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CHAPTER IV
ANALYSES OF THE OBSERVED CLIMATE CHANGES

A. Introduction

The MountPinatubo volcanic eruption introducdite largest amount of sulfur—containing
particles into the stratosphere in this century. As shown in Chapter Ill, the scattering and absorption
of solar radiation andhe absorption of terrestrial radiation lige Pinatubo aerosol significantly
disturbedthe radiation balance of tlemosphere.The profiles of anomalous heating and cooling
rates in Figs. 3.9 and 3.10 showed that the Pinatubo volcanic aerosol radiatively wartrogictde
lower stratosphere and radiatively cooled the troposphere. These temperature changes influenced the
atmospheric circulation, which, in turn, caused further changes in atmospheric temperature. In this
chapter, we present first the observed changes in atmospheric temperature and circulation for the two
years followingthe Pinatubo eruption by analyzirige NCEP/NCAR Reanalysis.The causes of
these observed changesll be explored by performing numerical simulations and conducting
detailedobservationaldata analyses in Chapter V. Wecus in thischapter on theobserved
surface—air temperature anomalies.

Parkeret al. (1996) showedhat inJJA 1992the global-mean surface—air temperature was
about 0.5°C lower thathe pre—eruptiowvalues. Smaller cooling occurred idJA 1993. In DJF
1991-1992 and DJF 1992-1993, relative warmth occurred over the northern-hemisphere continents.
However, these observed changes of surface—air temperature cannot be explained all by the Pinatubo
eruption. Events such #se ElINifios in 1991-1992and 1993complicated the interpretation of
these observed changes. RobanklMao (1995)examined the effect of major volcargcuptions
on surface temperatufer the past 140years. They removed thaignals of El Nifios from the
observed surfaceemperature anomalies by formulating a linesgression betweetine Southern
Oscillation Index (SOI) and the high—pass—filtesenface temperatu@nomalies. Theyound that
the cooling in the tropics imid—1992 and mid—199®&as about 0.2°C td.3°C, which issmaller

than the cooling before the Hifio signalsbeingremoved. Howeverthe SOI is not armoptimal
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measure of the patterns 86T anomalies(SSTA) associated with Hlifio and La Nifaevents
(Barnstonet al. 1991).

Some major volcanieruptions such athe three largest tropical volcangcuptions in this
century, Agung (March1963, 8°S), El Chich6on (April1982, 17°N), andMount Pinatubo(June
1991, 15°N), all happened around El Nifio events (Robock &fab 1995). Weperform in this
chapter statistical analyses by using the observed surface—air temperature over land and SST over the
ocean for the 1950~1997 time period to identify and separate the signals of E\vNirits, LaNifia
events and volcanic eruptions. The Singular Value Decomposition (SVD) method (Breéttealon
1992) is used tadentify El Nifio and La Nifia signals ithe observed surface—atemperature
anomalies over land. Special attention is paid to the surface—air temperature aravenliasasia

and North America in JJA and DJF for the two years following the Pinatubo eruption.

B. Changes in Atmospheric Temperature and Circulation

We usethe NCEP/NCAR Reanalysis (Kalnagt al. 1996) toexamine the atmospheric
temperature and circulation changes after Rmeatubo eruption. The NCEP/NCAR Reanalysis
covers the time from 1958 to the present and provides data on 17 isobaric surfaces from 1000 hPa to
10 hPa. It provided us the global coverage and continuation in time that field observations could not
provide, especially in thestratosphere. Kirchneet al. (1999) compared theradiosonde
observations ofjeopotential height and temperature ati#ta and 30 hPaaintained by Free
University of Berlin with the NCEP/NCAR Reanalysis and found that they are in a good agreement.
We interpolatedirst the NCEP/NCAR Reanalysidataonto the 4°—latitude by 5°-longitudgrid of
the UIUC ST-GCM, then derived monthly mean anomalies for each field theirig/—year average
of the fieldfrom 1979 to 1995 as its climatologyThe climatology ischosen suclthat its time
period coincides withthe climatology ofsea—surface temperature and $s&a of the second
Atmospheric Modeling Intercomparison Project (Gleckl®©9), which is used ihapter V as

boundary conditions fothe UIUC 24-layer ST-GCM to perfornrmumerical simulations. In
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Chapter V the simulateclimate changes are comparedth the corresponding observeahomalies
derived in this chapter based on the NCEP/NCAR Reanalysis.

Fig. 4.1 presents the time—altitude cross—sections of monthly mean air temperature anomalies
from June 1991 through August 198@eraged ovethe globe andver differentlatitudinal belts.
Global-mean air temperature increasesbughoutthe atmospheréanmediately after thdinatubo
eruption. Large anomalies of about +1.5°C wéoeind inthe lower stratosphere between 70 hPa
and 30 hPa in SON991. After October 1991, tropospheric temperature anomaliescame
negative. In the lower stratosphere, positive temperature anomalies were obsenMdraintiio93
with gradually reducing magnitudes. the tropics(10°S ~10°N), the warming in thdower
stratosphere lasted untiuly 1993, longer than the warming in the middle latitudes in both
hemisphere$10°S ~ 50°Sand 10°N ~50°N). The magnitude of warmingras alsolarger in the
tropics than in the middldatitudes. A maximum warming in the tropics appeared in DJF
1992-1993, instead of in DJF 1991-1992 immediately after the Pinatubo eruption. This is probably
because of the phase change of the Quasi—BieBsallation (QBO)from an easterly phase before
MAM 1992 to a westerly phasafter JJA 1992 (sed-ig. 4.2). Angell (1997) showedthat
stratospheric temperature decreases in the trojpiieg the QBO’s easterlyphases and increases
during the QBO’s westerly phases. In Fig. thé magnitudes of the temperature anomalies in the
high latitudeg50°S ~ 90°Sand50°N ~ 90°N) ofboth hemispheres were much larger than in the
lower latitudes. However, ithe high latitudeshe temperature anomalie®re notuniform. Both
positive and negative anomalies appeared irawer stratosphere After March 1992, persistent
negative temperature anomalies occurred in the northern-hemispgtedatitudes irthe middle to
lower stratospher@-ig. 4.1d), with a maximum cooling of up to —3.5°C in earh93. These
observedarge temperature anomalies in thigh latitudesare probablyrelated to the dynamical
responses of the atmosphere to the anomalous heatinglowtrelatitudes bythe Pinatubo aerosol

