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| NDI CES OF CLI MATE CHANGE FOR THE UNI TED STATES

ABSTRACT
A framework is presented to quantify observed changes in climte
within the contiguous United States through the devel opnent and
anal ysis of two indices of climate change, a dinmate Extrenes
Index (CElI) and a U S. Greenhouse Cinmate Response | ndex (GCRI).
The CElI is based on an aggregate set of conventional climte
extrenme indicators, and the GCRI is conposed of indicators that
measure changes in the climate of the U S. that have been
projected to occur as a result of increased em ssions of
gr eenhouse gases.

The CElI supports the notion that the clinmate of the U S. has
becone nore extrene in recent decades, yet the magnitude and
persi stence of the changes are not now | arge enough to concl ude
that the increase in extrenes could not have arisen froma quasi -
stationary climte. Nonetheless, if inpacts due to extrene
events rise exponentially with the index, then the increase is

i ndeed quite significant in a practical sense. Simlarly, the
Twentieth Century increase in U S. GCRI is consistent wth the
expected sign of change due to an enhanced greenhouse effect.

The increase is unlikely to have arisen due to chance al one
(about a 5 to 10% chance). Still, the increase of the GCRlI is
not | arge enough to unequivocally reject the possibility that the
increase in the GCRI nmay have resulted fromother factors
including natural climate variability, and the simlarity in the
sign of the change of the GCRI and nodel projections says little
about the sensitivity of the climte systemto the greenhouse
effect. Both indices increased rather abruptly during the 1970s,
at a tinme of major circulation changes over the Pacific Ccean and
North Aneri ca.



1. Introduction

Has the climate changed
significantly during the
century that is about to end?
And if so, in what ways and by
how much? dimatol ogists are
struggling to answer such
guestions, not only for
scientific interests, but also
for policy makers (IPCC, 1995)
and the public at |arge.
Answers to these questions are
fundanental to devel opi ng
confi dence about gl obal and
regi onal projections of climte
into the next Century. Such
confidence is inportant not
only to scientists concerned
with issues of climte
sensitivity to anthropogenic
and natural climate forcings
and feedbacks, but to policy
makers, non-specialists, and

t he general public. They al
requi re conprehensive, but
intuitive information that
allows themto understand the
scientific basis for
confidence, or lack thereof, in
present understandi ng of the
climate system

In this article our primary
focus relates to the probl em of
summari zi ng and presenting a
conplex set of nmultivariate,
mul ti di mensi onal changes such
that they can be readily
conprehended and used in policy
deci si ons nade by non-
specialists in the field. W
sel ected the contiguous United
States as the focus of

anal ysis. The reasons are: 1)
it is of special concern to
US. citizens and U. S. policy
makers, 2) the changes of
climate within the U S. have

not been gi ven extensive
coverage in inter-governnenta
or national reports focused on
climate change assessnents

(1 PCC, 1990, 1992; NRC, 1992),
3) the errors and systematic
bi ases of the data fromthe
U. S. have been well studied

(Karl et al.,1986; Karl and
WIlliams, 1987; Karl et al.
1988; Quayle et al. 1991; Karl
et al. 1993a; Karl et al.

1993b; G oi sman and Easterling,
1994), and 4) the climte
records are of sufficient

| ength such that high frequency
climate variability is |less
likely to obscure | ow frequency
climate variations and changes.

2. Data

Twentieth Century changes and
variation of precipitation with
mont hly resol uti on can be

cal cul ated fromthe Nationa
Climatic Data Center’s climate
di vi sion data base (CGuttman and
Quayl e, 1995). This data set
consi sts of thousands of first
order and cooperative weat her
observing sites across the
country, but only a fraction of
t hese are continued through
1994. Although there are
likely to be precipitation
measur enent bi ases at each of
these stations (Karl et al.
1993a, b; G oi sman and
Easterling, 1994), mainly in
the formof solid precipitation
under-catch, the time-varying
bi ases are likely to be
considerably small er because in
this data base nost of the
sites have had rat her

consi stent instrunentation,
e.g., standard eight inch
unshi el ded gauges. Moreover,



conpari sons wth other data
sets (Karl et al., 1993g;

G oi sman and Easterling, 1994)
depict only small differences
in precipitation trends.
Nonet hel ess, Legates (1995)
argues that during nonths with
both liquid and solid
precipitation, a systenmatic
change in the ratio of liquid
to solid precipitation could

i ntroduce an undetected tine-
varying bias. Mre work
remains to fully assess the
significance of this potenti al
bi as, but related streanfl ow
data (Lins and M chaels, 1994;
Lettennmai er, 1994) woul d
suggest that such a bias is
unlikely to adversely affect
this assessnment of
precipitation trends during the
Twentieth Century.

A comon tool used to quantify
| ong-term noi sture anomalies in
the U S. is the Pal ner Drought
Severity Index or PDSI. The
PDSI categorizes noisture
conditions in increasing order
of intensity as near-nornal;
mld to noderate; severe; or
extrenme for drought or wetness.
The PDSI is affected by both

| ong-term noi sture shortages
and excesses, and by
variability of tenperature-
driven evaporation fromsoils
and transpiration (rel ease of
wat er vapor) from pl ants.

Since warmer conditions are
capabl e of evaporating nore
water fromthe earth's surface,
bot h tenperature and
precipitation affect the
drought index, but tenperature
anomal ies are less a factor
than direct changes in
precipitation.

The NCDC climate division
precipitation and tenperature
data base are used to cal cul ate
the PDSI (Karl, 1986).

Twentieth Century changes of
mean maxi mum and m ni mum
tenperature with nonthly
resolution are cal culated from
the U S. Historical Cinmatology
Network [HCN] (Karl et al.

1990). This data base has over
1200 stations with many
stations beginning in the late
Ni neteenth or early Twentieth
Centuries. Over 600 continuous
wel | -di stri buted observing
sites across the U S. were

sel ected based on the nunber
of potential discontinuities
(any change in instrunent
siting, location, or instrunent
type), the consistency of the
trends wth nearby stations,
the percent of m ssing data,
and the width of the confidence
interval of the adjustnent
applied to the data and the
record length (Karl et al.
1990). Each station used was
adj usted: a priori adjustnents
i ncl uded observing tinme biases
(Karl et al., 1986), urban heat
island effects (Karl et al.
1988), and the bias introduced
by the introduction of the

maxi mum m ni num t herm st or and
its instrunent shelter (Quayle
et al., 1991); a posteriori

adj ustnments i ncluded station
and instrunent changes (Karl
and Wl lians, 1987).

