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Climate models robustly predict that the climate of southwe stern
North America, defined as from the western Great Plains to the Pa-
cific Ocean and from the Oregon border to southern Mexico, wil |

dry throughout the current century as a consequence of risin g
greenhouse gases. This regional drying is part of a general d ry-
ing of the subtropics and poleward expansion of the subtropi cal
dry zones. It is shown that the drying is driven by a reduction of

of winter season precipitation associated with increased m oisture
divergence by the mean flow and reduced moisture convergence

by transient eddies. Observations to date cannot confirm tha tthis
transition to a drier climate is already underway due to the p res-
ence of large amplitude decadal variations of presumed natu ral

origin but it is anticipated that the anthropogenic drying w ill reach
the amplitude of natural decadal variability by mid-centur y. In ad-
dition to this drop in total precipitation warming is alread y causing

a decline in mountain snow mass and an advance of spring snow

melt disrupting the natural water storage systems that are p art of
the regions water supply system. Uncertainties in how radia tive
forcing will impact the tropical Pacific climate system crea te un-
certainties in the amplitude of drying in southwest North Am erica

with a La Nifia-like response creating a worst case scenario of
greater drying.

southwest drying | climate change | decadal variabilty | hydrological cycle

Abbreviations: ENSO, El Nifio-Southern Oscillation; SWNA, Southwestern North
America

hydrology can therefore disrupt existing systems for watgmply in
the summer season of high use.

The likely considerable impact of changes to the hydrodiéma
of SWNA make it essential to determine if the model projettiare
correct and, if so, whether anthropogenic drying is alreadyurring.
However it is also the case that SWNA is subject to large aoqgi
natural variability on interannual to multidecadal timales and these
will continue to impact SWNA whatever climate change maygri
It turns out that SWNA, during the decades of the 1980s an®@499
when the population of the southwest U.S. grew tremendphshe-
fitted from a mostly wetter climate that was induced by the61®7
warm shift in the tropical Pacific Ocean (6). That warm phdseas
cific Decadal Variability (PDV) may have ended after the 1987l
Nifio, after which more La Nifia like conditions have présdialong
with a widespread shift to a drier SWNA. Hence, to predictftitare
hydroclimate of SWNA, we also need to know what natural datad
variability will bring and how this will compete with or augnt an-
thropogenic drying.

In this paper we will examine the mechanisms that lead to SWNA

drying in climate models and assess the extent to which walean
termine if anthropogenic drying is already occurring. Wé show
how very different modeled responses of the tropical Paciiiwate
system to radiative forcing (in particular shifts towardsosger or
weaker zonal SST gradients) lead to varying degrees of glrgfn
SWNA. We will also briefly review the state of knowledge of &c
radiative forcing of the regional hydrological cycle ane thotential

he 24 climate models used as part of the Intergovernmeniel Pa for ecosystem responses to alter SWNA hydroclimate.
on Climate Change Assessment Report Four (IPCC AR4) ro-

bustly predict that southwestern North America (SWNA), gioa
defined as stretching form the high Plains to the Pacific Oesah
from the latitude of the California-Oregin border to south®lexico,
will dry throughout the current century as a consequencesofg
greenhouse gases (1,2). The drying is manifest as a drogaippr
itation (P) minus evaporation (EF, — E, driven by a decline irP,
or equivalently as a drop in surface and groundwater ruradfure 1
shows the 24 model medidn, £ and P — E for SWNA and the25t"
and 75'" percentiles of the spread & — E, for 1900-2100 using
the simulations with historical forcings (greenhouse gaaerosols,
solar variability etc.) and the SResA1B 'middle of the roptbjec-
tions of future emissions. In the winter half yelardrops beginning

around 2000 andr increases, probably due to increased melting an

evaporation or sublimation of snow mass associated withmivey.
Hence the drop ilP — E modestly exceeds the drop . In the
summer half year botl? and E drop andP — E is relatively stable
over time. These changes indicate that the drying of SWNAied
by a reduction of winter season precipitation with the summand
E drops probably caused by reduced soil moisture inherited the

prior season. If these changesin— E come to pass they will lead

to reduced surface moisture and river flows and stress wedeurces
in an already water scarce region with troublesome consegsefor
the states of the southwest U.S. as well as for Mexico.