(Grafet al. 1993), and are also to the observed ozone losses (Raradel995).
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48

” (a) SON 1991 o (b) DJF 1991-1992
. NN = U g5
201 204 A\ 5 : -
—~ 301 30 e\ e ) '
3 . 0 8
T 50 50 —1pE _ :
= 70 70 2 1 [
© 1007 100 e 2\ 2E g
> ! . 5
a i -\
3 200 2001 : O ‘ ‘
8- 3001 300 i 3 RN
500 500 =2 1 5!
7001 1 7004 -1 - I
1000 ¢ . . , ; 1000 . . . . -
90N 60N 30N £Q 308 60S 90S 90N 60N 30N EQ 308 60S 90S
(c) MAM, 1992
10 10
20 20
30 30
o \
T 501 501
= 701" 70
o 100 100
3
a
o 2001 2001
o 3004 300 0
500 1 500 1
700 : 7001
1000 : : ; : — 1000 : :
90N 60N 90N
(e) SON, 1992 (f) DJF 1992-1993
10 — — 101 ’“
20 J 20 ‘ : 20‘
—~ 30 0 301 -1 1137
o 9 50 0
T 50 501 1|1\ 1 42
= 70 1 704 ||\ 5\
o 1001 100 o
> -1 | B
17} R 1
o 200 200 S
,5
o 300 3001 4 :
500 5001 3
7001 7001 y !
1000 - - - — 1000 — —
90N 60N 30N £Q 308 60S 90S 90N 60N 30N
MAM 1993 h) JJA 1993
0 (9) 0 (h)
T
30 i
0 50
70

1004 -1 >

Pressure (hPa)

Fig. 4.2. Anomalies of zonal-mean zonal wind fr&@®N 1991 through JJA 1993. Solid
lines arepositive anomaliegand dashed lines ameegative anomalies. Wind anomaliesth
magnitudes larger thath.30 are shaded, where is the standardieviation of the zonal-mean
zonal wind between1979 and 1995 at eachatitude—height pointand in each of the four
seasons.
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The observed anomalous zonal-mean zwmadls are presented iRig. 4.2 forthe seasons
from SON 1991 through JJA 1993. Wind anomalies with magnitudes thaget.30 areshaded,
where o is thestandard deviation dhe zonal-mean zonalind between1979 and 1995 aach
latitude—height point and ieach of thdour seasons. For tane series with a normal distribution
and with no auto—correlation, abal®% ofthe data falbutside of{-1.30, 1.30} . Therefore, the
wind anomalies in theshadedarea are statistically significant at aboutl@% level. In DJF
1991-1992 and DJE992-1993,the polar vortex in the northern-hemisph&eer stratosphere
was stronger than normal, with maximum anomalies of about 3 m/s in DJF 1991-1992 and about 10
m/s in DJF1992-1993,and thetroposphericmid—latitude jetwas weaker thannormal. The
enhancement of the polar vortex psobably related to the strengthened meridional temperature
gradient in the northern-hemisphdogver stratosphere (Gradt al. 1993). Inother seasons, the
northern-hemisphere polar vortex and the tropospheric mid—latitude jet did not amactge In the
Southern Hemispher¢he polar vortexwas also strongethan normal in mosseasonsafter the
Pinatubo eruption, but was smaller in magnitude thahamorthern Hemisphere. Ahe equator,
the zonal wind in theipper stratosphere changed from westerly to easterly in mid—1992 as a result

of the phase change of the QBO.

C. Surface Temperature Anomalies

1. Data

Both the observed monthlymean surface—air temperature over land and sea—surface

temperaturdSST) overthe ocean arased for thisstudy. Over land the surface—air temperature
analysis by the NASA Goddard Institute for Space Studies (GISS) (Hanakt996; Hansen and
Lebedeff1987) is used.The NASA/GISS Analysisnmakesuse ofdata collectedrom about7000
meteorological stations and covers tinee period from 1880 tdhe present. Dataare presented as
temperature anomalies relative to the climatology ofi®&1-1980 time—periodThe influence of
urban warming habeen remove@Hansen and.ebedeff1987). The NASA/GISS analysis was

carried out at a rather high spatial resolution by dividthg globe into8000 equal-area
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"sub—boxes". Before they wereaised for thisstudy, the equal-area dataere integrated onto the

4°x5° latitude—longitude grid of the UIUC ST-GCM. Though there were some diat@over the

ocean, only data over land and lakes and along the coastal lines were used for the integration because
of the poor coverage over the ocean. From 193(®8Y, the time—period of interest this study,

there were abou200 missingdata betweerb0°S—90°Nover land onthe 4°x5° grid, most in the
northern-hemisphere middle to high latitudes in 1982 and 1983th&@onvenience of performing
statistical analyses,each missing datum was filled by the average of itsadjacent 8—point
non—missing dataOver Antarctica thergvere alot of missingdata betweeld950 andl997. No

attempts were made to correct them.

