern of the ohrvd warming  which are prdict)d  by theoretical n]odcls of the

clin~atc system.  Fkxxnt  pattern-basd studies have examined surface tcnl])uaturc  data

fronl the past century (l Icgcrl  d al. 1996, 1997) and radiosondc records froln the past

50 years (Santcr d al. 1995, 1996). only the fornlcr  usd a formal statistical tcchniquc

known as “opti~nal  fillger]~ril~titlg,” which specific.ally weights those con~])oncnts  of t,hc

cxpcctcd  pattcvm  so that nlllc}l of the natural varial)ility  of the clin]atc is clinlinatcd

(Ml 1986, Hassclmann  1993, North ct al. 1995). ‘J’hc result is a signal-to-noise ratio

(or a tinlc-series of signal-to-noise ratios), which gives the prol~al)ilit,y  that a natural

fluctuation of tllc clinlate  could cxl)lain the trend that is sum in the clinlatological  data.

I,croy (1 998) has shown that tfhc tcchniquc of optimal fingcrl)rint,ing  is a s])cc.ial  c.asc

of I]aycsia~l  statistics in which the ])attcrn of tllc siglmls  arc assunled as ktlov’]1 and

the unknowns arc the amplitudes of the signals to l~c dctcctd.  Conscqucllccs  c)f this

approach arc (1 ) that optimal fin.gcrprint)ing  is able to pcrfcct]y  distinguish betwccil

diffcrcntl forced clinlatc signals, no nlattcr how silnilar  their lJattcrlls,  and (2) that,  any

cnor in tlhc prescription of the signal patterns leads to confllsing the ddcction  of onc

forced climate signal for another. ‘J’hc first allows us to detect  scwcral  forced signals

withollt hal’ing to inlposc a pviori conditions on the ratios of the signal  anlplitudcs to

h dc.tcctd,  and the second clict,atcs  that care must  bc taken when rclyil~g upon  signal

patterns which are to bc usd in c.lin]atc signal dctcciion  studicso

‘1’hc results of the pattern-l)asd signal detection studies to date, most of which

conccmtratc  on glol]al-scale horizontal patterns (I Icgcrl d al. 1996, 1997), point

toward a human influcncc on present trends in the Marth’s  climate (H’CC 95). ‘1’his
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concllwionl Ihough, is largely  hascd on ihc al)senco of sul)stant,ial  long-tcnn  natural

variability of the climate as prescribed l)y long control  runs of atlllos~Jllcrc/c)ceall  glol~al

climate lnodcls (A OGChl’s).  h~any AOGCM’s contain a “flux acljustmcnt” in order

to nlaintain realistic clinlatc states in cases  where ocean circulation tends to magnify

discrcpcncics  in the surface energy balance (11 ‘CC 1 995). ‘1’his type of acljlwtnlcnt  could

suppress so]nc  intcrclccadal  varial)ility  which the ocean circulation might realistically

gcncratc. If indeed  there is incrcascd intcrdccadal varial)ilitjy  caused by clla]lgcs  in

the ocean circulation, one need not rely on inl])rovd nlodclillg to diffcrcmtiate  such

varial~ilit,y  fro~l~ tl~llds  C~IISCC]  l)y incrcasfxl  grf.wllllollsc  gas forcing. Fbr instance, it is

cx]mctcd that a change in occall circulation ought, to impact tllc vertical strllctllrc of the

atnlosphcrc  cliflcrcntly  than does  warming  lry increasing co]lcc:]lt]atic)]ls  of .grecnhousc

gases.  Furtllcnnorc,  the pattern  of stratospheric cooling and tropospheric warming l)y

incrcasin,g  grccllhousc  gas concentrations n]ay Ix quite different than natural c.limatc

patterns of tropospheric and stratospheric fluctuations. ‘J’bus, wc arc pointed toward  the

nccwssity  of applying pattern-bad studies to c}langcs  in the vdical  structure of the

clinlatc.

‘The data sds available at present for pattern-l)ascd studies arc unsllitablc bccausc

they either suffer  fronl calil>ration  error or incolnpldc  global covcragc. For instancel  the

50-year record of radiosondc n]casurcvncnts (AuE@l 1988) suft’cr  from I)oth inadequacies

(Gaffen  1994). W’ith the schcduld laul)c.hin,g  of instrun]cmt,s  such as tl)c Atmosl,hcric

lnfrard  Soutldcr  (Aumann and I)agano  1994) as part of }{;0S, wc can cx~)cct  a deluge of

data which is potentially suitaljlc  for pattcrll-lmsd  studies of changes ill tltc vertical

strudurc  of tlhc atnlosphcrc. in addition, two ranotc sensing cxJmrinlO]ts  IIavc been

prcq~osd which would  ol)tain global covcragc with ncgligil)lc calil)ration  error: onc

of which is radio occultation of the atnlosphcrc using the glold positioning systcm

(Kl~rsinski d al. 1996, 199’7, I,croy 1997) and the other  is a high resoluticnl  infrared

intcrfcrolnctcr,  both of which arc low cost (Goody  d al. 1997).
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111 this paper, optinml  fingcrprint,ing is IMNI to invcstigat,c  the likc]ihoocl  of detecting

changes in vertical tcnlpcraturc  which arc attri})l]tal)lc  to increasing Cc)llcc:lll]iltic)lls  of

grccnhousc  gases.  I+’or  the sake of sin~])licity,  only tcmpcraturc  profikx in the region

of tlhc Indian Chxan are considerd,  and it is anticipate that, the data set to l)c

ol)taind is only onc year in length. ‘1’his snapshot of the atnlosphcrc wollld  thcll l)c

compared to a sinlilar  snapshot of the atmosphere several years hcncc to identify trends

possibly atltjributablc to increasing greenhouse gas c[)llce]]tr:ltic)lls.  Hvcn though raw

nlcasurcnnc]lts  can be USC(1  it] optimal fingcrprintilg,  such as infrard racliallccs  frol~~