Dai |y changes of precipitation
were derived froma subset
(131) of the HCN stations with
suppl enmental non-HCN stati ons
in the West where coverage was
sparse. The suppl enent a



stations were sel ected outside
of urban areas and have

consi stent observing tines,
whereas stations in the HCN had
a limted nunber of random (not
systematic) changes in
observing tinmes (Hughes et al.
1992) .

3. Statistical nethods

For each indicator or index® we
test the hypothesis that the
magni t ude of the observed trend
is a by-product of a quasi -
stationary climate. The term
guasi-stationary is used to
refl ect the notion that over
very long time scales
(thousands of years) no clinate
reginme is likely to be
stationary. The alternate
hypot hesis is that the observed
trend represents a changi ng
climate. Each tinme series is
fit to an autoregressive noving
average (ARMVA) nodel of maxi nmum
order 4 (Box and Jenki ns,

1976). Such a nodel can
account for a wide variety of
stationary (and apparent non-
stationary) processes

(Priestly, 1981), including
periodicities, persistent
fluctuations, quasi-
periodicities, etc. The nodel

can be witten in the form

P q
(1) Y. =Y &Y, + Y 6ja,.; +
a,,

i =1 j =1
where Y, is the value of the
tinme series at tine t; ¢ IS

!An index is defined as an
aggregate of a set of
i ndi cat ors.

the ith autoregressive (AR
coefficient; 6 is the jth
nmovi ng aver age (M)
coefficient; and a, is random
noise at time t. The order of
the nodel is expressed as p,q
and represented as ARMA (p, Q).
The distribution of a, is
normal with nmean zero and
standard deviation o, (i.e.,
standard devi ation of the
random noi se).

t he

Wen p and q are zero the node
represents a white noise or
uncorrel ated serial process.
ARMA (0, q) nodels can be
characterized as having finite
persistence, i.e., the random
noi se in the nodel persists for
exactly q observations. By
conpari son ARMA (p,0) nodels
can be characterized as having
infinite, but geonetrically
decayi ng persistence of the
random noi se conponent. Karl
(1988) contains nore details on
the climatol ogi cal applications
of this nodel.

The Bayesi an I nformation
Criterion (BIC) was used to

sel ect the appropriate order of
t he nodel (Katz, 1982). The
Bl C bal ances the goodness of
fit against the conplexity (the
order) of the nodel. The node
with the smallest BICis
preferred. The sensitivity of
our results is tested by al so
considering the nodel with the
second smallest BIC. Models
wer e constrai ned such that
p+q<4, w th higher order nodels
tested only if BIC reached a

m ni mum at nodel order 4. This
assunption is consistent with
the notion that highly conpl ex
statistical nodels are |ikely



to overfit the observations
(i.e. attach too nuch
significance to the noise
within the data).

The trend is renoved from each
time series prior to fitting
the nodel. This is necessary
because our interest will be in
using the nodel to sinulate a
stationary process and conpare
this to the observed trends.
Once the appropriate nodel is
identified for each indicator
or index, the trend of the
observed tine series is
conpared with trends cal cul at ed
from 1000 Monte Carl o
simul ati ons from generated tine
series of an ARVA npdel. Each
time series has the sane nunber
of discrete values as does the
observed i ndicator or index of
interest. The fraction of tine
t he observed trend exceeds

t hose cal cul ated fromthe

simul ated series is used as a
measure of the statistical
significance of the observed
trend.

Nunerous indicators are

consi dered, and al t hough we
provi de estimtes of their
statistical significance, their
interpretation can sonetines
beconme difficult. This is
because as nore and nore
indicators are analyzed it is
likely that some will contain
unusual trends sinply due to
chance. This is one of the
prime notivations for

devel opi ng an i ndex which
integrates a variety of climte
change i ndi cat ors.

4. Backgr ound

Ar ea- aver aged t ot al
precipitation has varied from
decade-t o-decade (Fig. 1).

Thi s area-averaged value is
derived from area-wei ghting the
total annual precipitation from
each of the 344 climte

di visions across the U S

Al t hough there is an absence of
a nonotonical ly increasing
trend, after about 1970
precipitation has tended to
remai n above the Twentieth
Century nmean, and has aver aged
about 5% nore than in the
previous 70 years. Such an
increase hints at a change in
climate. Fornmal statistical
anal ysi s suggests that the
change is unusual, but stil
there is about a 10% chance
that such a change could arise
froma quasi-stationary climte
wi t hout any real |ong-term
changes. The end-of-century
increase is mainly due to
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Fig. 1 Departures fromthe |ong-
term nmean of area-average annual
precipitation over the conterm nous
United States. The snpoth curve on
this and subsequent plots is
generated from a nine point

bi nom al filter of the annual

val ues. The data end in 1994 for
this and subsequent figures.
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Fig. 2 Precipitation trends (1900-
94 converted to percent per
century) centered within state
climatic divisions are reflected by
the diameter of the circle centered
wi thin each climatic division.
Solid circles represent increases
and open circles, decreases.

i ncreases during the second
hal f of each year, particularly
during the autum. On a
regional basis (Fig. 2) we see
that the increase i s w despread
within the U S., and | ocal

i ncreases of nearly 20% are not
uncommon. The increase is not
apparent everywhere however, as
sone states like California,
Mont ana, Wom ng, North Dakot a,
Mai ne, New Hanpshire, Vernont,
and parts of the southeast have
had decreases in annua
precipitation. As is the case
Wi th precipitation, nean

t enperatures across the U S.
have not nonotonically

i ncreased during the present
century (Fig. 3), although a
linear trend equates to a rise
of about 0.4°C/ 100yr. Such a
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°c 0.0 X L 0.0 °¢
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'51 900 1920 1940 1960 1980 -1
Fig.3.Sane as Fig. 1 exxcept for
nmean tenperature in °C

sinple interpretati on of nean
tenperature change in the U S.
woul d be a gross
oversinplification. The record
reveals a sharp rise in
tenperature during the 1930s
and a nodest cooling fromthe
1950s to the 1970s, at which
time the tenperature increased,
and has since renai ned as high
as sone of the high

t enperatures recorded during
the maj or droughts of the
1930s. However, the nore
recent warnth is acconpani ed by
relatively high anmounts of
precipitation, unlike the dry
1930s. Al though U. S

t enperatures have substantially
i ncreased, the increase by
itself is neither |arge enough,
nor tenporally consistent
enough, to conpletely dismss
the notion (around 1 chance in
20) that the change may have
arisen due to purely random
natural variations.