Two different sets of monthly mean SST anomalies were used to create a uniform set of SST
anomaliesfor the 1950-1997 time—period.The first set is the ReconstructedReynolds SST
provided by the NOAA-CIRES Climate Diagnostics Center (CDQ)ouers theime from 1950 to
1992 and the latitudes from 45°S to 69°N witB°&2° resolution. It waseconstructed by fittingn
situ datafor the 1950-1992time—period based on dominaBmpirical-OrthogonalFunctions,
which were produced bthe optimum interpolatiomnalyses ofin situ SSTsfrom 1950-1981
(Reynolds and Smith 1995; Smehal. 1996). All reconstructed fields were computed as monthly
mean anomalies, and the anomalies were then added to the climatology to form month8STsan
The climatology was constructed based orearntier 2°x2° SST climatology primarily derived from
in situ datafor the 1950-1979 period and r@cent1°x1° SST climatology derivedfrom in situ,
satellite and sea—ice—coverage data for the 1982—-1993 period. The climaeddgen adjusted to
a base—period of 1950-1979 (Reynolds 8ndth 1995) (hereinafter referred to @&S95). This
procedure produces a smoother SST field and enhémedarge—scal&ENSO signals. The second
set is the monthlyneanReynoldsSST, also provided bythe NOAA-CIRES Climate Diagnostics
Center (CDC). Itincludes situand satellite SSTs and sea—ice coverage data (Reynolds and Smith
1994). It covers the time from November 1981 to present and has a 1°x1° resolutitve ocean.

We combined the dataom 1993 through 1997 dhe second set with those from 1950 through
1992 of the first set to create a new data set for the 1950-1997 time—pEn®desultingSST data
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and the RS95 climatology with different resolutions were then integrated onto the UIUC ST-GCM'’s

4°x5° grid.  Finally, monthly meanSST anomaliesfor the 1950-1997time period in the4°x5°
resolution were computed hysing the RS95 asclimatology. It should bgointed outthat the
derived SST anomalies are accurate only between 42°S and 66°N.

2. Index of Surface Temperature Anomalies

The GISS surface—air temperature anomaliésT() over land andhe CDCSST anomalies

overthe ocean have been combined to create a global datasentifly mean land—oceaurface
temperature anomalidgsr the 1950-1997 time—period.The combined dataseoversthe land,
including lakes between 50°S and 90°N and the ocean between 42°S and 66°N. Antarédctg the
Oceanand part of theéSouthernOcean areexcluded because gjoor data coverage. Fig. 4.3
presentghe indices of the monthly mean land—ocearface temperature anomalies fra®50 to
1997 averaged ovethe "globe", the Northern Hemisphere, anthe northern-hemispherand,
respectively. The temperature change over land is larger than that over the land angriotedy,
because of the ocean’s large thermal inertisealch of the threandices,temperaturavas higher in
the 80's ~ 90’sthan in the50’s ~ 70’s. This long—term variation is caused Hiye increasing
greenhouse—gasoncentration in thatmospherenatural variability of theclimate and some other
externalforcings (Houghtoret al. 1996). Embedded on this long—term treade variations with
time—scales shorter than 10 years but with lamgelitudes. El Nifio events amdlcanic eruptions

are major contributors to these large—amplitudgations. The temperature decreasesJdA 1992

and JJA 1993 are distinguishable. They are most likely caused by the 1991-Pinatubo eruption.

shall focus on these short—term variations.

To disclose the short-term temperature variations andgbegible relations with BMlifios
and volcaniceruptions, weapplied ahigh—frequency—pass Lanczdsyital filter (Duchon1979) to
the timeseries ofthe monthly mean temperature anomalies at gadhpoint to remove variations

with time—scales longer thab20 months. Fig. 4.4 showbe monthly mearSST anomalies
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Fig. 4.3. Indices of monthly mean surface temperature anomgfi€} over the "global’

land and ocean (upper panel), over the northern—hemisphere land and ocean (middle panel), and
over the northern—hemisphere land only (lower panel). Antarctica, the Arctic Ocean and part of

the Southern Ocean are excluded from the analysis.
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Fig. 4.4. Nifio 3.4 Index (upper panel) and the high—pass—filtered monthhean
temperature anomalie§’C) over the"global" land and ocean(lower panel). The volcanic

eruptions of Agung, EI Chich6n and Mount Pinatubo are marked.

averaged over the region (5°S — 5°N, 120°W — 170°W) — the Nifio 3.4 Index — and the index of the
high—pass—filtered global-mean monthigan land—oceasurface temperature anomaliesT() for

the 1950-1997 time—period. Before plotting, a 3—month—running—rilganhas been applied to

each of thandices. The occurrences of the three major tropical volcamigptions, Agung, El
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Chichén and Mount Pinatubo, are also marked in Fig. 4.4. Following Trenberth (1997), El Nifio or
La Nifia events are defined hemechthat theNifio 3.4 Index is respectively larger than +0.4°C or
smaller than —0.4°C and lasts at least 6 months. There are 16 such—defined El Nifio events and 9 La
Nifia events betweet950 andl997. Thoughthe ATy index showsrather large interannual and
intraseasonal variations, general there is a distinguishable correspondence betwedhiithe.4
Index andthe ATy index, thatis, usually during El Nifio eventgositive ATy are observed and
during La Nifia eventjegative ATy are observed. Of coursajot all the observedATg can be
explained by ENifio and La Nifizevents. Otherfactors, such athe SST anomalies in théorth
Pacific andNorth Atlantic and volcaniceruptions, alsanfluence thesurface temperature. The
1982-1983 EIl Nifio wathe second largest Hlifio event in the1950-1997 time—period, but the
observed temperature was below normal in 1982 andmatierately above normal 983. This
mismatch betweer\Tg and theNifio 3.4 Index was probablgaused by the EI Chichdrolcanic
eruption in1982. Followingthe 1991—-Pinatubo eruptiotarge surface cooling appeared in JJA
1992 and JJA 1993, even though there were two El Nifios between 1991 and 1993.

