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ing these messages. Extending the ceodrclimate vari- . . L
ability back though time eveals changes, often sudden andMpProving Estimates of Drought Variability

sometimes persistent on decadal to century timescales ti@id Extremes from Centuries-Long Tree-Ring
lie outside the range of instrumentetods. The concepts | Chronologies: A PAGES/CLIVAR Example

of future sustainabilitywater supply and food security may

be dangeasusly short sighted if they fail to accommodat&dward R. Cook, Mike Evans

the evidence &m the longer termecod. This is especially Lamont-Doherty Earth Ot_)servatory, Palisades, NY 10964

the case in relation to changes in the magnitude @ad fdendro@Ideo.columbia.edu

quency of exeme events (e.g. Knox, 2000) and to shifts
hydrological egime (e.g. Hodekt al, 1995; Messerkt al,
2000). The grwing consensus howeyeas that futue cli-
mate change willaflect not only natural variability but an-
thropogenic faring as well. It is intersting to compareven

uI]he impact of severdrought on agriculter water supply
and the overall environment is an ieasing global concern
as the demand for water outstrips supplies in maagsaf
the world. Reliable long-range frasting methods need to

the most modest edictions of ggenhouse warming with be developed t_o ‘?‘"OW agricultural and v_va&suurce plan-
ners and administrators teduce the impact of futer

natural variability ecoded in the &cent past. Even though .. .
Y P 9 droughts. In addition, longer climatecods ae needed for

the last six centuries appear to ha@ded both the coldest . . ; | d ht risk : Al
and warmest decades to have occurred in the late Holoc%emv&ngl_reglor?t?‘ throug rtls assess{man s,betsrf)e(:la y
(e.g. Bradley2000), the amplitude of variation in Norther 0S¢ dea ing wi € rmrexteme events. For both pur-
Hemisphee mean annual temperatubetween these ex-POS€S: the instmental climate database is likely to be inad-

tremes is less than the lowestjpcted temperatainceases equat(_a, even in the well monior U.S. Itis very dﬁC.UIt to
for the next century know if the instumental ecods ae long enough to include

the full range of dyught variability likely to happen in any
Refer ences: given egion in the futue. This issue was specifically ad-
dressed in aacent workshop convened by NO/Agkhd
Alley, R.,et al Naturg 362, 527-229, 1993. NASA: “Assessing the Full Range of Central Ndktherica
BarberD., et al.Nature 400, 344-348, 1999. Droughts andAssociated Landcover Change”, Boulder
eBtea[;_deeJS'\)"Ag‘U"f'ﬂé“_"legz’a{gg_s of Global Climate Chang@ Clark  ~4|qrado, June 2-4, 1999. One conclusion drawn from thi
Bond, G. et al.In: Mechanisms of Global Climate Chan¢e Clarket WorkShOp was that mme.ntal climate data over the U.S.
al ed:s) A”GU,.35'—58, 1999. are inadequate fo_r capturing the “full range” obwyht.
Consequentfythee is an ugent need to develop lornecods

Bradley R. (this issue) .
Bradley R. In:Past Global Changes and Their Significance for the Fu(?f pgst dough.t flom a variety of pxy !eCOdS'Amon.g those
ture, (K. Alversonet al. eds.).Quaternary Science Revievis, 1-5, available, pecisely dated annuagg-ring chronologiesdm

391-402, 2000. centuries-old trees gwing on dought-stess sites aride-

Briffa, K., et al.Nature 393, 450 — 455,1998. ally suited for this pupose.
Cane, M.gt al. (this issue) A recent paper by Wodhouse and Overpeck (1998)

DeMenocalet al. In: Past Global Changes and Their Significance fopas likewise hlghllg.ht_ed the I|m|tat|o_ns of ingmental cli-
the Future (K. Alversonet al. eds.) Quaternary Science Reviews, ~Mate data by examining the paleoclimateod of dought
1-5, 347-361, 2000. in the western U.S. They find evidence of past