AIFiS or all intcrferomctcr  or rcfradivitics  fron] G1’S radio  occultations, in this study

tcnl]mraturc profiles are usd.

in the second section of this paper a brief introduction to optimal fingerprinting is

prcscntccl  following IIassclnlann  (1993, 1997). in the third scdion  is an analysis of

how long it should  take to positivc]y  attribute a trend in the tcn~pcraturc  profile to

greenhouse-gas induced warming it it is indeed  ])rcscnt. ‘1’his analysis first assumes

that, only an individual month of data is takc]l  ill cac}l  of the two snapshots of the

atlllosphcrc over  the Indian Ocean and then assumes that, all entire  year’s wortl]

of monthly  averages is taken ill each snapshot. ‘J’hc final section  of this ]mpcr  is a

discussion of the implications of this work and work which must be done iu the future.

20 Optimal fingerprinting

In a }~attt:rl-1-l]asccl  detection study, it is antic.ipatd  that,  wc have Ar data clcn]cnts

which conl])risc  a data vector d. ‘1’hc clcnlclltls of t}lis vector can I)c any type of

mcasurcn]cnt or post-proccsscd  ]neasutxvncnt  such as ttnnpcrat.urc  as mcasllrcd by a

surface  nldcorological  station, a tcnnperaturc  at 300 ]nbars  as rdricvccl  froltl a radiance

n]casurcmcnt from space,  a nlonth]y mean gcopotcntia]  height of the 200-n lbar surface

over a spcxific  location, etc. Furthcrnlorc, it is rcqllird that a clinlatolog; ica] mean is

rcnlovcd fronl ~. ‘1’his can I)c done in many ways. For instancm,  if an dcnlcnt  is a k’ouricr

transform component  of a tinlc series, no n]can is involvccl.  Also, onc can take two
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snapshots of the atn~osphcrc  and take the diffcrcwcc  of like clancnts,  thus din]i]]at,ing

a climatological  n~can. In the cd, the data vector with N elcn~cnts can be written as

7?1
~: ~sicri-1 H (1)

i ]

in which m signals arc hypothcsizd  to I)c prcscvlt,  tllc i’th signal is cxpcctd  to have a

pat tern $~ as sewn in the data, the anlplitudc of the i’th signal is ~z , and U is a Gaussian

noise conlponcnt  which dcscrilm  the natural varial)ility  of the atn]ospllcrc as seen in

the data ~. Flach of the m signals is the response in the data to an “external” forcing,

such as variations in solar  insolation duc to tllc 1 1-year solar cycle, dccrcasi]]g levels

of stratospheric ozoncj etc. ‘1’hc statistics of the climate varial)ility  conlponcnt can l)c

adcqllatc]y dcxcril)cd  l)y its covariancc

N  = (Tm7’).-.

‘1’hc signal patterns can IN rcwrit,tcn  in t,hc form of a nmtrix S with N rows and m

columns, the i’th column of which is the pattern of the i’th signal $’i.

At first it is instructive tc) find signal amplitudes given signal patterns S without

regard to the nature of the clinmtc variability. ‘J’his is done by define X2 as

(2)

(3)

data. The signal  amplitudes arc found hy nlininlizing  ~~~,)~~~(,,],~1 by varying it in G. I’hc

solllt,ion  is

(4a)

Wllcrc

c Imnoptiltlal  :
~(sl’s)  1 (41))

‘J’llC!  CO1lIIIIIIS C)f C,]~,,~pL,*,,~l ]nake llp a set of vectors callcxl  signal adjointsj the i’tll

collllnll  of Cnonoptimal  p~oj~~tiw  O1llY ol~to  t~l~ ~)tll  ~01111~~1~  of S all~~  11O Otllel”.  11~ this

case, note that the adjoint vectors which conlprisc ~,,~,l~,pti,]lal span the salnc space as
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the vectors which conlprisc S. lJsing the acljoint  vcdors,  it is ]Jossil)lc to ddcd siglla]s

with the patterns  prcscrilxxl by S l)y simply  cross-cor]eltitil]g  tllun with tllc data set d.

‘1’his pattcr]l-lxmd  detection ]ncthod is llonopt  ill]al, tllol@l.

TMcction  can bc c)ptimizcd  ljy dcfinin.g X2, cssc]]tially  divi(ling  tllc rcsidllals  l)y tllc

noise.  In doing so, large residuals arc pcnnittcd  vvhcre  the natural varial)ilitjy of the

clinlatlc is cxpcctcd  to h Iargc algnvay, ])ut residuals arc nlorc strongly penalized where

the clinlatc is not cxpcctd to vary naturally b-y very n]llch.  ‘1’hc rcdcfinitio]l is

!l’hc signal anlplitudc Q which nlinimizcs  ~~l,~il,,al is found, as usual, by varying 0 and

,2 - 0. Me result  is the “nlost  prol)al)lc’)scttillg ~X~~]til]]aI  - signal aln~)lit,lldc  CY2,), whit]) is

wh(’rc

C: N“’S(S7’N ‘ S )  ‘. (m))

‘J’he coltl~nns  of C arc the o]>timal  acl<joints of the signal lmtterlls given l)y the col III III)s

of S. Oncc again, tllc i’tll o]~tin]a]  acljoillt  ]mttcr]]  l)as a ]Io)l  zero  correlation with olll-y

the i’th signal pattern $Z. ‘J’hc s]hacc slmnl]ed  lJY tllc o])tilt]al  a(ljoil]ts  is that spallnd l)Y

the cigcnvcctors  of N.