Declining P is not the only one of SWNA's water woes. Rising

temperatures are leading to a shorter snow season wittolaget and
earlier snowmelt and more winter precipitation falling amrinstead
of snow (3,4,5). Many western states rely on winter snowpgech
natural means of water storage whose gradual melt can baredpn
reservoirs in spring and summer. Warming-induced changssaw
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Causes of model-projected drying in southwestern North

America

As shown by the maps in Figure 2, model-projected drying ofNgW
is part of a planetary-scale change in the hydrologicaleeydgth the

deep tropics getting wetter, the subtropics getting dmerthe higher

Jatitudes also getting wetter. This 'dry getting drier aneltwetting

wetter’ pattern has to first order been explained by Held a8 (7).
Theiridea can be simplified as follows. Within the atmosph&r— F
is balanced by the divergence of the time-averaged, colimtegrated
moisture fluxF, viz.
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Hereu is the vector wind and is humidity, p is pressure, with
ps its surface valuey is the acceleration due to gravity apgd is the
density of water. Overbars indicate the time mean flow anchgsi
departures from the time mean, that is, transient eddy gigmntRe-
gions of moisture convergence have an excesB ofer £ and vice
versa. It is expected thatwill increase with temperaturg' as the
atmosphere can hold more water vapor according to the Qlswusi
Clapeyron relation. Held and Soden then assume Ehaitill also
increase withl" according to Clausius-Clapeyron scaling such tha
0(P — E) x (P — E){T. Thatis, the existing pattern @® — E
will be enhanced with already wet (dry) areas getting weteer).
As Held and Soden show, this simple argument explains a kexbkr
amount of the model-projected global patternfof- E change, in-
cluding widespread subtropical drying where the curreramie— F
is negative.

However P — FE is, in general, positive everywhere over land.
This is because, unlike the ocean, the land surface is neteauer of
water that can sustain whatever evaporation is needed tbatme-
spheric demand. Instedel — F is bounded by zero wher® is very
small and a dry surface sustains no evaporation, such as inittdle
of deserts, and, elsewhere, positive— E for a catchment area is
balanced, in equilibrium, by river flow to the oceans. Counsedly
the simple Held and Soden relation predicts an increade in £
over all land (see their Figure 7) and we must extend theiraemt
to explain continental drying.

u'q’)dp. [1]

consistent with the meridionally broad warming of the togpiand
subtropical middle and upper troposphere which incredsesdrti-
cally integrated meridional temperature gradient undeball warm-
ing. The poleward broadening may be consistent with the \way t
changes in the meridional structure of static stabilityuefice the re-
fraction of transient eddies. The center of the storm tradgloughly
co-located with the maximum poleward moisture transpoend¢ a
stronger North Pacific storm track will increase the moistteinsport,
drying on its southern flank and moistening on its northemkfl(@ig-
ure 3). The poleward shift will extend the region of dryindeveard.
These results were for the 'middle-of-the-road’ SResAl1Bsem
sions scenario but actual emissions in recent years havedyeeed-
ing IPCC's worst case scenario. Climate change in the coygags
to a few decades is not too dependent on actual emissioesttraj

{ies because of system lags but continuation of currentstoms will

clearly lead to stronger drying in the latter half of the emtrcentury
than illustrated here from A1B. Further, even if emissioreavhy-
pothetically reduced to zero in coming years a notable lefsgtying

will still occur due to irreversible (on the timescale of tanes) as-
pects of the carbon cycle with the drying being worse the éorige
move to zero emissions is postponed (10).

Is anthropogenic drying of the southwest already occur-

ring?

Following the 1997/98 El Nifio the southwest U.S. and Mexagpe-
rienced a multiyear drought as severe as any in the instriaimesord
(11). The drought reached its height in 2004, by which timkdsa
Mead and Powell on the Colorado River were reduced to beitfg ha
full, but despite amelioration, drought conditions haweitied some

The complicated topography of the American Southwest makegarts of SWNA ever since with, at the time of writing in Sepban

it difficult to accurately determine the means by which theat
sphere supplies moisture to the region to sustain posftive E.
However, using the available data within the National Cenfer
Environmental Prediction-National Center for Atmospbétesearch
(NCEP-NCAR) Reanalysis shows that positife— FE in the win-
ter season arises from a balance between transient eddiesrgimg
moisture (the third term in the final equality of Eq. 1) whitetsum