The increase in annua
tenperatures after the 1970s is
mai nly the result of
significant increases of
tenperature during the first
si x nmonths of the year (w nter
and spring). Tenperatures
during summer and autumn have
changed little after dropping
fromthe warm 1930s.

On a regional basis the areas
north and west of an arc from
Virginia through Illinois to
Texas contribute nost to the

i ncrease of annual average

nati onw de tenperatures (Fig.
4), while the southeast shows
nostly cooling. There has been
a tendency for snaller



tenperature increases to be
coincident wwth the | arger
positive trends of
precipitation and associ at ed
circul ation changes (Trenberth
and Hurrell, 1994).

5. | ndi cators of climte
change for the U.S.

Twentieth Century changes in a
variety of climate indicators

t hat represent various aspects
of climate are presented in the
next two subsections. Each

i ndi cat or has been sel ected
based on its reliability,

| ength of record,

updateability, and its

rel evance to changes in clinmate
extrenes or projected clinmate
responses due to increasing

ant hr opogeni ¢ greenhouse gases.

a) Extrenes

An inportant aspect of climte
extremes relates to extrene
droughts and noi sture
surpluses. To characterize

| ong-term variati ons of drought
or wetness it is possible to
cal cul ate the proportion of the
U.S. under conditions with
severe and extrene (which we
sinply characterize as
"severe") drought or noisture

surplus, as defined by the
Pal mer Drought Severity Index
(PDSI). Considerabl e decadal

variability of drought and
wetness is revealed (Fig. 5).
The droughts of the 1930s and
1950s stand out in the upper
curve as remarkabl e events.
During 1934, the worst year, on
average nearly 50% of the
country was in severe drought;

even the spring and sumer
drought of 1988 is dwarfed by
conparison. Since about 1970
however, nore of the country
has tended to remain
excessively wet: over 30% of
the country has experienced a
severe noisture surplus for at
| east one year in each of the
past three decades.

The catastrophic sumertine
fl oodi ng of the M ssissippi
River and its tributaries
during 1993 is an obvious

exanpl e of these severe

nmoi sture surplus events, but
Table 1 indicates that there is
still a good chance (about 25%
that the trend toward i ncreased
frequency of severe noisture

Table 1. Estinmated statistical
significance based on the best (left)
and second best (right) ARMA nodel s
for various indicators related to
climate extremes. The hypot hesis
tested is that trends this century are
not stationary.
Indicator Sign of
(Percentage of United States) trend

Model order  P-value of
ARMA {p, 9) trend

0.85/0.83

In severe/extreme drought -

{1, 2)/(1, 0)

With mean maximum temperatures - (1, 0)/(0, 2) 0.01/0.02

much below normal

0.06/0.07

With mean minimum temperatures -
much below normal

(1, Hi(1,2)

0.20/2,1)  <0.00}/< 0.001

With much ahove normal number +
of wet days {measurable precipitation)

With much above normal proportion + (1, )/(1,2) < 0.001/<0.001
of precipitation {rom extreme

(> 50.8 mm) I-day precipitation events
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Fig. 4. Sane as Fig. 2 except for
mean tenperature [ °C(100 yr) 1.
Closed circles represent warm ng and
open circles cooling.

has arisen froma quasi -
stationary climate with
exponential ly decayi ng
persi st ence.

The national effects of a |ong-
term noi sture deficit or
surplus are generally
proportional to the areal
coverage in either severe
drought or in severe noisture
surplus. If we consider the
sum of the proportion of the
country in either of these
severe categories no systematic
trends are evident in the
present century, although
during the past few decades,
there has been a tendency for a
greater portion of the country
to be either in severe drought
or severe noi sture excess.
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Fig. 6.Percentage of the
contermnous U.S. area with nuch
above normal (bottom curve,|left
scal e) or nuch bel ow normal (top
curve, right scale) nonthly mean
maxi mum (mex) tenperatures.
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Fig. 5. Percentage of the
conterminous U.S. area in severe
nmoi sture surplus (bottom curve, | eft
scal e) and in severe drought (top
curve, right scale).

As wi th drought and excessive
noi sture, portions of the
country can be extrenely cold
at the same tine that others
are unusually warm This is
actually a fairly conmon
occurrence because the

conterm nous U.S. very roughly
spans hal f the average

| ongi tudi nal extent of a
stationary Rossby wave, e.g,
the Pacific North Anmerican

tel econnection pattern, thus

pl aci ng one part of the country
in southerly flow and the other
in northerly flow This |eads
to an average nationa
tenperature that is near-
normal . Hence, we focus on
tenperature indicators that can
capture changes in unusually

cold or warm weat her, even when
average national tenperatures
are near nornal . Al so,

abnormal Iy hi gh daytinme maxi mum
tenperatures can occur while
nighttinme tenperatures remain
bel ow normal (this is not
usually the case however), or

vi ce-versa. Mreover, an

i ncrease (decrease) of
tenperature can be asymetric
in the tails of the

di stribution. For exanple, the
warnt h of the 1930s is better
reflected by the area of the
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Fig.7.Sane as Fig. 6 except for
m ni mum (min) tenperature.

country affected by much above
nor mal 2 annual daily naxi num
tenperatures (Fig. 6) conpared
with the percent of the country
af fected by nuch above nor mal
annual m ni mum t enper at ures
(Fig. 7). Fig. 7 also shows
that the proportion of the U. S.
wi th nmuch bel ow normal nean
annual daily m ni mum

t enper at ures has been sust ai ned
at low levels since the late
1970s with only 5 to 10% chance
that the overall decrease in
area affected by these
conditions would occur in a
stationary climte (Table 1).
This is in contrast to only a 1
to 2% chance for nuch bel ow
normal conditions the maxi mum
tenperature (Fig. 6; Table 1).
The recent increase of the

m ni mum tenperature relative to
maxi mum t enper at ure has been
directly related to an observed
i ncrease in cloud anmount over

t he past several decades
(Plantico et al., 1990).

The fraction of the country
wi t h anonmal ous nean nont hly
maxi mum or m ni num

t enper atures, has changed
little during the Twentieth
Century. The tendency for a

| arger area of the U. S. to have

’Defined as within the
upper ten percent or upper
decile of all annual val ues.

much bel ow normal tenperatures
inthe early part of the
century has been bal anced by

t he opposite category of nuch
above normal tenperatures in
the | ast few decades.