3. Composite Surface Temperature Anomalies

We showed in Section 2 that there is a certain connection between the globai el
the Nifilo 3.4 Index. Before we quantitatively determine the surface—air temperature anomalies
induced by El Nifio events and exclude them from the obsekVgdfter thePinatubo eruption, we
examine here the geographichstributions ofthe observed surfaceemperature anomalies in El
Nifio and La Nifia years and after volcanic eruptions. FirsgdohseasonMAM, JJA, SON and
DJF) wecount separately the number of IEifio and La Nifiaoccurrence duringhe 1950-1997
time—period. A season with at least two months falling in the period of Hifi&l(La Nifia) event
is counted as an Wifio (La Nifia) season.Table4.1 lists the numbers of El Nifio and La Nifa
occurrences during the 1950-1997 time—period for saelonand the number of Blifio and La
Nifio occurrences witlthe two years followingeach of the three major volcarécuptions being

excluded, the March—1963 Agung eruption, the April-1982 EI Chichén eruption addrtee1991
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Mount Pinatuboeruption. Since EINifio events occurredfter all of the three major volcanic
eruptions,the number of EINifio occurrencesirops considerably after the volcangears are
excluded, but the number of La Nifia occurrences remains almost unchanged. Then, for each season
we compute the composite surface temperature anomaligoyer land and SSTA ovéhe ocean)

for each of the categories listed in TaBld. Fig. 4.5presentdhe globaldistributions of surface
temperature anomalies dJA andDJF, respectively, forthe EINifio composite and the La Nifa
composite with volcano years excluded, &mdthe volcanocomposite, which contains 6 years of

data and includes the two years following each of the three major volcanic eruptions.

Table 4.1.Number of El Nifio and La Nifia seasons during the 1950-1997 time—period.

El Nifo El Nifo La Nina La Nifa

excluding volcano year excluding volcano years

v

MAM 13 9 9 9

JJA 14 9 10 9
SON 17 14 12 11
DJF 15 12 12 11

Over theocean, in both JJA anBJF, the distribution ofSST anomaliesfor the El Nifio
composite is opposite thatfor the LaNifia composite, not only ithe middle to eastern tropical
Pacific as expected, but also in other regionthebcean. The SST anomalies are negative in the
western tropical Pacific and the middle to high—latitude Paciftmth hemispheres fahe EINifio
composite, andire positivefor the LaNifia composite. Over thelndian Ocean, positive SST

anomalies are@bserved forthe ElNiflo composite and negativ@ST anomaliesfor the La Nifia
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composite. The opposite patterns of SSTA betwedre El Nifio composite and the La Nifia
composite camlso be found irthe AtlanticOcean. For eachcompositethe SSTA patterns in all
seasons are similar (pictures for MAM and SON are not shown).

Over land, in both JJA and DJF, the distributiom\dT, for the El Ninocomposite is almost
everywhere opposite thatfor the LaNifia composite. Unlikéhe pattern oSST anomalies, the
pattern ofA T, changes with season. In JJA, foe EINifio compositenegative ATg occurs over
Europe, northern Asia, Soufkfrica and northern NortiAmerica excepfllaska, and positiveATg
occurs over SoutAmerica, South Asiathe Middle Easand Africa. For the LaNifia composite,
almost exactly opposite distributions to the El Nfkify composite are found over thesgions. In
DJF, forthe EINifio composite, positiveATg exists almost everywhere over laedcept over
northern Eurasia, southeastern Nokhericaand easteriGreenland. Opposite ATy distributions
are found again over these regions for the La Nifla compaSitgis generally larger in DJF than in
JJA. The largesiATg occurs inthe northern-hemisphetegh latitudes. The opposite distributions
of ATg between the El Niflo and La Nifia composites are also found in MAM and SON.

We calculated the pattern—correlation coefficients between th&ifith and La Nifa
composites folATg over land and SSTA over the ocean, respectivelyedch of thdour seasons,
with and withoutthe six volcano years included.The results are shown inTable 4.2. The
calculated correlation coefficients are larger in magnifod&STAthanfor ATg. For ATg, higher
correlation coefficients are obtained after excluding the 6 volgaacs. Since there aré126land
points for ATg and 1328oceanpoints for SSTAall the calculateaorrelation coefficients iffable

4.2 are significant at the 1% level for a two—tailed t—test.

In both JJA andJF, the volcano composite is differefiom either the ENifio composite
or the LaNifia composite.Over theocean the distribution ofSSTA forthe volcano composite is
similar to that for the EI Nifio composite. This is because El Nifio events occurrediatetioé the

three major volcanieruptions. Howeverpver landthe distribution of ATg for the volcano

composite is different from that féine EINifio composite. The difference is larger iBJF than in
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JJA. In JJA, large negatiuiTg are found oveall the continents excepXorth Africa and northern
South America. InDJF, large positive AT are found overcentral Eurasia and centrilorth
America, and large negativiTg are found over North Africa, southwestern and northeastern North

America.