2009, California and Texas in the most serious conditiorendls in
climate are often computed over the post 1979 period becabel
satellite data, including for precipitation, begin at abitat time. A
post 1979 trend shows strong drying of SWNA. However, ovat th
same period, the trend in SST shows, amidst widespread wgymai
cooling of the eastern and central tropical Pacific Oceawm, tfdpi-
cal Pacific SST cooling is because the 1979 to 1997/98 perazdav

of the two mean flow terms (the first and second terms in the finakarm phase of Pacific Decadal Variability (12) and since $&7198

equality of Eq. 1) diverge moisture. Negati¥®— F in the sum-
mer season is driven by the mean flow moisture divergencealBec
summerP — E is negative, summer seaséhmust be sustained by
the evaporation of moisture stored in the ground from theipus
season of positiv® — E (Anderson et al. (8) have arrived at a similar
conclusion). The;V - u component of the mean flow moisture di-
vergence will increase with global warming as atmospheuinility
increases even if there is no change in the mean flow and thid,co
potentially, promote more negativeé— E. Figure 1 makes clear that
P — F is largely unchanged in summer as bdthand £ drop and
hence it is the winter season drop/tthat needs to be explained.

To calculate the change in modeled moisture budget requéibs
data for winds, humidity and surface pressure at a minimeloa
resolution. Such datawas only available for 12 of the 24 risodithin
AR4Y. Figure 3 shows the mean for these models of the change
winter half yearP — FE, the two mean flow terms and the transient
eddy moisture convergence. The mean flow moisture diveggena,

El Nifio conditions have been more La Nifia-like with no sgcEl
Nifio events.

Figure 4 shows the observed trend in the blended satebiterey
precipitation as reported by the Global Precipitation Gliology
Project, the 24 model ensemble mean IPCC AR4 simulated @8)19
and projected (2000 on) trend and the trend from a simulatiim
the National Center for Atmospheric Research Communityn&te
Model 3 forced by the observed SSTsin the tropical Pacificeabnd
which computes SSTs elsewhere using a simple mixed layemoce
model, all for the 1979 to 2007 period. Clearly the observeihd
over SWNA is in excess of what the 24 models predict shoul@ hav
occurred as a consequence of changes in radiative foraimg.aln
contrast, the model forced by observed tropical Pacific S&hges
produces a drying closer to the magnitude of that observeoh- C
gsequently it is the observed trend towards La Nifia conutidat is
responsible for the post 1979 drying of SWNA which is corsistith
a lot of recent work that shows that persistent La Nifa-@ond pro-

gV - 1u, strengthens in the 21st Century and contributes stromgly tmote droughtin SWNA (11,13,14). The observed SST trendasts

winter drying. This term is itself dominated by the conttiba from
rising humidity within a divergent mean flow and correspotwithe
mechanism for subtropical drying proposed by Held and Sodkose
theory, with some modification can therefore apply over lasavell
as ocean.

The winter drying is assisted by a reduction in transienyedais-
ture convergence . This is consistent with a poleward sjprgazhd
intensification of the Pacific storm track, part of a geneméward
shift of the storm tracks under global warming (9) . Streergihg is

2 | www.pnas.org/cgi/doi/10.1073/pnas.0709640104

with the more spatially uniform SST trend in the ensemblemuééhe
AR4 models. These results suggest that the observed driy8\WyNA

1our focus here is on near term climate change, defined as the coming years to a decade or
two. However IPCC AR4 made daily model data only available for some years and hence Fig-
ure 3 uses 2046-2065 and 1981-2000, different periods from Figure 2. It should be noted that it
is not possible to obtain a balance in the moisture budget because the data has been regridded
from the original model grids, different numerical schemes are used in the budget calculation,
and, most importantly over mountains, the models do not report humidity tendencies due to
diffusion.
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in recent decades is primarily a result of natural decad#hbity of
tropical Pacific SSTs. Indeed a similar 30 year trend of SWKA d
ing and central and eastern tropical Pacific cooling occuaioss a
presumed earlier shift point in Pacific decadal variabilityhe early
to mid 1940s.