Hodell, D.A.,et al.Natug, 375, 391 — 394, 1995, “megadroughts” of unusual severity and duration in the
Knox, J.C. InPast Global Changes and Their Significance for the FR@leoclimaticecod, ones that appear to have exceeded eve
ture, (K. Alversonet al.eds) Quaternary Science Reviews, 1-5,439 the Midwestern “Dustbowl!” drught of the 1930s. The analy-
— 458, 2000. sis of Whodhouse and Overpeck (1998) illustrates tae tr
Laird, et al. Naturg, 384, 552-554, 1996. mendous value of paleoclimate data in studying pas
Messerli, B.gt al.In: Past Global Changes and Their Significance for thelrought. Howeverit also shows the cwent limitations of
Future, (K. Alversonet al. eds) Quaternary Science Reviews, 1-5, the available mxy recods.Among the data they use is the
459 — 479, 2000. 154 grid point network of well-calibrated and verified sum-
Petit, et al.Nature 399, 429-436, 1999. mer droughteconstuctions from annualée-ring chonolo-
Raynaud, D.et al.In: Past Global Changes and Their Significance fogies poduced by Cookt al.(1999) for the coterminous U.S.
the Futue, K. Alversonet al.eds Quaternary Science Review®, 1-  Thig network, based on the Palmep@ght Severity Index
5, 9-18, 2000. (PDSI: Palmer1965), povides a highly detailedecor of
Schmittneyet al. Geophys. Res. Letin p'ess'_ o drought and wetness over the U.S. in both space and tim
Stocker T. In: Past Global Changes and The_lr Slgnlflca_nce for the FLUnfortunaterthese econstuctions only extend back to 1700
ture, (K. Alversonet al. eds).Quaternary Science Revievi®, 1-5, .
301-319, 2000. at the pesen_t timeYet, V\bodho_use and Overpeck (1_9_98)
StockerT. & A. SchmitttneNature 388, 862865, 1997. clearly showina sparser collection of much longer individual
Timmermann, A.et al.Nature 398, 694—696, 1999. drough; _ecttanstructlonsutgat sort‘?e n_OtZ%IiGrggg?ghts
occured in the western , mostly prior . Thee-
Trenberth, K. & TJ. HoarGeophys.. Res. Let4, 3057-3060, 1997. fore, thee is a great need toqatuce a substantially longer
Van Geel, B.gtal.J. Quaternary Sciencél, 275 — 290, 1996. high-density network of drougheconstuctions for the U.S.

Verschuen, et al.Naturg 403, 410-414, 2000. that extends 600—-800 years back into the past. Such a ne
Von Grafenstein, Uet al. Climate Dynamicsl4, 73—-81, 1998. work would povide the means to afully map the occur
Wunsch, CBull. Amer Meteor Soc.80, 245 — 255, 1999. rence of dought during these megadiight periods. In so
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doing, it may be possible to analyze the spatial patterns and A. EXTENDED SOUTHWEST DROUGHT FACTOR
evolutive trajectories of these megaulghts and infer their
causes.

Toillustrate the importance of extending thewdyht
reconstructions further back in time, we have applied opti-
mal interpolation (Ol; Kaplaet al, 2000) to the U.S. PDSI
reconstruction grid (Coodt al, 1999) after it had been aug-
mented with a number of much longesdiring estimates
in certain parts of the network. This has enabled us to use Ol
to extend the PDSeéconstructions over the emtid.S. fom
1200 to 1994. Figer 1 shows the first varimagtated EOF
of reconstructed PDSI and its seswusing the extended Ol
PDSI data. This factor emphasizes the southwestern US and
is probably the highest qualityygion poduced by the OI
analysis. The Ol sces have a calation of 0.77 with in-
strumental PDSI fsim the Southwest on an annual basis
and 0.86 on a smoothed, intEcadal basis over the period 4 . | . |
1895-1994. They also have a etation of 0.93 with the '
varimax factor scores for the same region based on non-irt-
terpolated PDSlaconstuctions over the common periodk
1469-1978. g’

The factor scas clearly illustrate the importance of
extending the adrught econstructions as far back in time as ™
possible. Prior to 1600, there is evidence for three, | . | . ]
megadoughts in the 1280s, 1340s, and 1580s. The 1280S:200 1300 1400 1500 1600 1700 1800 1900 2000
“Great Drought” has been associated with the disappear YEAR
ance of thénasazi indian cultwrin the Southwest (Douglass Figure 1