g’hc uncertainty in the calculatd amplitude g~~l is a cwvariance  nmtrix A in tllc

clcnlcnts of g. q’hc llncmrtaint=v ill the anlplitludc  of the i’th signal is just tllc square root

of the i’th diagonal clcmcnt of A. ‘1’his covariallcw  ]natrix is found by varying the data d

by the natural varial)ility  ~, estimating the  cll:Lngc  ill the signal amplitude bg ~ g Q,,l,

and calculating the ensmnblc average

A  : (6Q (k~q’) (7)

which yields

A= (S1’N ‘ S )  ‘. (8)

-7-



‘1’hc unc,crtainty in the signal wn})litudcs can l)c dctcrmincd  given the prcscriptiol) of the

signal patterns and the natllral variability but without, ally real data.

While the theory is dcgant  and all the quantities arc well-ddincd,  workiug  with the.

natural variability covariancc nlat,rix  N can 1x: prohlcwatic.  in general, onc would

conlputc  the natural variabilit~y matrix  l)y taking the cnscnlb]c average of c]imatc

fluctuations, as in Eq. (2), fronl  a long control IUI1 of an AOG Ch4. ‘J’hc dimension of

N is the numlm of mmnbcrs  in the data vcctm  ~, which call IN a large number  indmd.

If an cmscmb]c  of 10(I dcmmts  is used to calcwlatc  N, then if its rank N is greater than

100 , the matrix  N will have at least N - 101 cigcnvalucs which arc mm. III that case,

N cannot bc invcrtd. I’his prol)lcn~ is avoided if wc retain only the first 1 cigc]]lt]odcs

of N as suggcstd by lIassdn~an  (1993). ]n this situation, the cigcnvalucs of N arc AK

and the eigcvnwctors  arc ~k, ~)h.  hcing the k’th colun~u  of matrix P. If only a sulmt  of

1 cigcnmoclcs is Maind,  then a truncated noise covariancc matrix  and its illvcrse arc

dcfind as

in which Pf is the truncatd  sd of 1 cigcmwctors and Lf is the diagonal lnatrix of

corresponding cigcnvalucs. IVith thm clcfinitiom,  note that Nf 

] is not the true matrix

~’ Fkluations  (6) and (8) rcn]ain valid nonetheless.inverse of Nt but that N; ] Nf = Pf Pt .

WhCn the problcni is fonnulatcxl  this way, it bcconlcs  c.onvcnicwt  to think of the dc-

tcctioll problcnl in tams of ‘(indicators. “ ‘J’hesc  indicators arc obtained by Icsolving

the data set @ into 1 nunlbcrs hy projecting tile 1 Maind eigcnnlodcs  onto ~. F;ssen-

tfially, only / Iincar coml)inations of the original data sd arc lwpt. ~’hcsc are the indica-

tors. ‘1’hcsc  indicators can then lJC usd l)y thcnlsdvcs  to solve the nmltiplc climate sig-

nal detection prol)lcn~. ‘1’hc only caveat is that the nunlbcr of indicators rctaillccl n]ust
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hc greater than or equal to the nunlber  of signals to l)c detected. Othcrwisc it can lK:

s11ow]1 that the quantity S7 N; 1 S, which appears throughout, has no inverse.

3. Application to temperature profiles

In this sedion,  the theory of the previous scdion  is a])plicxl  to calculate the uncer-

tainty  A ill the dctcnnination  of signal an~plitudcs  given a prescription of the natural

variability. Hcluation  (8) is used  to calculate this llnccrtainty estimate, which does not,

illvo]vc  the usc of any data. ~’hc result  will permit  an estinlatc  of how large a signal

should l>c l>cfore wc can hc certain it is not a natural fluctuation of the clinlate.

‘J’hc data arc monthly average tcmpcraturc  as a function of pressure as mcasurd

in onc glold region for two periods of twelve cmnsccutivc nlontlhs  widely spacd  in

time. ‘1’hc region c.hoscn  in this study is the lndian Occan, which is defined by 50” to

90’]1! Ion.gitudc  and 10OS to 10*N latitude. ‘J’hc I1ldiaIl  Occan is chosen l)ccausc it is

anticipated that the natural variability of upper air tcnnpcraturc  thcm is snlall and a

sinlplc  radiative-convective modd  can I)c usd to gene.rate a signal shape. Tllc  pressure

lCVCIS  chosen s~mn 10 to 1000 mlmrs lc)g:~litllll]ic:llly:

j)~ = ( 1 ( )  ml)ars) x 1 ()(* ‘)/20 (lo)

~T]lc~c ~ ~IIlls fl.olll  1 to 4] . ‘J’l Ic ~l~~l~~l~ts  of t]l(:  c]at,:l  vector d arc the diffcrcnccs in

tcvnpcraturc  over a long tin]c Imclinc  for the .givcl]  pressure lCVCIS  and the twelve

n~onths  of the year. q’hc data vector ‘1’hc nlonths  arc ordered as .January through

1 Xxxvnbcr. ~’bus, g! consists of tcnnpcratjurc  changes for 41 difl’crcnt  pressure lcvds  and

12 diffcvxmt  months  of t,hc year,  yielding 492 clcn]cnts for ~, and a 492-by-492 matrix for

the natural variability covariancw  N.

a. !7’}Lc  si911al  pattern

‘1’hc only pattern sought in this study is the result  of increasing concnltrations  of

carl)on  dioxide. Since only one signal is involvd, the signal  pattern nlatrix S I)cconles  a
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vector s of dilncnsion 492 and the amplitude llllccrtainty covariallcc lnatrix  A bccomcs

a scalar a.