An anal ysis of changes in
extrenes woul d be inconplete

W t hout consi deration of
changes in daily precipitation
events. The proportion of the
country with a nmuch greater

t han nornmal nunber of wet days
(Fig. 8) has increased nuch
nore than woul d be expected in
a stationary climate (Table 1).
This is especially apparent

bet ween 1910 and 1940 and after
about 1970. The latter

i ncrease bears sone simlarity
to the increase of total
precipitation over the U S
(Fig. 1). Meanwhile the
proportion of the U S. with a
much greater than normal nunber
of dry days has shown little
overall change. CQccasionally,
for certain areas and tines of
the year, there are too few wet
days in a given nonth to
establish an upper ten
percentile. These areas are
not i ncl uded.

40 T
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Fi g. 8. Percent age of the conterm nous
U.S. area with the nunber of wet
days nuch above normal (bottom
curve, |l eft scale) or nunber of dry
days nuch above nornal (top
curve, right scale).




The proportion of the country
that has had a nuch greater
t han nornmal anmount of
precipitation derived from
extrenely heavy (>50.8mm or
i nches) 1-day precipitation
events (Fig. 9) can be reliably
cal cul ated at | east back to
1910. Simlar to Fig. 8, in
sone regions and for certain
nmont hs of the year, 1-day

preci pitation events exceedi ng
50. 8mm never occur e.g., the
West in summer. These areas
and nonths of the year are not
included in the indicator. It
is clear (Fig. 9) that during
the present century there has
been a steady increase in the
area of the U S. affected by
extreme precipitation events.

It is unlikely (less than 1
chance in 1000) that such a

| arge change coul d occur in a
quasi -stationary climte (Table
1).

2

O her nmeasures of high
frequency extrene events were
al so consi dered, such as the
frequency of heat waves and
cold waves, freezes, strong

W nds, tropical cyclones, etc.,
but not included in the CEl at
this time. Wth appropriate
data, these additional neasures
could easily be used, but

exi sting data sets require
considerably nore attention

Wi th respect to honopgeneity.
Even today however, the
frequency of daily tenperature
above a given threshol d cannot
be reliably cal cul ated for

| arge portions of the USA
Proper adjustnents for changing
observing tines at daily
resol uti ons have not been

devel oped. Fortunately, there

10

is a high correlation between
much bel ow (or above) nornal
conditions and cold waves (heat

waves) that |ast several days.
The duration, intensity, and
areal extent of tropical and

extratropi cal cyclones al so
requi re nore honogeneity
assessnment, as do the
frequenci es of tornadoes and
hai | .

b. G eenhouse response

Efforts to detect the effects
of greenhouse gas warm ng are
best studied through gl oba
anal yses (Karl, 1993). Such
anal yses have been made and
assessed in both
i nt ergover nnent al
1992; 1995) and nationa

reports (NRC, 1992). Al of

t hese conm ssi oned assessnents
have concl uded t hat observed
changes in global climte are
not yet sufficiently large to
be ascri bed unequivocally to
ant hr opogeni ¢ i ncreases of

gr eenhouse gases; al though they
al so suggest that the

ant hr opogeni ¢ greenhouse effect
is the nost probable cause for
t he gl obal tenperature increase
of nearly 0.5°C during the past

(1 PCC, 1990;

14
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events.
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100 or so years. The question
ari ses however, whether there
is any evidence to suggest that
the expected effects of
anti ci pated greenhouse warm ng
are already affecting the
climate of the United States.
A nunber of projections have
been made that are expected to
af fect | arge continental
regions in the md-to-high

| atitudes, such as the USA

(1 PCC, 1990; 1992; 1995). These
changes, in rough order of
confidence in the projections
(1 PCC, 1990; 1992; 1995)

i ncl ude:

An increase of nean
surface tenperature.

An increase in
precipitation, primarily
in the cold season

More severe and | onger

| asting droughts,
especially during the warm
season (May- Sep.).

A small, but significantly
greater increase of
nighttime tenperature
conpared with daytine

t emper at ure.

A greater portion of
precipitation derived from
heavy convective rainfal
(showers or

t hunder shower s) conpared
with gentler, |onger-

| asting rainfalls.

A decrease in the day-to-
day variability of

t emper at ure.

>

The increase in the nmean
tenperature is a fundanenta
characteristic of all node
simul ati ons wth enhanced

gr eenhouse gases, with the
daily m ni mum tenperature

i ncreasi ng about 10% nore than

11

the maxi num  Anot her primary
climate response to increased
gr eenhouse gases relates to an
i ntensified hydrol ogic cycle.
As a result, cold season
precipitation generally
increases in the md-to-high

| ati tudes as a war ner

at nosphere i s capabl e of

mai nt ai ni ng greater anounts of
wat er vapor condensed as
precipitation in mgrating

cycl ones. During sumrer,

i ncreased surface tenperatures
|l ead to greater evaporation and
with only small changes in
precipitation in sone areas;
and nore frequent and severe
droughts. An increase in
convective precipitation,
resulting in nore intense
rainfalls (not necessarily nore
overall rain) is also a
characteristic of a stronger
hydrol ogi c cycle. The

proj ected reduction in the day-
to-day tenperature variability
in awrnmer climate is
consistent wwth the reduced
day-to-day variability of
tenperature in the sunmer
versus the winter and in the
tropics conpared to md and
high | atitudes. Wrner sea-
surface tenperatures could be
expected to increase the
severity and/or frequency of
hurri canes affecting the United
St ates and adj acent waters.
However, the natura

variability of hurricanes is so
great (Karl et al., 1995) and
nmodel projections so uncertain
t hat even century-scal e changes
are not reliable indicators of
gr eenhouse war m ng.



Table 2. Sane as Table 1 except
indicators are related to projected

| ar ge- scal e changes associated with an
enhanced greenhouse effect. The

hypot heses tested are that trends this
century are not stationary and are
positive. Here, T, is the nmean nmaxi num
tenmperature and T, the m ninum

Model order
ARMA (p,q)

P-value
of trend

Sign of
trend

Indicator
(Percentage of United States)

nor mal nean tenperatures
(Fig. 4) and the proportion
of the U S. affected by
extrenme precipitation events,
the percent of the U S

af fected by nuch above nor mal
col d season precipitation has
significantly increased since
1970 (Table 2 and Fig. 10).