Predicting near-term future hydroclimate change in the

Southwest: natural variability and forced change

The broad agreement amongst the 24 models participatingRih A
that SWNA will dry in the current century arises from this fgi
such a fundamental feature of a warming climate appearieg av
idealized global atmosphere models with no surface inh@meiges
whatsoever when the opacity to longwave radiation is irsdg15).
However, post-1979 climate change makes clear that, widleag
warming will dry the SWNA, the future hydroclimate of SWNA Wi
also depend, to an important extent, on the pattern of SSiiggha
Over the coming years to decades tropical SST patterns athge
due to the continuing evolution of natural modes of varigbind
because radiative forcing could induce non-uniform changé&sST.

Future evolution of natural variability. ~ The 1976/77 shift to more El
Nifio-like conditions in the tropical Pacific heralded a wab decades
in SWNA, and an apparent opposite sign shift in the 1940g)estg
that these are part of Pacific decadal variability (PDV).atmot be
stated with confidence, butitis looking as if the 1997/98t$himore
La Nifa like conditions is the latest in these decadal sh#is was
predicted by (16)). If so then it would be expected that SWNA w
remain overall drier than in the 1980s and 1990s for reasbmsrely
natural atmosphere-ocean variability. However, as lorthesauses
of PDV remain unknown, and in the absence of predictions reiéth
istic and comprehensive coupled models (as opposed to skdtin
(16)), it would be rash to claim this with any confidence. Zamty

a warm tropical North Atlantic Ocean promotes drought in SAVN
(17, 18). Atlantic SSTs have varied on multidecadal timkescaver
the last century (19,20) with a warm spell lasting from abt@80
to 1960 which model simulations indicate contributed to 1880s
and 1950s droughts (21). After a cooler spell the Atlantisithéas
warmed again since about 1990 and, given the timescalesd 88T
anomalies, it is plausible that warm anomalies will periistsome
time (22) contributing to dry conditions in SWNA.

The spatial pattern of the SST response to greenhouse gas for c-
ing. It is striking that the great North American droughts of tighl
and 20th centuries were caused by very small SST anomalies,
more than a fraction of a degree Centigrade (13,14). Comestigu
although global warming will change the mean temperatura fey
deg C in the current century, small spatial asymmetriesarptttern
of SST change could have large consequences for regioneddiird
mate. This makes the issue of how the tropical Pacific cliregséem
responds to radiative forcing potentially important. Tie® have
been advanced for why the Pacific should adopt a more La Méa-
state (23) or a more El Nifo-like state (24) and exactly wiattire
has done over the past century, and what models project éoiuth
ture, seems to be a result of multiple, coupled, procesdhs iropical
atmosphere and ocean (25,26,27).

Figure 5 shows the importance for global patterng’of E of
how the equatorial Pacific east-west SST gradient changes.2#

drying caused by a circulation change akin to that occuidiming La
Nifia induced droughts. (With only one exception, the meaéthin
the composites retained these changes in SST gradiengtiootithe
current century indicating that the gradient changes aesponse to
forcing as opposed to decadal variability.) This resultigegalarm-
ing because it makes clear that the near term future hydnatdi of
SWNA will depend on tropical Pacific climate change but the cu
rent generation of climate models simulate the tropicalifRagery
poorly (28) and our confidence in their widely varying prajess is
essentially non-existant.

Most models project that the North Atlantic Ocean shouldnwvar
by less than other regions during the current century in ghaet to
the influence of mean speed on the SST response to radiatéiego
(29) and also to a weakening of the Atlantic meridional awert
ing circulation. Such a change in SST pattern would act akia t
cold phase of Atlantic decadal variability and offset to sodegree
global-warming induced drying in SWNA. Consequently, otes
coming years to decades, SWNA hydroclimate on the interrtiou
multidecadal timescale will be impacted by 1) overall wargi2)
the specific spatial pattern of radiatively forced SST clear8) Pa-
cific decadal variability and 4) Atlantic decadal variatyili For the
coming years to decades these processes will be of roughiyadent
amplitude and the natural variability will ensure that tfensition to
increased aridity will not be as smooth as it appears in tR&€lmodel
mean shown in Figure 1.