‘J’llcsigllal]Jattcrll  isol~taincd from aollcclilllcllsiollal  racli:lti\'c-co]l\  'ccti\'c1]lo[lcl

(I,indzcn d al. 1982) covering O to 40-kn, altitude of a doudlcss  atmosphere. ‘i’l,c

cumulus  convection Schcmc is that of IJindzcn (1 981, 1 982) and the radiation schcnnc

is taken from Chou and Suarcz (1994). ‘1’hc solar flllx is sd to 1374 WT m 2, the surfacm

alhcdo to 0.15. ‘The diurnal cycle is omitted, I)ut is silnulatcd  I)*Y scttirlg the solar flux at

the surface to half its daylight average. ‘J’hc daylight, average cosillc of the nnith an.glc

is set to 0.5. ~’hc nlixing ratios  of n]cthanc and nitrous oxide arc set to 1.75 ppmv and

0.3 ppmv rcspcctivdy.  ]’;quilil)riun]  tern]  )craturc Jjrofilcs  arc ohtaind  Iy intcgratill,g  the

nlodcl for 600 days with the c.arl)on  dioxide ]nixillg  ratio set to 330 ppmv aIId thcm to

396 ppmv, a 20% incrcasc.

‘J’hc cquilihrium tcnl~maturc  profile as a function of ]nxwsurc for a carl)oll  dioxide

mixing ratio of 330 ppmv is sllowll  in Fig. 1, and the cllangc in the cquilil)rium

temperature ]wofilc  resulting froln incrcascd carbon dioxide is S1]OWH in F’ig, 2. ‘J’hc

latter  is the signal pattern :. It is assumed characteristic of cad n]onth of the year.

b. 77K natvrd variahilihj

‘J’hc natural variability is conlputcd  using the 1 00-year control run of the Geophysical

Flllid  llynatnics  I.aboratory  (G F’I)l,;  GoN1o]1  and Stern 1982, hlanahc  d al. 1991). ‘J’hc

nloclc]’s  atn]osphcric grid is gill] SSiall with 48 lo]gitude  clcmcnts, 40 latitude Clcnlcnts,

and 9 vertical O-lCVCIS spanning the surface to 25 nll)ars. It is a fully coupld  AOGC;M.

‘1’hc data, which was ol~taincd  from the National ~;lin~atic  l)ata  C;entcr,  are nlont,hly

averages ova a span of 100 years, giving 1200 tinlc steps  of output. q’he tcvnpcraturc

prdilcs  arc interpolated onto the pressure lcwds dcfinccl l)y Eq. (1 O) logaritllnlically in

pressure.

‘J’hc natural fluctuations of tcnlpcraturc  arc ohtaincd l)y sul~tracting  tllc average

tcmpcraturc  profile and the annual cycle. ‘1’11[:  natural variability cnvariancc  N is
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calculated by ddining  the cnselnhlc  nlcmlmrs over which to average as each year of

the 1 00-year  run. l’his nlcthod Ca])tllrcs  tllc llloclc]’s  llatllral  varial)ility  il] ll~~])cr-air

tcnnpcraturc  with frcqucncics  lCSS than w 1 yr ], wllic]l is a~)])rol)riatc  sillcc  the silnlllatd

data spans just onc year  in tinlc.

c. Signal odjoints  and Iinccrtainties

‘1’he optin~al fingerprints (signal a(]joints)  and the uncertainty in signal  alnplitudc arc

calculatdo  The signal acljoints  are found  using Flq. (6) a]ld tllc anlplitudc uncertainties

are c.alculatcd  using Ml. (8). !l’hc c.linlatc variability is a trllncatcd version of the full

covariance,  as ddind by Eclo (9). ‘1’hc profile of the ran.gc of temperature fluctuations

for August, is shown in Fig. 3.

1 ) No 1 NTliRhIONrI’ll  CORREl,A!l’ION

At first, the fluctuations of the climate arc co~lsidcrd  indc])cndcnt,  fro~n ]nonth  to

n]onth hut not fron] vertical lcvd  to lcvd.  J)ctcc.ting  the signal s turns into twdvc

illdcl~c’)ldent  l}rol)lcvns,  onc for mdI montl] of tile year, each  with its owlI signal acljointl

vector g~, anl])litudc cstinlatlc  a~, and amplitude covariancc [/i. ‘J’lle index i is for tllc

111  OIlth of the year , and  equat ions  (6 )  and  (8) a])])ly to each  Illollt]l illdividllally. ‘J’he

natural variability covariancc Ni is ccnnputcd  for CWC1l nlo]ltll,  and the cigclln]odes a]ld

cigcnvalucs arc folllld  for cad Ni. k’or cxanlplc, tllc first follr cigc]lt~~odcs  for Allgust arc

shcnvl]  in Fig. 4.

Recall that the matrix Pf is ddind as a sulmt of the conl])letc cigcnvcctor  set for

the clinlatc variability covariancm n]atrix  N. IIerc, the ei.gcnvcctor  n~atrix is composed

of the 1 nlodes with the largest  cigcnvalucs.  q’hc dcgrcc to which cad of these nlodcs

colkributcs  to detecting the signal ~ depends on how nlllc.h of the signal  is dcscril~cd

hy the cigcllnlodc  and how nluch of the climate’s natural variability is in that nlodc.