With much above normal mean + 0.27/0.21

temperatures (0.525*7 _+ 0475*T )

(1,201, 1)

In extreme/severe drought during + (1,0%(1, 1)

the warm season (May through Sept.)

With much below normal day-to-day +
temperature differences

(1,12

The projected changes have been
captured in five climte
indicators as listed in Table
2. One of these, the

i ncreasi ng proportion of the
country with extreme 1-day
precipitation events has al so
been considered as related to
changes in extrenes (Table 1).
In addition to the increase in
the area affected by nuch above

60 60

50 | 50

40 4 40

% 30 1

20 ]
10{ 7
o i J

1900 1920 1940 1960
Fi g. 10. Percent age of the
conterm nous U.S. area with nuch
above nornmal cold season
(Cct.through Apr.) precipitation

30 %
b 20

0.45/0.42

0.14/0.12

In contrast, the proportion
of the country affected by
extrenme and severe warm
season droughts reflects
little overall trend, but
consi der abl e decadal
variability (Fig. 11).

Changes in high frequency
tenperature variability can
be reflected in the day-to-
day changes of tenperature
cal cul ated as the absolute
val ue of the difference in
tenperature fromday i to day
i+1l. Trends in the proportion
of the U S. with nmuch above

(bel ow) nornmal day-to-day

t enperature change for the
present century indicate that
there has been a rather steady
and significant decline
(increase) in the area affected
by these abnormally high (Iow)
day-t o-day differences of
tenperature. The reduction in

60

50
40
30 %
20

10

1

i

1920 1940 1960 1980

Fig.11. Percentage of the
contermnous U.S. area in sever or
extreme drought during the warm
season (May through Sep.).
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Fi g.12. Percent age of the
contermnous U.S. area with nuch
bel ow normal day-to-day tenperature
di fferences.

day-t o-day tenperature
variability is not as apparent
in the nuch bel ow nor nal
category of day-to-day
tenperature differences (Fig.

12), but still has a positive
trend (Table 2), and relatively
smal | P-val ues.

6. dimte Change |ndices

It should be clear by now that
not only is it difficult to
assimlate the broad spectrum
of changes in various
indicators as related to the
US climate, but conveying
this information to policy-
makers and the general public
is a form dable task. For

t hese reasons an i ndex that
conbi nes a nunber of climte
indicators as related to a
specific aspect of clinate
change can provi de a conveni ent
tool to summari ze the state
(and changing state) of the

climate. To be useful it nust
have a cl ear neaning, a
noderately |l ong history, and

continuity into the future. It
shoul d not snooth out
potentially inportant aspects
of climate change in the nane
of intended sinplification.

Two types of indices have been
devel oped. The first is ained

U.S. Climate Extremes Index
32 32

28 A 28

24 ) - LT . . 24

%
%

20 - % 20

16

12 -
1900

Fig. 13. An annual U S. Cimte
Extrenes |Index. Dots represent
annual values, the snmoboth curve is a
21-point binomal filter, and the
bars represent 14-year averages.
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at assessi ng changes and
variations of climte extrenes,
and is nost relevant to gaugi ng
the potential inpact of |ong-
termclimte variations and
changes on natural and man- nade
systens in the U S. The other
focuses on changes that have
been projected to occur in the
U.S. from ant hr opogeni c

i ncreases in greenhouse gases.

a) Aclimte extrenes
i ndex

The U . S. dimte Extrenmes |ndex
(CEl') is the annual arithnetic
average of the followng five

i ndi cators of the percent of
the conterm nous U. S. area:

(1) The sum of:

a) Percent of the U S
W th maxi mum t enperat ures nuch
bel ow nor mal .

b) Percent of the U S.
W th maxi mum t enperat ures nuch
above nor mal
(2) The sum of:

a) Percent of the U S

Wi th mni mum tenperatures nuch

bel ow nor mal .

b) Percent of the U S.
Wi th mni mum tenperatures nuch
above nor mal

(3) The sum of:



a) Percent of the U S 1in
severe drought (equival ent

to the | oner ten
percentile) based on the
PDSI .

b) Percent of the U S.

W th severe noisture
surpl us

(equi val ent to the upper
ten percentile) based on
t he PDSI .
(4) Twi ce the val ue of:
the percent of the U S
wth a nmuch greater than nornma
proportion of
precipitation derived from
extrene (nore t han
2 inches or 50.8 mm 1-day
precipitation events.
(5) The sum of:
a) Percent of the U S
with much greater than
nor mal nunber of days
W th precipitation.
b) Percent of the U S.
with greater than nornmal
nunber of days
W t hout precipitation.

In each case, we define nuch
above (below) normal or extrene
conditions as those falling in
the upper (lower) tenth
percentile of the | ocal,
century-1long period of record.
In any given year each of the
five indicators has an expected
val ue of 20%in that 10% of al
observed val ues should fall, in
the long-term average, in each
tenth percentile, and there are
two such sets in each
indicator. An extrenely high
value in any one of the five

i ndi cators does not excl ude
extrenely high values for the
others. 1In fact, for the

maxi mum and m ni num t enper at ure
indicators (1 and 2 |isted

above) there is usually, but
not al ways, a cl ose
correspondence between the two.
The fourth indicator, related
to extrene precipitation
events, has an opposite phase

t hat cannot be consi dered
extreme: The fraction of the
country with a nmuch bel ow

nor mal percentage of annua
precipitation derived from
extrene (i.e., zero) 1l-day
preci pitation anobunts. Hence,
the fourth indicator is
multiplied by twice its val ue
to give it an expected val ue of
20% conparable to the other
indicators. Overall, the CE
gives slightly nore weight to
precipitation extrenes than to
extremes of tenperature. A
value of 0% for the CEl, the
lower limt, indicates that no
portion of the country was
subject to any of the extrenes
of tenperature or precipitation
considered in the index. In
contrast, a value of 100% (or
nmore, considering the nature of
i ndi cator 4) woul d nean the
entire country had extrene
condi ti ons throughout the year
for each of the five
indicators, a virtually

i npossi bl e scenario. The |ong-
termvariation or change of
this index represents the
tendency for extremes of
climate to either decrease,

i ncrease, or remain the sane.
Al t hough we focus on an annua
CEl and do not produce a
‘seasonal’ CElI, which may be
nore appropriate for sone

i npact studies or to explore
the processes leading to
changes and variations in the

i ndex, the CEl is constructed
such that seasonal val ues can



easi |y be cal cul at ed. Tabl e 3.Same as Table 1 for this century
except for indices. The hypotheses tested