Table 4.2.Pattern—correlation coefficients between the El Nifio and La Nifia composites for

SSTA over the ocean aldg over land, respectively.

ATg over land SSTA over the ocean
All years All All years All
but volcano years but volcano years
MAM —0.420 —0.556 —0.660 —0.685
JJA -0.422 -0.526 -0.720 -0.722
SON -0.427 —0.480 —0.905 —0.897
DJF —0.606 -0.731 —-0.810 -0.814

The observed surface temperature anomalies after volcanic eruptions presented here, with the
low—frequencyvariability beingfiltered, consist of not onlthe influence of volcani@aerosols but
also other external forcing and interchinate variations of the ocean—atmosphsystem, such as
El Nifio events and the North—Atlantic Oscillation. The opposite distributions of stefaperature
anomalies between the Hlifio and La Nifia composites provide tie basis toutilize certain
statisticaltools toextract thesignals of El Nifio and/or La Nifia events frdhe observed surface

temperature anomalies after volcaarcptions. The SingularValue Decomposition (SVD) method

(Brethertoret al. 1992) is one such statistical tool.
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4. SVD Analyses of Surface Temperature Anomalies

a) The Tool

The Singular Value Decomposition method (Brethedgbmal. 1992) is dundamental matrix
operation. It decomposéise cross—covariance matrix nfo datafields and identifies theairs of
spatial patternghat explain, asnuch aspossible,the mean—squared temporal covariance between
the two fields. The methochasbeenapplied, for instance, bwallaceet al. (1992) to study the
coupled variability between wintertiméorth Pacific SSTand 500 hP#&eights,and by Ting and
Wang (1997) to studythe relation between the summertime precipitabear the United States
Great Plains and the North—Pacific SST.

Assumethat there argwo time series, $(t) and Z(t), with N, and N, grid points,

respectively. Each of the two time series can be represented by a set of vectors (patterns),

N, N,
8(t) = > a, (1) Py and 2(t)= > by (t)ai (4.1)
k=1 k=1

where the time series, (t) and b, (t) are called expansion coefficiens, and g, are thepatterns,
each of which is a set of orthogonal vect@sy., trigonometricfunctions). The timeseriesa, (t)

andb,(t) can be obtained by reverse transform,

a,(t) = PeS(t) and b, (1) = Gi2(t) - (4.2)
The leading patterngnodes)p, and g, arechosen as followshe projectiona,(t) of S(t)

on p, has the maximum covariance with the projectigft) of Z(t) on g, that is,
(a,(1).by(1)) = prs(o)]arz(t)] " = pI(3(t)Z" (1)), = PiC.G, = maximum |, (4.3)

where C_, =(3(t)z'(t)) is the cross—covariance matrix between tthie datafields $(t) and z(t)
with dimensionN_x N,. The choice ofp, and g, that will maximizethis covariancg4.3) is

deduced fronthe Singular Value Decomposition ofC_,. SVD packages can b®und in many

numerical recipe$or linear algebraisolutions. Successive pairs @k,qk) arechosen inexactly



60

the same way with the added condition thatis orthogonal top,,p,,:--p,_,, and g, is orthogonal

to QDQZ""GK—T

Using an SVD package, arly,x N, matrix C can be decomposed as
K —
C=3 o, K <min(Ng,N,) (4.4)

where |, are an orthogonal set of K vectors of lentjth called theleft singular vectorsand T, are
an orthogonal set of K vectors of length,, called theright singularvectors. o, are positive
numbers called the singulaalues, o, = g,--- > g,, and g; are nonzero eigenvalues 6C", the
squaredcovariance explained by the pair of patte(nﬁs?k). The constraint of maximizing the
covariance (4.3) leads to
P =1, and G, =T . (4.5)
Once theexpansion coefficients, (t) and b, (t) aredeterminedthe kth left homogeneous

correlation map?"™[3(t),a, (t)]and thekth heterogeneous correlation mafi[5(t),b,(t)] can be

obtained,

s 0.a.0] = (s a0}/ {a0a0) s 0s 0 (4.52)

(s (0.5.0)] = (5 (0. 0) (b0, s O] (4.5b)

wherei =1,2,---N_. Fh”‘[é(t),ak(t)] indicates the geographic location of the co—varying part of the
left field. 7"[3(t),b,(t)] indicateshow well the grid points inthe left field can be predicted by the
kth right expansion coefficients.

The fraction of thesquaredcovariance explained by the pair of patte('f]§,ak) relative to

the cumulative squared covariance explained by all pairs of patterns (modes) can be written as
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SVD analysiscan explain the maximunpossible fraction of the cumulativesquared
covariance with fewer leading modes than any other tool used to isolate coupled mealesbiity
between the time series of two fields (Brethedbal. 1992).