To evaluate the fonncr  dcpcndcmcc, the dcgrcc to which the signal : projects onto each
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‘J’hc latter dcpcndcncc  is just the cigcnvaluc of that,  nlodc. ‘1’hc uncertainty covarianc.c a,

othcnvisc  given by ]lq. (8), can IN rcwritjtcn  as

a (g:;,)  ‘ (12)

in which ~~~ is the k’th dcnlcnt  of ~~, Ak is the k’th cigcnvaluc , a n d  t!hc extra factor of

2 is included lmcausc  a difl’crcnce  mist l)c takc~l  Imtwccn two different years. If a,,,  is

the amplitude of the signal as it nlight clncrgc ill the data, then the si.gnal-to-noise ratio

(13)

clear cascade of Ci.gwnvalllm for each  lnontjh,  bllt the projections f#~~ clo not,  cascade as

sI~~OOthly.  In fact, lmyonr] some eigcnmodc  numhcr,  the projcdions  I): lXXO1llC lligl~ly

irregular, rdlccting  the fact that the signal f will projcd  onto an cigcnvcctor  regardless

of its ci.gcnvaluc.  Depending on what, set of nlodcs is retained as the indicators, it seems

possible to obtain any signal-to-noise ratio for detecting the climate signal $ we desire.

‘J’his deserves c.loser inspcdion.

In general, the modes of variability with the lar.gcst  cigcnvalucs arc associated wit}l

the largest vertical  features, and the nlodcs with the snlallcst cigcnvalues  with the

finest vcrtic.al features. ‘1’bus, the coarsest features of the sigylal  f are rcprescntcd by

tlic nlodcs with the largest associated variability. ‘J’o illustrate this point, the signal is

projcc.tcd onto the first 1 modes of varial)ility  aud expanded Iy those same nlodcs:

(14)
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where s}{ is the rcconstrllc.td  signal and P is tl]c matrix m~ltailling tllc first 1 modes of

viability. ‘1’hc reconstructed signal s]{ is dc]xulde]lt  on the nunlhcr  of lnodcs includd

(1), and is shown ill Fig. 6 for 1 from 1 to 6 usilig tllc cigcnvcctors  for Augllst. ‘1’JIc

first five II1O(]CS  dcscril)c tllc coarsest SCdCS of tllc signal Wc]l cnollgh, Sudl that tllc

remaining diffcrcnccs lxkwcn[  tllc signal and its ]’ccollstr(lctic)ll  arc more  likely the result

of a flawed nlodcl than details of a realistic signal. ‘1’here is no reason to trust a l-d

radiative-convective model (or any other modd)  to give a rcdistic  signal  shape down

to such fillc detail. ‘1’bus, the higher order modes cannot, hc justifial)ly UWXI  as indicators

in this dct.cction  problcnn  and only the first five Inodcs  arc usd (1 = 5 ill l{;q.  (9)).

T’alit 1 gives the signal-to-noise ratio for cac.h month .givcn 1 = 5. F{ecall  that

0’7),  ~ 1 reflects the consequences of a 20% increase in carbon clioxidc.  For  purposes of

colnpariso]l, table 1 also gives the SNR that is ohtaincd if only the surface  tcmpcratum

(p= 1000 n~l~ars)  is usd. ‘J’hc signal is nlost prolml)ly  dctcctcd  ill August, with an SNR

of 1.80 (at], = 1). Assuming a carbon dioxide growth  rate of 0.5% pm year, it would take

22 years ((40 years)/1 .80) to obtain a 1 -signla detection of alltlllo~)og(!llica  lly-ill(lllcc(l

wani~ing  iu August upper air tcmpcmturcs.  IH comparison, it would take 43 years  ((40

years)/O.93) to obtain a l-sigma ddcction  using tl]c August, surface tcmpcraturc  alone.

Many previous dctcctiml studies have used only surface tmnpcraturcs to detect c]in]atc

signals, so it is instruc.tivc  to estimate l)ow nlany extra illdc~mldcnt indicators onc

gains by using upper-air tcnlpcrat,urcs  in addition. ‘J’hc ratio of the SNI{ ol)taincd using

uppu-air  tcnnpcraturcs  to the SN}t ol)taincd using surface tcmpcraturc  is approximately

the square-root of the numlmr  of indcpcndcnt  indicators comparcc]  to just, one indicator

for the surface tcmpcraturc.  By this nldhod,  the nun]l)cr of indcpcmdcnl indicators is

approximately 2 to 3 tinles the nunlhcr  of surface tcnnpcraturc  indicators, according to

table 1.
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2 )  WITH INTERilfONTH  COI{RF;l,AI’10N”

Next, the fluctuations arc assured condatcd  lmtwccm  lCVCIS  and months of the year.

~’hc signal ~ contains 492 dcvncnts and lWUS the same structure for cacll Inonth  of the

year, as sllow1l ill Fig. 2. Mllati~l~s  (~) a~l~~  (~) al@i~d ill fllll.

F’igurc  7 sliows the spectra of bc)th  the projcxt ion of the signal onto cad]  nlodc

of variability and twice  the variance Ak of that I]IOCIC. I{cdl that all nlonths  of the

year arc coupld  togdhcr and thus only a single s]wctru~u is ncccssary.  As before,

it is possible to obtain a nearly infinite  SNl{ in detection if every n~odc is included.

111 this case, the signal is spread over many nlorc mcJdcs  than ]nu’iousl~r,  because in

coup]ing the nlont,  hs of the year together n~orc ndcs of variability arc introduced. As a

Conscqucnccl  how to truncate the series of pro<jcctions  bcconlcs  a nlorc difficult, decision.

Figure  8 shows the sutn of the first 1 sc]llarc-I)lojcctiolls d~~ normalizd  l)y tlll[:  sqllare  of

the signal S2:

(15)

the k’tll dcmcnt c)f qt as dcfiIId l)y l’kl. (1 1). ‘J’llc first ci.ght Clelllcmts

lxxausc  the variahilityj which is conlputcd  using the GF1 )1, AOGUVl,

dots not span pressures }Jctwccn 10 and 25 mlmm. ‘J’hc.  cunlu]ativc square projection can

lJC thought< of as the fractioll  of the signal accounted for after including the 1 n]odcs with

the largest variances.