1929); and the 1580s dr_ought 'S_ COInCIde_ntaI’(@ps linked) (A) The first varimax rotated Empirical Orthogonal Function (EOF)
with the dought associated with the disappearance of the' 3 paimer Drought Severity Index (PDSI) grid derivedfoptimally
colonists on Roanoke Island (Staéiel. 1998). Véodhouse interpolated tree ring chronologies. This factor emphasizes the so
and Overpeck (1998) also document the ocetwe of the western US and is pbably the highest quality regionqaiuced by
1280s and 1580salughts in the western US, but do not de- the analysis.
scribe the 1340s event indicatedendBesides having three (B) The scores for this EOF for the period 1200-1994. This timese
of the worst doughts of the past 800 years, &ki2 1200— has a correlation of 0.77 with instrumental PDSinfr theSouth-
1600 interval is also characterized by enhancedd#eadal west on an annual basis and 0.86 on a smoothed, inter-decadal |
variability that is associated with n@polonged episodes over the period 1895-1994.
of drought and wetness. This is clearly illustrated in the fol-
lowing table, which lists the five driest 5, 10, and 20-ye#ly acioss the coterminous US. In fact, teeent few centu-
periods in this southwestern US drougitad. ries could be interpted as being conspicuouskficientof
megadoughts, due perhaps to climate associated with
5-Year Period 10-Year Period 20-Year Period “Little Ice Age” (see Bradleythis issue). Why this is so is
Rank Dates Mean Dates Mean Dates Mean mystery that needs to be solved and modéeg.return to
1581-1585 —1.717 1576-1585 —1.442 1573-1592 —1.608 modes of climate variability characteristic of the pré—
1666-1670 —1.584 1338-1347 —1.237 1336-1355 -0.&&htury period in the US Southwest would be diasterlf
1338-1342 —1.479 1664-1673 ~1.010 1273-1292 -0.¢09 tn)ly want pecisely dated, annual estimates of pd
1399-1403 —1.343 1728-1737 -0.987 1345-1964 _0'8%8ught for impoving our understanding ofalught vari-

1421-1425 ~1.289 12801289 —0.910 1445-1464 _O‘Q%S?Iity and extemes, and for testing hypothesizectiiogs

Table 1. List of the five driest 5, 10, and 20-year periods in th§|f dlrtg)g%h ttﬁgimetngjfsée{g .tocL?_l,ee ire]?] tﬁgg:_’lgggiifb
PDSI factor scores shown in Fig. 1. The units iar standard normal "’ ’ Yec rEptring

deviates. Note the gvalence of megaalights in the AD 12001600 pe-chfonologies and novel statistical estimationgedues to
riod that would be totally missed if the PD&tonstructions only extend feconstuct the past.
back to, say, 1600.
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Stahle, D.W et al.Science280, 564-567, 1998. the world, thus in@asing risk of flooding. It is further-ar

Stahle, D.W et al. EOS, fansactions of the American Geophysicagued that oneelason why in@ases in rainfall should be

Union, in press. spotty is because of mismatches in the rates of rainfall vel

Woodhouse, C. & J. OverpeckBull. AmerMeteop. Soc.79, 2693~ SUS evaporation.

2714, 1998. The aguments on how climate change can influence
moistue content of the atmospleeand its sowes and sinks
are assembled in the schematic in Fig.1. The sequence give

Conceptual Framework for Changes of is simplified by omitting some of the feedbacks that can in-

Rainfall and Extremes of the Hydrological terfere. For example, an irease in atmospheric moistur
Cycle with Climate Change may lead to ine@ased elative humidity and increased