Impacts of rising temperatures on snowpack and runoff

Winer snowpack is a major means of natural water storagesacro
the western United States and spring and summer melt releager
at times when economic, recreational and environmentabddns
high (3,4). The timing and magnitude of snowmelt can alsaerfte
the frequency and intensity of forest fires (30). Over reckaiades
western snowpack has declined and the spring snowmelt kasige
earlier which has been attributed to increases in surfanpaeature
(3,4,5,30). The resolution of global coupled climate mededed in
the IPCC AR4 is insufficient to project the details of snowwanala-
tion changes in the complex orography of the SWNA. However, d
tails aside, the robust projections of reduced wintertinegipitation

in SWNA and warming surface temperatures in response tangree
house gas increases provides a strong basis from which jecpeo
long-term further reduction of total snowpack and stillliesrelease
of spring and summer meltwater to rivers during this centéjur-
ther complication is that the rate and timing of snowmelt aiso
be influenced by the rate of deposition of desert dust on snieighw
feduces its albedo. The arid regions of SWNA are a major soofrc
dust to the Rockies, and the projected drying could leaddeased
dust deposition that will exacerbate the snowpack rednchitven by
temperature increases (31).

Potential impacts on runoff of vegetation feedbacks

The IPCC AR4 projections did not consider the possible irtgpan
land surface hydrology of changes in vegetation whetharded by
climate change, land use change, or rising>. However changes

in vegetation could be important by impacting evapotraasioin and
runoff rates, as well as the rate of desert dust erosioneasing at-
mospheria”O2 can cause partial closure of plant stomata and reduce
the rate of evapotranspiration (32). However increasifi@, could

IPCC AR4 models were divided into two composites, one with aralso lead to an increase in foliage area and, therefore, @rase

increase (in 2021-2040) in the gradient of more than 0.1 dég§ C
models) and one with a reduction of the gradient of more thhd€g
C (6 models). Both composites show subtropical drying idiclg
in the SWNA region (arising as a consequence of the overaliag|
warming) but the more La Nifia-like composite has consiolgnaore
drying than the more EI Nifio-like composite. This is presinhy be-

in evapotranspiration (33). The relative strength of themmpeting
impacts on how precipitation is balanced by runoff and etrapspi-
ration are uncertain but one recent study suggests vegreththamics
dominate leaf processes and that risin@- is causing a reduction in
runoff (33). The impact of these factors will be mediated farge
degree by the overall changes to vegetation cover, rootpghdetc.

cause the drying caused by overall warming has been addedao b (34). Increases in surface temperature and reductionstier \aeail-
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ability will stress the native plants of SWNA (35) which wik poten-
tially offset to an uncertain degree I6yO, fertilization (e.g. (36)).
The vegetation change will then subsequently impact theigita-
tion but model studies that explore this interaction yieddfticting
results (36-38). Nonetheless the amplitude of the moddiadges in
precipitation caused by vegetation feedbacks in theséestade sub-
stantially smaller than the climate-driven reductionsiiegipitation.
Further there is little basis to hope that vegetation respdaa rising
C O will allow runoff to be maintained as GHG-induced reduction
in precipitation progress.