Th ¢ | d of is that trends of extremes are not
e century-iong record o stationary; trends in the greenhouse

the CEl depicted in Fig. response are not stationary and are

13 denonstrates that the positive.

climate of the U S in Signof  Model order  P-value
this period has included Indices trend  ARMA (p,g)  of trend
| ar ge decadal fluctuations

of climate extrenes. U.S. Climate Extremes Index + (1, DA, 0) 0.21/0.10

Si nce about 1976, the tine
when t he at nospheric
circul ati on over the
Paci fic and North Anerica

underwent a signi ficant U.S. Greenhouse Response + 1, D0, 1 0.04/0.01
change (Trenberth, 1990; " P (1, A0, 1)

Trenberth and Hurrell, Incex (unvicghted)

1994), the CEl has averaged val ues extends fromO0.10 to

about 1.5% hi gher than the 0.21. One could argue that

average of the previous 65 since the inpacts or damages

years. This is equivalent to a associated with extrenes go up
persistent increase of extrene exponentially, the CEl should

events covering an area be nonlinearly scal ed, but the
somewhat | arger than the state appropriate scaling is

of Indiana. Oher notable uncertain. Cearly, this would
times of extreme climte further enphasize the

vari ations include the 1930s significance of the recent

and 1950s, but the nore recent increase in extrenme events.

spell of extrene climate is of

| onger duration. This increase b) A U S. greenhouse climate
in extrenmes is rel ated response i ndex

primarily to the increase in

three precipitation indicators: The U S. Greenhouse dinmte

the frequency of long-term Response Index (GCRI) is
drought severity and noisture conposed of a set of

excess, the frequency of antici pated greenhouse climte
extrenme 1-day precipitation response indicators. It is
events, and a nuch greater than intended as a neans of early
nor mal nunber of days with detection and nonitoring of
precipitation. The increase in anticipated greenhouse-induced
climate extrenes over the past climate change as applied to
15 to 20 years is not, however, conditions in the US.  Oher
of sufficient persistence and ant hr opogeni c i nfluences on
magni t ude to suggest that the climate, such as the cooling
climate really has changed. effects of sulfate aerosols
Such a change, sinply due to (Santer et al. 1995; Karl et
natural year-to-year al ., 1995) as well as natural
variability, is not unexpected climate change nechani sns, wl
(Table 3). Depending on the ei ther enhance or reduce the
nodel selected, the range of P- GCRI. It is worth noting
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however, that in the U S there
was a negligible net change of
ant hr opogeni ¢ em ssi ons of

sul fur dioxide (which can cause
sul fate-induced snog) between
1950 and 1993.

The U . S. GCRI is calcul ated
fromthe annual arithnetic
average of the followng five

i ndi cators of the percent of
the conterm nous U. S. area:

(1) The percent of the U S

wi th nmuch above nor nal
mean tenperature (m ni num
tenperature tinmes 0.525,
pl us maxi mum t enper at ure
tinmes 0.475).

The percent of the U S

wi th nmuch above nor nal
precipitation during the
nmont hs Cct ober through
April (the cold season).
The percent of the U S in
extreme or severe drought
during the nonths My

t hr ough Sept enber (the
war m season) .

The percent of the U S.
with a much greater than
normal proportion of Fig.
precipitation derived from
extrenme 1-day
precipitation events
(exceeding 2 inches or

50.8 nmj.

U.S. Greenhouse Climate Response index
(weighted)

(2)

(3)

(4)

25

25

20

15

%

Fig. 14. Same as Fig. 13 except for
the annual U.S. Greenhouse Climate
Response | ndex based on greenhouse
climate response indicators; (a)

wei ghted and (b) unwei ght ed.

(5) The percent of the U S.

wi th much bel ow normal day-to-
day tenperature differences.
Each of these five indicators
defines an antici pated response
of the U S climate related to
i ncreases of atnospheric
greenhouse gases derived from
the I PCC (1990; 1992; 1995).

In addition to its role in
nmonitoring for anticipated
climate responses anot her
reason for developing a U S
GCRI relates to additiona

i nformati on obtai ned from
analyzing nultiple, nostly

i ndependent paraneters, each of
which is expected to respond to
i ncreases of greenhouse gases
and/ or tenperatures. Due to
data deficiencies, only nmean

t enperature has been anal yzed
and related to the greenhouse
ef fect on gl obal space-scales

(I'PCC, 1992). So, although a
“U S. only” analysis suffers
fromlimted areal extent, by

using five nostly independent
indicators it conplenents

gl obal greenhouse detection
analyses with limted
dimensionality in variate

sel ection. The correlation
matri x (Table 4) of detrended
i ndi cators reveal s that nost

i ndi cators are independent or

U.S. Greenhouse Climate Response Index
(unweighted)

%
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only weakly related with each
other. The mmjor exception is
the correl ati on between

t enperature and drought during
the warm season. This latter
relati onshi p however, still
only expl ains 36% of the common
vari ance between tenperature
and war m season drought.

Each i ndi cator has an expected
value in any year of 10% For
the first indicator, we use a
slightly heavier weight for the
m ni mum tenperature conpared to
t he maxi nrum (10% nore),
consistent with the 10% greater
increase in the mninumrel ated
to greenhouse forcing (IPCC
1990; 1992). Each indicator
focuses on the upper or |ower
ten percentile of the
distribution to ensure that
changes in the indicators
reflect events that are often
noti ced by the general public
as well as policy-makers. The
choi ce of an upper or | ower
decile is based on the expected
trend of the quantity under
consi derati on.

A question arises about the
appropri ate enphasis or wei ght
to assign to each of the five
indicators. W show both

wei ghted (Fig. 14a) and

unwei ghted (Fig. 14b ---al
five indicators equally

wei ght ed) versions of the GCRI
and note that differences

bet ween t he wei ghted and

unwei ghted versions are
relatively mnor (Table 3).
The wei ghts used reflect our
subj ective estimate of the
relative confidence placed on
anti ci pated greenhouse-i nduced
changes in U S. climte: a
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value of 5 for the first

i ndicator (tenperature); 4 for
precipitation; and 3, 2, and 1
for indicators (3), (4), and
(5) respectively. Since the

expected value for the GCRI for
any given year is 10% we
depict this as a horizontal
line in both the wei ghted and
unwei ghted version of the GCRI
reflecting a tine invariant

climate.