!l’he climate variability Nt is clcfincd  by truncating the sd of cigcnmoclcs according to

Hq. (9). After truncation, the rcnnaining  1 modes arc those with the 1 latgcst cigcmvalucs.

!l’hc nu]nbcr of n~odcx  rd,aitlcd  is enough to give a cunlulativc @2 of 0.90, shout, the

sanle  cumulative ~J2 obtfaincd  l)y including 5 modes in the l)rcvious section. ‘1’his

n]anc]atcs keeping about 60 n]odcs. ‘J’hc acljoint  vector, which spans all n~ont,hs of tlhc

year, is shown in Fig. 9. ‘1’hc SNI{ for this nlcthod is 5.04. If, I1OWCVCY,  the first 72

nlodcs are usd, then the SNR for detection lmcon~cs 6.06. ‘Table 2 contains a list of the
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SNI{ for certain numbers of modes included (1). C;lcarly,  the dctcctaljility  of a signal is

heavily dcpcmdcnt  on the 1 indicators llscd in the detection.

In comparison, the SNl{ for ddccting  a signal inducd  by a 20% increase ill carl)oll

dioxide (at)l = 1), using only tllc sllrfacc  tcnl]matllrc  with intcmnonth colll)ling, is 3.(15.

‘1’l]is is found by first taking tllc sulwct of the total clin]at,c covariancc N corresponding

to the 1000-nll)ar tcnlperaturc  fluctuations, Mining it as NS, a 12-1~y-12-clcnlcnt nlatrix.

~’hcn the signal is dcfind as Es, a 12-clcmcllt v~ctol’, cad clcmcnt of which is set  to the

clclncnt of the signal ~ corresponding to 1000 n]l)ars. ‘1’hc surface SNIt lwcorncs

(16)

‘1’bus, with intcnnonth  coupling, it would  take 7 years ((40 years)/5.04) to obtain a

l-signla  (a,,, = 1 /5.04) detection of carl~on  clioxiclc-itlclllcccl  warming  using upper air

tcnnpcratlurc  I)ut 13 years ((40 years)/3.05) using only surface  air tcnlpcraturco

~crtainlyl natural fluctuations of the climate  can generate tcnlpcrature  trends  over

a 7-year timcscalc  than can swamp the dlcds of warming  ly incrcascd grccnhoww

gases. ]’rovidcd  that tllc nlodcl lwcd to simulate tllc varial)ilit,y  approxinlatcs dccadal

timcscalc variability wall, the statistics done here propcr]y  take such natural trends

into account,. Note that a l-signla  detection ]ncal]s  that there is a 32% chancre that a

natural fluctuation of the dimatc  will overwhelm the sig]lal. ‘J’his is not an itlsignificant

probability, and thus at least a 3-signm detect iol] should  bc sought.

‘1’hc results for SN1{ ol)taincd so far can lN casi]y nlodifid by selecting a diflcrcnt

set of n]odcs to rdcflnc the clin~atc variability. Another l)lausiblc  approach is to sclcd

only those modes which account for nlost of the signal. ‘1’his anlouuts  to sorting l~y

dcscellC]illg sqllarcc]-]~roj  cctiorls ~~ as defined  by Eq. (1 1 ). Y’hc cmnulative square

projection ~unl 42(1) (cof.  Eq. (1 5)) is then dcfind after resorting, and t hc si.gnaLto-

noisc ratio can bc rcdcfincd accordingly (cf. WI. (13)). ‘1’hc cigwvalucs  of the variability

Ak arc rcsortd  by decreasing q$~ as WC]].



‘1’hc SNR/cY,,,  is plotted as a fundion of the cwnmlativc  square projection in Fig. 10.

I,ogically,  as more modes arc includd,  the SNli illcrcascs. In fact, it does  so stlmdily

until about, W% of the signal is accounted for,  at which point,  an abrupt jump in the

SNR occurs. ‘l’hc jump occurs bccausc  of the contrilmtion c}f mode 69 in Fig. 7. Ry

itself, this mode can gcncratc an SNI{ of 2.53 CVCI) t]]ough it only contributes to 0.0064

of the squaro of the signal shape I ~ 12.

‘J’here arc nlany modes which can contrilmte ilnmcnscly to the signal-to-noise ratio

of the detection of the carbon dioxide warnling  signal, hut all of these correspond to

very small  coln])oncnts of the input signal. If in fad WC could imputlc  confidence in their

begin inlportant components of the signal, then these are the Ccnnponcnts  which shollld

bc nlost sought after in signal  detection studies and ohscrvations.  If on the other hand

there is no mason to ldicvc that,  these con]pollcnts arc trustworthy indicators of the

prcscncc  of the signal, thcm it would k a ~nistakc  to usc thcm at all. in this case, there

is no rcasoll  to bcdicwc  that, the con]poncntl  of the signal which projects  onto nlodc 69 of

the variability is a realistic conlponcnt,  of the signal. ‘1’here is no reason to assun]c the

racliati~’c-collvcctivc  model is correct mough  to give us ccrt)ainty in this n~o(lc.

In the end, the })cst estimate of the SNIi obtainable is that,  obtainccl  l)cforc mode 69 is

included. ~’hc SN1{ ohtaind  by including the first t n~odcs with the largest projections

onto the signal is 4.11 for a?ll = 1. ‘J’his implies that, a 1-sigma dctcdion  of carbon

clioxiclc-i~lclllcccl  warming  should take about 10 years when onc year’s worth of monthly

averages is compared to another year’s  worth of nlonthly averages over the ]ndian

ocean .