Conclusions

Models project that SWNA will dry in the current century witte dry-
ing reaching the amplitude of past multiyear droughts by-og@dtury.
The drying is driven by a winter decrease in precipitaticsoagted
with increased moisture divergence by the mean flow, largelgn-
sequence of rising humidity in a divergent flow, and reduc@ism
ture convergence by transient eddies. The latter is agedoith a
strengthening and poleward spread of the winter Pacificrstaack.
These changes arise as a consequence of overall global neaitsi
impact on storm track location and intensity. However SWNA h
droclimate is strongly influenced by natural decadal valitsitin the
Pacific and Atlantic Oceans. Our best estimates, which ate go-
certain, are that modes of Pacific and Atlantic decadal biitiaare
currently in phases that promote drought in SWNA and thesamic
conditions can be expected to last for years to come. Givat ith
addition, anthropogenic drying will strengthen as the gegrby, this
combination of natural variability and forced change makmiikely
that SWNA will ever return to the moist climate of the two deea
immediately before the 1997/8 El Nifio. What is more, themeworst
case scenario in which a forced La Nifia-like response teased ra-
diative forcing intensifies drying in SWNA. Models are abegually
spread between projecting this scenario and a scenarioiahwiore
El Nifio-like conditions become established and SWNA dyysless
dramatic. It is worrying that the future hydroclimate of SWMill
depend in part on the response to radiative forcing of a aineccli-
mate system that is so poorly modeled, where gains in realiéem
so hard to come by, and where fundamental gaps in our unddnsta
of climate physics seem to blame.
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Despite ample uncertainties in model projections one tlgng
sure: SWNA will drier in the current century than in that jpstst.
Skillful prediction of the magnitude and timing of this dng will
require prediction of the rate of anthropogenic change aedigtion
of the evolving natural variability for which currently treeis scant
evidence of any predictability beyond the interannual Sosde. An-
other likely outcome is a continuing decline in winter snaef and
earlier onset of snow melt that will add to the stress on regjiovater
resources. The implications of these hydroclmate changjesany
across the region. For Mexico, though winter precipitaismxpected
to decline, the future of the North American monsoon, imaiatrfor
water resources and agriculture, will be critical and rersaincer-
tain. Reservoirs in the California Sierra Nevada fall sglaim the
region of projected drying. On the other hand the ColoradeRi
gains most of its flow from small regions of high topographguard
its headwaters which are on the northern boundary of th@meojfi
projected P-E decline and predicting how its flow will deeliras it
surely will, will require high resolution atmosphere maslghat can
represent the mountains and their ability to harvest snom fivinter
storm systems.

Much work is ongoing in improving model realism but it will be
years before the persistent biases in the tropical Pacifieelbeen cor-
rected and models have accurate and detailed simulatiohe biforth
American monsoon and winter snowfall correctly couplea itite
global climate system. Despite the limitations of statehaf-art pro-
jections our current understanding of hydroclimate chang®VNA
suggestsitwould be unwise to delay exploring the likelyssuences
of, and adaptation strategies for, a drying SWNA, partidylas guid-
ing principles of water management become no longer afgpé¢an).
Developing such an adaptation strategy will be complichietthe un-
certainties inherent in projections of regional hydroatmand by the
need to weigh the various social, economic and politicatinée the
region. Delay amid drying could cause potentially seveseugitions
to, inthe southwest U.S,. ahydraulic society that has taleemtury to
build and, in Mexico, recently developed export-orientgdaulture
and industries in the north and water quality and availgbicross
the country.
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Filtered IPCC 24 Model P-E, P and E 1900-2099
P-E Median (red), P-E 25 to 75th (pink), P 50th (blue), E 50th (green)

Winter
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Fig. 1. Time series for 1900-2099 of the median of 24 IPCC AR4 models’ simulated and projected change in P — E (red), with 25th and 75th percentiles of the

distribution (shading), P (blue) and E (green) for the winter (Oct-Mar, top) and summer (Apr-Sep) half years and averaged across the SWNA land region, relative to
1950-1999 climatologies. Units are mm/day
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24 Model Mean IPCC P-E (2021 to 2040) - (1950 to 1999)
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Fig. 2. The 24 model mean change in P — E, 2021 to 2040 minus 1950 to 1999, for winter and summer half years. Units are mm/day
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Change in P-E and moisture transport
[2046-2065] - [1961-2000], Oct-Mar
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Fig. 3. The 12 model mean climatology change (2046-2065 minus 1961-20(]0) in October to march half year P — E (top left) and terms in the vertically integrated
moisture budget due to the mean flow divergence term (GV - 1@, top right), the mean flow advection term (a1 - Vg, bottom right) and the transient eddy convergence
(V - u’q’, bottom left). All units are mm/day.
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Fig. 4. The observed (top, from combined satellite-gauge GPCP data), simulated with an atmosphere GCM forced by observed SSTs in the tropical Pacific ocean
(middle) and IPCC 24 model mean simulated and projected (middle) trend in precipitation for 1979 to 2006. Units are mm/day.
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IPCC (2021 to 2040) - (1950 to 1999)

Temperature Precipitation - Evaporation

Positive Temperature Gradient Composite
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Fig. 5. The chnage in surface temperature (left) and P — E (right) for 2021 to 2040 minus 1950 to 1999 for models that have a strengthening equatorial Pacific SST
gradient (top, 6 models) and a weakening gradient (bottom, 6 models). Units are deg C and mm/day.
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