b) Method and Results

Since our purpose in performing the SVD analysis detect thesignals of El Nifio and La
Nifia events irthe observed surfaceemperatureanomalies, we confineéhe spatial domain of the
right—-hand field, the SSTA, to be the tropical Pacific (30°S—30°N, 120°E-80°W). There are 478
oceanicpoints in this domain in d°x5° resolution. How to choosthe spatial domain of the
left—handfield, the surface temperaturanomalies, is not straightforward. Accordingtiifferent
size domains have been chosen to olitabest—possible statistics. Experimesi®wedthat the
calculated leading—modeeterogeneous correlation maps do statngly depend othe size of the
domain. However, the size of the domain should not béatge since the number of independent
samples in théime domain is limited, only 47 sampl¢$950 ~ 1997) of seasonal-mefglds.
Spuriously highcorrelation coefficients might be producedh& number of degrees of freedom in
space largely exceeds the number of degrees of freedom in time (Véakhd9092). Also bearing
in mind that the dataver land andthe dataover the ocean comdérom different sources, we
eventuallychose AT, over land to behe left-handfield, and furtherdivided the field intofour
geographicategions. They are Eurasi€0°E—60°E;34°N-70°Nand 60°E—150°E;18°N—70°N, 346
points), NorthAmerica (60°W-150°W;26°N—-70°N, 168 points), SouthAmerica (30°W-80°W;
50°S—-10°N,111 points) andifrica (15°W—60°E;30°S—34°N,195 points). AnSVD analysis was
performed foreachregion and foreachseason by usinthe SST anomalies in the tropical Pacific

and theAT, over land. We focubere on the Eurasian and North—Americagions andhe DJF

and JJA seasons. Similar analyses have been performed for the two regioadisM and SON

seasons, and for the South—American and African regions for all the four seasons.
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Fig. 4.6 shows the left and right heterogeneous correlation maghefimst pair of patterns
(leading modes) from the SVD analyses betwAdp over NorthAmericaand SSTA inthe tropical
Pacific in JJA and DJFseasons. The Student—t teshas beenused toexamine the statistical
significance of the correlation coefficientsr each grid point. The fraction of thesquared
covariance explained by the first pair of patterns relative to the total squared covariance of all patterns

(FSC,) is calculated.
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Fig. 4.6. Heterogeneous correlation maps for the leading pair of patterns from the SVD
analyses between theurface—air temperature anomalies over North America and the SST
anomalies in the tropical Pacific for JJA (upper panels) and DJF (lower panels).cdrteur
interval is 0.1. Correlation coefficients exceeding the 10% levstatistical significance are
lightly shaded and exceeding the 5% levektattistical significanceare heavily shaded. The
fraction of the squared covariance explained by the leading pair of patterns is shown on the top

of each figure.
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In JJA, the FSC, equals30%. AT, overcentral and easterNorth America is negatively
correlated to the SSTA in the tropical Pacific, and the correlation coefficients exceed lneeb&
statistical significance over most of theggion. AT, over western and southern NoAimerica are
positively correlated to th8STA, but with a lowerlevel of statisticalsignificance. Thideading
mode of AT, explains 30% ofAT's own squared variance. As expect#ie pattern of the
leading—modeA T, resembles thdistributions of AT, for the EINifio and La Nifia composites in
JJA over North America (Figs. 4.5a and 4.5b). The leading mode of SSTA reptbs@htserved
dominantSST variability in the tropical Pacific associatedth El Nifio and La Nifiaevents, and
explains 20% of SSTA'sown squared variance.Ting and Wang(1997) found asimilar
leading—mode pattern of SSTA the tropical Pacificwhen correlating the PacifiSSTA with
North—American precipitation idJA, and the correlation ipositive. The fact thatover the U.S.
Great Plainsprecipitation is positively correlated to the tropical PacBSTA and surface—air
temperature is negatively correlated to the tropical PE&8ICA (Fig. 4.6a)confirms indirectly an
earlierfinding by Namias (1982) anothers,that is, the U.S. summer precipitation is negatively
correlated to the surface—air temperature.

In DJF, the FSC, equals29%. AT, over all but the southeastern NorttAmerica is
positively correlated wittthe SSTA in the tropicalPacific. Most of the correlation coefficients
exceed the 5% level of statisticagnificance. This leading mode & T, explains 32% ofAT,’s
own squared variance. As expectélag pattern of the leading—mod&T, also resembles the
distributions of AT, for the EINifio and La Nifia composites in DJF over NoAmerica (Figs.
4.5d and 4.5e). The leading mode of SSTA represkeatsbserveddominant variability ofSST in
the tropical Pacific irDJF associated with ENifio and La Nifiaevents,and explains 19% of
SSTA'’s own squared variance.

The SVD analyse®or Eurasia are presented kiig. 4.7 inthe same format as Irig. 4.6.
In both JJA and DJF, the correlation is significant only over northeastern and southeasisia.

The influence of thesSTA inthe tropical Pacific on the surface—air temperatwer Europe is
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weak. In JJAthe FSC, equalsl9%. AT, is negatively correlated witthe SSTA inthe tropical
Pacific overAsia, except insoutheastern Asia, ambsitively correlated with SSTA ithe tropical
Pacific over major part oEurope. The leading mode oA T, explains only 12% ofAT,'s own
squared variance. The leading mode of SSTA explains 28% @#itssquared variance. DJF,
the FSC, equals27%. AT, is negatively correlated witthe SSTA inthe tropical Pacific over
northeastern Eurasia and is positively correlated #ghSSTA in the tropical Pacificover the
remaining part oEurasia. The leading mode oA T, explains 14% of itown squared variance.
The leading mode oSESTA explains 33% of it®wn squared variance.The pattern of the
leading—modeA T, in DJF resemblegell the distributions of AT, for the EINifio and La Nifia

composites over Eurasigrigs. 4.5d and 4.5e). However, in JJAhe resemblance igess

prominent.
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Fig. 4.7. As in Fig. 4.6, except for the SVD analyses between the surface—air temperature

anomalies over Eurasia and the SST anomalies in the tropical Pacific.
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So far we havedound the patterns of leading—mod&T, that can be explained by the

dominant variability of the SSTA in the tropical Pacific. Now, we project these leatbdgs onto
a specific year to obtain the contributions of ®8TA in the tropical Pacific to thebserved

surface—air temperature anomaliesthat year by multiplying the leading—modeT, by the left
expansion coefficientsa,(t). Fig. 4.8 presentthe seasonal-mean surface—air temperature
anomalies oveNorth Americafor the high—pass—filtered T, the projection of the leading—mode
AT, from the SVDanalysesand the differencéesidue) betweethe high—pass—filtered T, and

the projectedA T,, for each of thdour seasons, DJF 1991~1992, JJA 1992, DJF 1992~1993 and