Based on the overall increase
of the GCRI it can be concl uded
that the changes are consi stent
with the general trends
anticipated froma greenhouse-
enhanced climte. Mboreover,
since 1980 the unwei ghted and
wei ghted GCRI's have averaged
12. 8% and 13. 3% respectively
which is 2.8% and 3. 3% hi gher

t han expect ed. In terns of
relative effect, a change of
this magnitude corresponds to
an area sonewhat greater than

t he conbi ned areas of |ndiana,
IIlinois, and Chio. At the
sanme tinme however, statistical
anal ysi s indicates that because
the change is neither |arge
enough nor consi stent enough
through tinme, it may not be
prudent to unequi vocally reject
the possibility (roughly a 5 to
10% chance) that the increase
is a randomvariation of a
stationary climte (Table 3).
In order to test the
sensitivity of the P-value to

t he nodel selected, the ful
range of ARMA nodel s of orders
1to 4 were sinmulated. P-

val ues ranged from0.01 to 0. 20
and 0.01 to 0.09 for the

unwei ght ed and wei ghted versi on
of the GCRI.



7. Discussion and Concl usi ons

A framewor k has been devel oped
that can be used by

climatol ogists to express

mul ti di mensi onal changes in an
integrated and i nformative
manner. W present two indices
conposed of specific
indicators, a Cimte Extrenes
| ndex and a G eenhouse Cimte
Response I ndex. The content of
these indices are unlikely to
be totally static. New

i ndi cators may be added as our
dat a bases inprove, (e.g.

w nds, hail, tornadoes, etc.)
and information increases
regarding the details of the
climate response to increases

i n greenhouse gases. Moreover,
as ot her forcings becone better
understood (e.g., sulfate
aerosols), other indices wll
surely energe.

At the present tine, trends of
several indicators stand out
nost conspi cuously. These

i ncl ude the rather steady
increase in precipitation
derived fromextrene 1-day
preci pitation events; the
increase in area affected by
much bel ow normal maxi mum
tenperatures; the increase of
col d season precipitation, and
the increased frequency of days
with precipitation. Trends in
other indicators of climte
change are not now sufficiently
| arge or persistent enough to
be considered as strongly
suggestive of a changing
climate. Nonetheless, rea
changes in climte remain the
nost |ikely explanation for the
nost conspi cuous changes. Sone
of the indicators had seem ngly
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significant changes during the
| ate 1970s and have nore or

| ess remai ned at these levels
to the present. Oher surface
climate change indicators
(e.g., proportion of the
country affected by extrene or
severe warm season drought)
reflect the kind of climatic
variability that is conpletely
consistent with the prem se of
a stable or unchanging climate.

It is noteworthy that the

i ncrease in tenperature across
the U S is slightly smaller

t han the gl obal increase of
tenperature. The increase in
m ni mum tenperature relative to
the maximumis also refl ected
in many other countries of the
Nort hern Hem sphere (Karl et
al ., 1991; 1993c). Worl dw de

| and precipitation has changed
little over the Twentieth
Century (IPCC, 1995), but this
i's because high l|atitude

i ncreases have been bal anced by
| ow| atitude decreases. By
conparison, the change in
precipitation in the U S.
still relatively noderate
conpared to sone of the

i ncreases and decreases at
other latitudes. Decreases in
t he day-to-day differences of
tenperature observed in the
U.S. are also apparent in China
and Russia, the other |arge
countries analyzed as of this
date (Karl and Knight, 1995).
The persistent increase in the
proportion of precipitation
derived fromextrenely heavy
preci pitation has not been
detected in these countries,

al t hough honogeneous records
are much shorter. In northeast
Australia however, significant

is



i ncreases in extrene
precipitation events have been
detected by Suppi ah and
Hennessy (1995).

A Cdimte Extrenes I|ndex,

defi ned by an aggregate set of
conventional climte extrenes

i ndi cators, supports the notion
that the climate of the U S
has becone nore extrene in
recent decades, yet the
magni t ude and persi stence of

t he changes are not now | arge
enough to concl ude that the
climate has systematically
changed to a nore extrene state
as opposed to fluctuating about
a near stable state.

Simlarly, a U S. G eenhouse
Climat e Response | ndex,
conposed of indicators that
nmeasure the changes of U S
climate that are expected to
foll ow i ncreased em ssi ons of
gr eenhouse gases, reflects
Twentieth Century trends that
are consistent wth
expectations. Moreover, al
five indicators reflect trends
consi stent with greenhouse
projections, with two of them
reflecting highly significant

trends. Still, the rate of
change of the GCRI, as with the
CEl, is not |arge enough to

unequi vocal ly reject the
possibility that the increase
in the GCRI may have resulted
fromother factors including
natural climte variability,
al though this is not a likely
expl anation (about a 5 to 10%
chance). Moreover, the
hypot hesis tested is sinply
that the trend in the GCR
non-zero and positive. The
sensitivity of the climte
systemto ant hropogenic

is
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gr eenhouse forcing i s not
addressed by this test.
Nonet hel ess, by anal ogy the
circunstantial evidence to |ink
gr eenhouse projected change in
the U S. climte and observed
changes may be adequate in a

civil court, but not in a
crimnal conviction (at |east
one juror would still have

reasonabl e doubts).

Both the CEl and the U S. GCR

i ncreased rather abruptly
during the 1970s (but two-phase
regression anal ysis [ Sol ow,
1987] does not indicate a
significant change point in the
series), at a tine of nmjor
circul ati on changes over the
Paci fic Ocean and North
America. Moreover, since the
wi nter of 1976-77, the
frequency and intensity of El

Ni io Sout hern QGscillation
events have increased relative
to previous decades. During

t hese years sea-surface
tenperatures in the central and
eastern equatorial Pacific have
remai ned anonal ously warm

Such events have been directly
linked to increased
precipitation and reduced

W nter tenperatures along the

@Qul f Coast of the U S
(Ropel ewski and Hal pert, 1987;
Hal pert and Ropel ewski, 1992).