4. Discussion

‘J’hc  evidence for gyccnhouse  ~as-induced warnling will lw convincing when the

significance of detmction  cxcccds  about 3-signla. Given a 1 -signla  detection tinlc of about

10 years, the 3-signla  tinm is al)out  30 years, or almut tlhrcc  fourths of tllc signal  sllowl~

ill Fig. 2. Givcm this figure, several colnplicatillg as]wcts  of ddccting this signal  ren]ain.
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F’irst,  optinla]  dctcc.tim rquims a cmrtain  dcgrcc  of accuracy in the ol}scn’ations  to

bc usd. Scconclly, the signal  being sought  must lJC computd  wit]l some qllantifial)lc

coIlfidcmcc.  ‘]’bird, the lxackgrollnd  varial)ilit,y  of the atn]osphcrc required  })y optimal

dckcdion  call only he provided l)y imperfect ndels.  F’i]lally,  the work prcscntd  in this

paper ncccls to lx cxpandd  to cncon]pass horizontally global covcragc and diffcrcllt

realistic data types.

g’hc philosophy behind optin]a]  dctcdion  is to idcwtify  a ford signal i~i clin]atc data

even when it is very weak.  For optind  detection to apply to real data, the olwrvations

nlust cdainly ljc able to rccognizc  such a signal in the al)scncc of clinlatc Iloisc.  IIcncc,

the observations nlust have systclnatic errors less than the tcmpcraturc  differences

involved, which arc about 0.5 K. While this sccnw like an extraordinary rcstridion,

there arc potential Hlcthods of observing the l’;arth’s climate with such s~nall systematic

cnors. Such nlcthods indudc GPS radio occultations and high spectral  resolution

in frard spectroscopy. ‘J’hcn again, even if the systematic errors are conlparal)lc  to 0.5

K, they arc trouhlcsomc  only if they can possibly inlitate  t]lc form of the tcn]peratum

signal. For instancm,  a s,ystcmatic  error which is uniform  across all vertical ICWCIS can

hc distingllishcxl  frolll  the cx~mctd  signal pattern which is not, uniform  across vertical

levels. If csti]nal)lc,  the systematic errors can be pro]xu>ly  accollntd  for l)y adding their

covariancc to the natural varial)ilit<.y  covariancc lnatrix  and proceeding as discussed in

this paper.

Optind  fin.gcrprinting and hcncc attribution of gyxwnhousc  gas-inducd  global

warming requires  prior knowldgc of the form of tl]c forcd clinlatc signal, which call

only t~c cstin]atd using itnpcrfczt  nlodcls. While some l)ulk properties of the signal may

bc prcclictd  rcliat]ly,  the sensitivity of optimal fingcrprintiug to snlall conlponcntjs  of

the uncertain signal shape is trcml)lcsonlc.  ‘J’hc ~ncthods  usd in this work to cut out

t}lose  conlponcnts  which

no alternative tcchniquc

give unrealistic signal-to-noise ratios are ad hoc, there being

to formally consider ullccrtaintics in signal  shapes. Since the



difllcu]ty is a direct consequence of uncertainties in input quantiticsj  it scans  that,  a

IIaycsian analysis would  he the hcst way to approach this prohlcm formally.

In optimizing the clctcction and attril~ution  of .grcenhouse  gas-induced gloljal  It’arnlingl

a prescription the natnral varial~ility of the at]noslJhcrc is necessary so that s~)ccific

conlponcntls  of the forced signal can l)c cn]phasizcd over  others  in organizing the data.

‘1’hc prescription of the varial)ility  must  con]c from AOG[;M’S  and is thus flawed.

[Jltimatcly,  confidence in tile prcscri])tions  can I)c gai~ld  whew the proc,csses  of t,hc

modds are chcckd  statistically against data and sul)sequcntly  in]provcd. h!dhods  for

such testing arc dcsc.rihd  clscwhcrc (J Iaskins d al. 1997, Polyak  1996). No I)ractical

n~cthocl  for improving ndds once tliis testing has takc~~  place has I)ccn formally

prcsentd.  In t}lc nlcantinlc, ollc nlust try to avoid conlponel]ts of sinllllatd varial)ility

which arc cxcxdingly snlall and llsc as n~anv diflcrcllt  ])rcsc,ril)tiolls  of the varial)i]ity  as

])ossiblc.

l’hmn though the base timcscalc Cstinlatcd  for ddcding  (and attril~llting)  carl)on

dioxide warming of the atmosphere is approximately 1() years for a 1 -signm dctect)ion,

much nlore can bc dollc to possil)ly  improve  upon this figure. ‘1’his study only concernd

nlont}l]y  average tcnlpcratures in the rcgioll  of the ]ndian @x’an. Subsequent work will

expand to horizontally global covcragc, first l)y including nlorc regions in addition to

the lndian Ocean. hlost likdy  there arc scwcral  regions  of the ,globc  W1]OSC  variahilitics

arc largely  uncorrdatcd,  the result of which will bc to augtncnt the potential SNI{

of a detection by the square--root of the nutnlm  of indcpcndcwt regions.  Secondly, in

sul)scqucnt  studies, different t.yJ)cs of data, sllcll  as those ]ncntioncd above, will bc

cxan]incd as potential data types to reveal grccnhousc  .gas-induced glol)al  warming.