JJA 1993. The observed surface—air temperature in DJF 1991~19%bavasnormal ovelNorth
America except over the northeastern portion. About +4.0°C anomaliesoneceoverthe central
United States. In DJF 1992~1993, the observed surfadergieraturavas below normal, with a
minimum of —2.5°C found over the United States and eastern Canada, and above noroeait@ler
and western Canada awAdaskawith a maximum of abouR.5°C. In JJA 1992the observed
surface—air temperature was below normal over the entire North American continent, with the largest
cooling of about —2.5°C ovehe central UnitedStates. In JJA 1993he observed surface—air
temperaturewas below normal, with aninimum of about —2.5°Cfound over western North
America, and above normal over eastblorth Americawith a maximum of aboutl.5°C. By
Trenberth's (1997) definition, two El Nifio events occurred ard@@inatubo eruption.The first
one occurred between March 1991 and July 1992, tvéNifio 3.4 Index reaching anaximum of
about 1.5°C irDJF 1991~1992.The second one occurred between Febrd®93 andSeptember
1993, with a much weaker maximum peaking/lAM 1993. The projections of the leading—mode

AT, in Fig. 4.8 indicate that the 1991~1992 EI N#&e@nt contributed significantly to tlwbserved

surface—air temperature anomalies dverth America, while thel993 El Nifioevent made minor
contributions. The 1991-1992 EI Niigvent led to a 0.5°C increase of the surface—air temperature
over the US Great Plain and Canada in DJF 1991~HfP|ed to a —0.5°C to —1.5°C decrease of

the surface—air temperatuoger the entireNorth American continent idJA 1992. Consequently,
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Fig. 4.8. Surface—air temperature anomalies (°C) over North America in DJF 1991-1992, JJA 1992, DJF 1992-1993 and JJA
1993 for the high—pass—filtered data (upper panels), the projections of the leadingAmip¢tmiddle panels), and the differences

(residues) between the high—pass—filtered, and the projections (lower panels). The contour interval is 0.5°C with the +0.2°C
lines added. Negative values are shaded. &
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the observedhegative anomalies oveentral and eastern Canada in the origmgh—pass—filtered
field become positive anomalies in the residual fieldJA 1992. Over the entirdNorth American
continent, minor cooling occurred in DJF 1992~1993 and minor warming occurred in JJA 1993.

Fig. 4.9 presentshe AT, for Eurasia in the same format as kig. 4.8. In the

high—pass—filtered fielddarge warmingwas found in both DJF 1991~1982d DJF1992~1993,
and large coolingvas found in JJA 199and JJA 1993 over EurasianThe contributions of the
1991~1992 EIl Nifio and 1993 EIl Nifo tlee observedemperature anomalies are negligible in the
northern-hemisphere winters, but are important in the northern-hemisphere summers.

To present alsthe SVDanalyses performed fahe MAM and SONseasonsand for the
South Americanand Africancontinents, inaddition to the above North—American and Eurasian
continents, wecalculated the area—medxT, over each of thefour continentsfor all the seasons
betweenJJA 1991 and JJA994. Fig. 4.1Qepictsfor each continent théme evolutions of the
area means of the high—pass—filte#sd, the projected leading—modeT,, and the residualT,.

The residualA T, is the difference between the former two, representind\tfiewith ENSO signals
removed. Fig. 4.1@lsoshowsthe averages ofAT, over the four continents, andhe index of
global-mean land—ocean surface temperatnmmalies, which is composed thie seasonal-mean
high—pass—filtered\ T, overthe four continents, anthe seasonal-mean high—pass—filtered SSTA
over the ocean, except the Arctic and the Southern Ocean near Antarctica.

Over Eurasia and North America, the land surface—air temperature had the largest change of
about+1°C during abouttwo years followingthe June—1991 Pinatubo eruptiorilhe signals of
ENSO events wereegligible overEurasia, but weregnportant oveiNorth America. OverNorth
America, theobservedmaximum coolings occurred in JJA 1992 and DJF 1993-1994 for the
original high—pass—filteredata, but in SON 1992 and SON 1993 foe residues, in which the
ENSO signals have beimgmoved. Over Eurasia, surface—atemperature increased by 0.5°C in
DJF 1991~1992 and°C in DJF 1992~1993and decreased in otheeasonswith a maximum
cooling of about —1°C in SON 1992 and SON 1993. The influencd®edP91-1992 and 1993 El
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Nifio events werensignificant overEurasia. Over North America, ENSO signals wenather
strong. Temperature anomalies induced by the ENSO events were about +0.5°C.

Over SouthAmericaand Africa, the land surface—air temperature mmastimumchanges of
about £0.5°C beforearly 1993. The influences of the Bllifio events wereaoticeableover both
continents. Over South America, a maximunwarming of about 0.4°C occurred MAM 1992,
which wascaused by thd991-1992 EIl Nifio event, and maximum cooling of about —0.4°C
occurred in SON1992, towhich the EI Nifio event contributed abou5%. Over Africa, a
maximum cooling of about —0.6°C ~ —0.7°C occurre®dt 1991-1992 and DJE92-1993. In
DJF 1992-1993, 50% of the observed cooling was attributed to the influence of the ENSO events.