During the late 70's and into
the 1980s (but whether this has
continued in the 1990s is |ess
apparent) a large-scale

redi stribution of atnospheric
mass took place in the North
Pacific, associated with a
change of the jet stream over
the North Pacific and North
America. There is little doubt
that the increase in the



indices is at least partially
related to these circulation
vari ations, but anal yses
indicate that it is not a

dom nant factor. For exanpl e,
we have cal cul ated the
coherence of the Southern
Gscillation Index (SO) wth
the GCRI, but find no
statistically significant
relationships. W do find a
peak in the co-spectrumthat is
al nost significant (at the 0.10
level, but with only 2 to 3% of
t he covari ance expl ai ned) at
tinme scales of 4 to 6 years,

t he approxi mate recurrence
i nterval of ENSO events.
weak non-significant
relationship is al so evident at
a 1-year lag wth negative

val ues of the SO |eading the
CCRI toward higher values. It
must be acknow edged that the
role of increased anthropogenic
greenhouse gas concentrations
in such circulation variations
is poorly understood. Since
the indices are influenced by
nat ural changes and vari ati ons
that can either add or subtract
fromany underlying | ong-term
ant hr opogeni c-i nduced change,

it wll be inportant to
carefully nonitor the indices
over the next decade to see if
t hey sustain their incipient
trends or return to previous
levels. It will also be

i mportant to continue inproving
the indices and the honogeneity
of the records that constitute
the indices. Such efforts are
critical for a better
under st andi ng of climte,
it changes, and how t hese
changes can affect our own
lives and wel |l being.

A

how
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LI ST OF FI GURES

Figure 1 Departures fromthe
| ong-term nmean of area-average
annual precipitation
over the conterm nous U S. The
snooth curve on this

and subsequent plots is

gener at ed froma

ni ne-poi nt binomal filter of
t he annual val ues.

The data end in 1994 for this
and subsequent figures.

Figure 2 Precipitation trends

(1900-94 converted to % per
Century) centered

within state climatic divisions

are reflected by the

di aneter of the circle centered

within each climatic
division. Solid circles
r epr esent

i ncreases and open circles
decr eases.

Figure 3 Sane as Figure 1
except for nean tenperature in
°C.

Figure 4 Sanme as Figure 2
except for nean tenperature

(°C 100 yr.). C osed
circles represent warm ng, open
circles cool i ng.

Figure 5 Percent of the
contermnous U S. area in

severe noi sture
surplus (bottom curve, |eft
scale) and in severe
drought (top curve, right
scal e).

Figure 6 Percent of the

contermnous U S. area with

much above nor ma
(bottom curve, left scale) or
much bel ow nor mal (top

curve, right scale) nonthly

mean Maxi mum ( Max)
t enmper at ur es.

Figure 7 Sane as Figure 6
except for m nimum (M n)
t enper at ur e.

Figure 8 Percent of the
contermnous U S. area with the

nunber of wet days nuch
above normal (bottom curve,

| eft scal e) or nunber
of dry days nuch above nor nal
(top curve, right

scal e).

Figure 9 Percent of the
contermnous U.S. area with a
much above nor ma
proportion of total annual
precipitation from 1-

day extrenme (nore than 2 inches
or 50.8mm) events.

Figure 10 Percent of the
contermnous U S. area with

much above normal col d
season (Cct. through Apr.)
precipitation.

Figure 11 Percent of the
contermnous U.S. area in
severe or extreme

drought during the warm season
(May t hrough Sep.).

Figure 12 Percent of the
contermnous U.S. area with
much bel ow nor mal day-
to-day tenperature differences.

Figure 13 An annual U. S

Climte Extremes | ndex (CEl).

Dot s represent annual

val ues, the snooth curve is a

21- poi nt bi nomal filter,

and the bars represent 14-year
aver ages.



Figure 14 Sanme as Fig. 13
except for the annual U. S.

G eenhouse Cimte
Response I ndex (GCRI) based on
gr eenhouse climate

response indicators; (a)
wei ght ed and (b)
unwei ght ed.



TABLE 1. Estimated statistical significance
based on the best (left) and second best (right)
ARMA models for various indicators related
to climate extremes. Hypothesis tested is:

Trends this century are not stationary.

proportion of precipitation from extreme
(=50.8mm) 1-day precipitation events

INDICATOR Sign of Model order | P-value of trend*
Trend ARMA (p,q)

% of U.S. in severe/extreme drought - (1,2/(1,0) 0.85/0.83
% of U.S. with severe/extreme moisture + (2,1)/(0,1) 0.28/0.21
surplus
% of U.S. with mean maximum - (2,0)/(0,2) 0.01/0.02
temperatures much below normal
% of U.S. with mean maximum + (2.1)/(1.0) 0.62/0.47
temperatures much above normal
% of U.S. with mean minimum - (1,1)/(1,2) 0.06/0.07
temperatures much below normal
% of U.S. with mean minimum + (1,2)/(2,2) 0.46/0.51
temperatures much above normal
% of U.S. with much above normal + (1,2)/(2,1) <<0.001/<<0.001
number of wet days (measurable
precipitation)
% of U.S. with much above normal + (0,1)/(0,2) 0.48/0.46
number of dry days (no precipitation)
% of U.S. with much above normal + (1,1)/(1,2) <<0.001/<<0.001

*Probability that the trend is a random
realization of a stationary climate.




TABLE 2. Same as Table 1 except indicators
are related to projected large-scale changes
associated with an enhanced greenhouse
effect. Hypotheses tested: Trends this century
are not stationary and are positive. T, isthe

mean maximum temperature and T, iSthe
minimum.

to-day temperature differences

INDICATOR Sign of Model order P-value of trend
Trend ARMA (p,q)

% of U.S. with much above normal + (1,2)/(1,1) 0.27/0.21
mean temperatures (0.525*T,, + 0.475
* Tmn)
% of U.S. with much above normal + (1,0)/(0,1) 0.01/0.01
precipitation during the cold season (Oct.
through Apr.)
% of U.S. in extreme/severe drought + (1,0)/(1,1) 0.45/0.42
during the warm season (May through
Sept.)
% of U.S. with much above normal + (1,1)/(1,2) <<0.001/<<0.001
proportion of precipitation from extreme
(>50.8mm) 1-day precipitation events
% of U.S. with much below normal day- + (1,1)/(2,1) 0.14/0.12




TABLE 3. Same as Table 1 for this century,
except for indices. Hypotheses tested: Trends
of extremes are not stationary; Trends in the
greenhouse response are not stationary and

are positive.
INDICES Sign of Model Order P-value of
Trend ARMA (p,q) trend
U.S. Climate Extremes Index + (1,1)/(1,0) 0.21/0.10
U.S. Greenhouse Response Index + (1,2)/(1,1) 0.08/0.05
(Weighted)
U.S. Greenhouse Response Index + (1,1)/(0,1) 0.04/0.01
(Unweighted)