Actual data types nmst I)c sinlulatd because tcn~pcraturc  profiles in the atmosphere arc

newer trllly  ]ncasurcd: it is only sonic kcrnc] of tcll]pcraturc  profiles (and u~atcr vapor

and cloud profiles) which is mcasurd. ‘J’hidly,  s~llmx]llc~~t work will inc]udc the forms

of other potcmtial  signals in order to climi~]atc  the possibility of filter leakage (I,croy

-18-



1998). For cxanlp]c, a signal ill tcnlpcraturc  profiles  can l)c producd  by an indcpcndcmt

warnling  of the ocean surface layer which prohal)ly has similaritlics to grccnhousc  gas-

inducd warnling.  Confusion Iwtlwccn  the two sigtlals call l)c climinatd I)y sinlply

inc.luding  both in tllc sctl of signals S dcscrild  in scctioll  2.
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Tablc Captions

‘1’ABI,E 1 . 2’llc signal-to-noise ratio for detecting the signal fronl a 20% incmasc in

carbon dioxide in tcutlpcraturc profi]cs  and surface  tcnlpcraturcs  avcragyxl over the

]ndian Chxan. l,ikc months  atc diffcrcncd (e.g. .lall~uwy to Janllary,  etc.). ‘J’hc signal

is calculated using a racliati~’c-coll~’cctivc  n~odcl  al]d the varial)ility  is taken frcnn the

Ja]luary
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Nlardl

April
hlay

June

July
August,

%ptCIll}JCl

oct oh’

NTOVCII1l)C1

I )Ccelnl)c’r
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1.307

1.471
1.489

1.752

1.754

1.475

1.802

1.627
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1.643

1.641

1.187

1.186

0.952
1.120

1.100
1.034

0.!S60

0.926
1.010

1.019
1.051
1.163

‘1’AIII,E 2. ‘1’he  signal-to-noise ratio  for dctcding  the sigma] fron~ a 20% incrcasc in

carbon dioxide in tmnpcratjurc ]nofi]cs after including the first 1 moclcs of variability.

Also inc]udcd is the fraction of the signal accountd  for after incl~lding  the first 1 nlodcs
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6.059
8.071

11.843
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Figure Captions

FIG. 1. q’hc cquilihrium tcnlpcraturc  profile of a 1-d I>acliativc-collvcctivc  model with

Coz concentration of 330 ppnlv.

k’IG. 2. ‘MC diffcrcncc Mwcwn  a racliativc-coll~~cctivc  equilibrium tcnl]wraturc profile

given COZ conccmtration  of 396 ppnw and onc given a C~Oz  concentration of 330 ppnlv.

FIG. 3. ‘1’hc variance range of the monthly average temperature as a funct,ioll  of

~mssurc  for August over  the lndian Occan as dctennind  by the first 100 years of the

GI’’J1J, 1000-year control ran.

F’IG. 4. “J’hc first four cigenvcctors of varial)ility  for nlont,hly  average August tcn~pcr-

aturc over the Indian Ocean. ‘1’l)c cigcmvcctors  arc scald by the square-root of their

cigcnvalucs. I’hc varial)ility  was c.alculatd  using t}lc first 100 years of the c;kmj 1000-

ycar Control rllll  . ‘1’hc first eigcnmodc  contail)s  41% of the total variance (A), the second

contains 31 Yo (11),  the third contains I 5% (C), 2111cI  the fourth contains  5% (J)).

F’IG. 5. Spectra for the scl~larc(l-])rojcctiolls  alkd varial)ility  Cigcllvalucs  for cad month

o v e r  the IIldian Ocml I. ‘J’hc si.qlal is ddmmind Ilsing  a l-d racliati~~e-co~lvcctit~e  m o d e l

and the c]imatc “noise” is taken from the first 100 years of the CJFI)I, 100()-year contro]

run. ‘J’he units arc K2, the open diamonds a~c for twice the cigcnvalllcsl  and the solid

dianloncls  arc for the sc]llarcrl-]lrojcctiolls.

FIG. 6. Reconstructions of the -t 20% C02  signal given the cigcnvcztors  for August.

Reconstructions arc shown after the first 1 cigxnwcc.tors  arc included fol 1 = 1, ...6

corresponding to A-F. The heavy line is the rcconstrldion  and the liglltcr  line is the

synthcsizd  signal.

F] G. 7. Spcctrunl for the squamd-project ions ancl variability cigcnvalucs when the

nlonths  of the year  arc COUI)lNI.  ‘1’hc  opm squares rqmsmt the srlllarecl-~)rojcctiolls  ff~~,

and the snlooth line rcprcscnts twice the cigcrlvalucso
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1+’lG.  8. ‘1’hc sum of the sclll:irc{l-])rojcctic~lls  of t hc C[)z-inc.rcasc signal onto the first 1

nlodcs. ‘J’hc suln is nornvilizcd lry the sqluwc of the si.gd {512 over the ]wessure  ran.gc

spannd by the GF’I)J, nlodcl. ‘1’hc cigclln~odcs  arc sorted lry dc.crcasillg  cigcnvaluc.

I“lG.  9. ‘J’he optimal a(ljointj  using the first 60 cigcnvcc.tors  of variability. ‘J’hc units of

tllc abscissa am 1 O“ 2 F- 1, altd  llllllt,il~lictltic)l] of this vcwtor o]~to the difl’mxmm l)ctwcwn

nlonthly average tenlperaturcs separated hy nlany years .givcs the anlplit  udc of the

signal ill units of a 20% incrcasc in c.arl)on  dicmidc.

l’] G. 10. ~’hc anlount  of signal-to-noise available l)y including the first t indicators

v~rs~ls tll~ ]lorl~lali~~[] ~ll~~lll]at,ivc  sc~llarc{l-~)rojcctio]l. ‘J’hc  indicators are sortd  by

dccnasing sc~llarccl-~)rojcctioll  ~~~, onto the cigclwcctors  of the clilllatc Valiallility.
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Figure 2
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Figure 3
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Figu~e  6
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Figure 7
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Figure 8
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Figure 10
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