The above analyses indicate that the changes of surface—air temperature over land induced by
the SST anomalies in the tropical Pacific and byRimatubo eruptiomreinhomogeneous in space
and asynchronous in timeWith the signals of ENSO events removetthe mean surface—air
temperatures ovehe four continents(Fig. 4.10e)increased by 0.1°C ~ 0.2°C DJF 1991-1992
and DJF1992-1993,and decreased by 0.5°C 8ON 1992 and SON993. The global-mean
land—ocean temperature ind@g. 4.10f) alsoshowsmaximumcoolings in SON 1992 (-0.34°C)

and SON 1993 (—0.29°C).

D. Summary and Discussion

In this chapter, we first presented the atmospheric air temperature and circulation changes by
analyzing theNCEP/NCAR Reanalysis.During thetwo years followingthe Pinatubo eruption,
temperature in the tropics and mid—latitude®ath hemispheres wabout 0.5°C to 1.5°C higher
than normal in thdower stratosphere but generally lower than normaheitroposphere. The
north—polar vortex irthe lower stratosphere was stronglkean normal in the northern—hemisphere
winter.

Then, weanalyzed theobserved surface—atemperature anomalies over land and SST
anomaliesfor the 1950-1997 time—period. Composite analysbsw that over the ocean the

distribution of SST anomaliesfor the El Nifio composite is opposite tthat for the La Nifia
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composite, not only in the middle to eastern tropical Pacific as expected, but also in other regions of
the ocean. The pattern of SST anomaliegfmh compositdoes notthange much frorseason to

season. Over land the distribution®T for the El Nifiocomposite is almost everywhere opposite
to thatfor the LaNifia composite, anthe patterns ofA T, changes from season season. This

feature is more distinct ovédorth America than over othercontinents. Over North America,

negative ATy dominatedor the EINifio composite inJJA and forthe LaNifia composite irDJF,
and positiveATg dominates for the La Nifia composite in JJA and for the El Nifilo compoditérn

The volcano composite is different from either the El Nifio composite or the La Nifia composite. We

utilized the Singular Value Decomposition method to deteanhd remove thesignals of the

1991~1992 and 1993 El Nifio events fradne observed surface—aiemperature anomalies over

Eurasia, NorthAmerica, South America and Africa for the threeyears followingthe Pinatubo

eruption. It is found that ENSO signals were weak over Eurasieelatively strong overthe other

continents. Over North America, thel991-1992 El Nifieevent contributed more th&9% to the

observed total cooling of about —1.0°C in J0202. Averaged ovethe four continentsmaximum

coolings of about —0.5°C occurred in SON 1992 and SON 1993 with the ENSO signals removed.
Removing ENSO signals enables usbétterunderstandhe patterns antime evolution of

the temperature changes induced by Rireatubo eruption. However, some limitations of this

approach need to be pointed out. First, in principleStP analysis is dinear operator. Foeach

mode, the response of the left—hand fieldhi right—hand field is proportional to the magnitude of

the right—-hand field. Though the amplitude of the atmospheric response to the amplitude of the SST

anomalies in the tropical Pacific grows linearly to first order, an important departure frdmemis

response haveen detecteqkumar and Hoerlingl998). The atmospheriaesponses to the

warm—event SST anomalies in the tropical Pacific are stronger than the atmosggpmitses to the

cold—eventSST anomalies (Hoerlingt al. 1997; Kumar and Hoerlin§998). The SVD analysis

cannot capture thatonlinearity. Secondhe observeddatausedhere extend only fron1950 to

1997. There are only 48 points in the time domain in contrast to hundreds of data points in the space

domain. Spuriously higleorrelation coefficients with rathéow statistical significance might be
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produced between anyvo fields with mismatched degrees of freedom in the space tiamsl
domains. Third, withthe ENSO signals beingemoved,the residual temperature anomals#
cannot be attributed solely to the influence of the Pinatubo eruption. Other factors thephase
change of the QBO, ozone depletion and the SST variations other than ENSO events might also have
contributed to the observed temperature anomalies. Our efforited to isolating thesignalsthat
can be explained by the variability of the SST in the eastern tropical Pacific.

Finally, to checkhow well the SVD leading modes represerthe observedvariability of

AT,, which can be explained bENSO events, welot in Fig. 4.11the time evolution of the
leading—modeAT, from MAM 1950 through DJF 1996~199averaged overEurasia, North

America, South America and Africa, together witlthe Nifio 3.4 Index. Each timeseries is

normalized by its own standard deviation.
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Fig. 4.11. Time evolutions of the projected leading—-mal&, (solid line) from the SVD

analysis, averaged over Eurasia, North America, South America and Africa, and the Nifio 3.4

Index (dotted line). Each time series is normalized by its standard deviation.
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We can see that the peaks and trough8TQfgenerally coincide well with those tfe Nifio
3.4 Index. However, iertainyearsthere argphase shiftsand the magnitudes @ T, are not in

proportion to the magnitudes of thiéfio 3.4 Index. The correlation coefficient between these two
time series is 0.46. Nevertheless, ttosrelation coefficient is still much higher thrat between

the Nino 3.4 Index andthe original high—pass—filtered T, over the four continents before the

decomposition, which is only 0.21.