clouds, which could cut down on solar radiation (enhance
short-wave cloud fa@ing) and educe the engy available
National Center for Atmospheric Research!, Boulder, USA fat the sgrface for evaporation. Those fee(;ibad(mathed
trenbert@ucar.edu in the climate models and alter the magnitude of the sgrfac
“The National Center for Atmospheric Research is sponsored by the National ~Ne€at available for evaporation infélent models but not its
Science Foundation. sign. Figue 1 povides the rationale for why rainfall rates
and fequencies as well as accumulatiores iamportant in
A physically based conceptual framework is put forward thahderstanding what is going on withepipitation locally
explains why an inerase in heavy pcipitation events The accumulations depenaegtly on the frequengcygize and
should be a primary manifestation of the climate change tliration of individual storms, as well as the rate and thes
accompanies ineases in grenhouse gases in the atmosdepend on static stability and other factors as well. In par
phee. The same guments apply generally for all kinds ofticular, the need to vertically transport heat absorbed at thi
climate change. This paper summarizesnberth (1998, surface is a factor in convection anddadinic instability both
1999) and a full set of refamces is given in those works. of which act to stabilize the atmospbiemnceased gren-
The term “global warming” is often taken @f€r to house gases also stabilize the atmosphere. Thessldi
global inceases in temperatiaccompanying the inesses tional considerations in intergiing model @sponses to in-
in greenhouse gases in the atmosphere. In fact it sh@ulddgreased grenhouse gas simulations.
fer to the additional global heating (sometimefemed to However because of constraints in the surfaceggner
as radiative faring, e.g., by the IPCC (1996)) arisingrft  budget, there aralso implications for thedgquency and/or
the increased concentrations oégmnhouse gases, such asfficiency of precipitation. The global ireaise in evapora-
carbon dioxide, in the atmosphere. Bages in genhouse tion is determined by the irease in surface heating and
gases in the atmosplkepioduce global warming tbugh  this controls the global inease in mcipitation. But pecipi-
an incease in downwelling infrad radiation, and thus nottation rates @ apt to incease mar rapidly implying that
only increase surface temperasibut also enhance the hythe frequency of mcipitation must decrease, raising the
drological cycle, as much of the heating at the surface ggesssibility of fewer but merintense events.
into evaporating surface moiséuiThis occurs in all climate It has been gued that inaased moistercontent of
models egadless of feedbacks, although the magnitude atmospherfavours stnger rainfall and snowfall events,
varies substantially thus inceasing risk of flooding. Although theeis a pattern
Temperatue inceases signify that the watkeolding  of heavier rainfalls observed in many parts of the world
capacity of the atmospleeinceases and, together with enwhere the analysis has been done, floodaxpds ae con-
hanced evaporation, the actual atmospheric meistwwuld founded by changes in land use, cargton of culverts,
increase, as is observed to be happening in many placesd&ifis and so forth designed to cohfiooding, and inaas-
course, enhanced evaporation depends upon the availahg-settlement of flood plains which changes vulnerability
ity of sufficient surface moisterand over land, this dependso flooding.
on the existing climate. Howeyvét follows that naturally- The above guments suggest that there is not such ¢
occurring doughts ae likely to be exacerbated by enhancedlear expectation on how local totakpipitation amounts
potential evapotranspiration. Furthgtobally thee must should change, except as an overall global averagh. W
be an incease in gcipitation to balance the enhanced evap@igher average temperagsrin winter expected, neope-
ration but the processes by whickgpitation is altexd lo- cipitation is likely to fall in the form of rain rather than snow
cally ae not well understood. which will increase both soil moisteiiand run off, as noted
Precipitating systems of all kinds feed mostly on they the IPCC (1996) and found in many models. In addition,
moistue aleady in the atmosphere at the time the systefaister snow melt in spring is likely to aggravate springtime
develops, and pcipitation occurs tlmugh convegence of flooding. In other places, dipole-like statures of pecipita-
available moistur on the scale of the system. Hence, the aien change should occur in places vehstorm tracks shift
mospheric moister content diectly afects rainfall and meridionally Beyond this, it is suggested that examining
snowfall rates, but not so clearly thegipitation frequency moistue content, rainfall rates andfluency of macipita-
and thus total @cipitation, at least locallyfhus, it is ar tion and how they change with climate change may be mor
gued that global warming leads to increased ma@istan- important and fruitful than just examiningeuipitation
tent of the atmosphewhich in turn favours stronger rain-amounts in understanding what is happening in model pr
fall events, as is observed to be happening in many partgeetions.  be compatible with life times of significant rain

Kevin E. Trenberth
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