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Where are 
we now?

Lake Powell pool 
elevation

Coming out of the 
deep ‘turn-of-the-

century’ drought but 
with water storage 

still low
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Trend Since 1895
Temperature (◦F)
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Precipitation (in)
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Palmer Drought Severity Index
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Where have we 
come from?

Over last 115 
years, the West has 
warmed, the east 

has got wetter, and  
aridity has 

intensified in the 
West and lessened 

in the east
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And where are we, 
supposedly, heading?

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)
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Climate models 
robustly project a 

drop in 
precipitation 

minus evaporation 
(P-E) driven by a 
drop in winter 
precipitation

Seager et al. (2007)
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The projected 
drying of the 

Southwest is not a 
regional 

peculiarity but 
part of a 

planetary-scale 
change in the 

hydrological cycle 

- wet areas get 
wetter, dry 

areas get drier
A consequence of GHG-driven warming leading to stronger atmospheric 
water vapor transports, a poleward expanded Hadley Cell and a poleward 

shifted storm track

G. Vecchi, GFDL
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In addition to the projected decline in precipitation, warming will:

1. Cause increased evaporative demand and stress on plants
2. Reduce winter snow
3. Cause earlier spring snow melt

41JANUARY 2005AMERICAN METEOROLOGICAL SOCIETY |

topography) are not always
an accurate representation
of actual conditions at each
snow course location since
most meteorological stations
are at lower elevations.

VIC has been used in
numerous climate studies
of rain-dominant, tran-
sient-snow, and snow-
dominant basins around
the world and has been well
validated with observations,
particularly in the moun-
tain West, where it has been
used for streamflow fore-
casting applications (Hamlet
and Lettenmaier 1999b;
Hamlet et al. 2002) and for
producing climate change
scenarios (Hamlet and
Lettenmaier 1999a; Wood
et al. 2002; Snover et al. 2003;
Christensen et al. 2004).
Daily values of maximum
temperature (Tmax), minimum temperature (Tmin), and
precipitation are the only variables needed; for this
study, a new meteorological dataset has been devel-
oped (Hamlet et al. 2005) for 1915–97 at the VIC reso-
lution of 0.125° 

× 0.125° (approximately 12 km lati-
tude × 10 km longitude). These data include an
adjustment to the long-term trends from regridded
USHCN and HCCD data. Calculating snowfall and
snow accumulation in this way ensures consistency
with observations over several decades. The VIC
simulation is performed over the domain shaded gray
in Fig. 1, a total of 16,526 grid points.

At 12 of the VIC grid points, snow accumulates
from year to year: the model grows glaciers. These
grid points correspond to locations of actual glaciers
(high in the Canadian Rockies, the North Cascades,
the Olympics, and Mount Rainier), but because there
is no mechanism in the model for glaciers to flow
downhill, the glaciers cannot achieve a realistic bal-
ance between accumulation and loss. These 12 grid
points were omitted from the analysis.

SPATIAL PATTERNS OF TRENDS. At each
model grid point and for each snow course location,
linear trends in 1 April SWE have been calculated for
1950–97. Similar analyses have been performed for
other observation dates (1 and 15 February through
June) and other periods of record (beginning 1920,

1930, . . . 1960), but in the interest of space we focus
on 1 April 1950–97 (Fig. 1). For the model, trends are
not shown at low elevations, where snow is rare (mean
1 April SWE < 5 cm). Largely, usually negative, rela-
tive trends are observed at such grid points but are
not hydrologically relevant.

For locations where observations are available,
negative trends are the rule, and the largest relative
losses (many in excess of 50%, some in excess of 75%)
occurred in western Washington, western Oregon,
and northern California. (Relative trends less than
−100% can occur when the best-fit line passes through
zero sometime before 1997; i.e., when events of non-
zero SWE became increasingly rare.) Increases in
SWE, some in excess of 30%, occurred in the south-
ern Sierra Nevadas of California, in New Mexico, and
in some other locations in the Southwest. Decreases
in the northern Rockies were mostly in the range of
15%–30%.

Results produced by the hydrologic model com-
pare well with the observations, and the fraction of
negative trends is almost identical (75% for observa-
tions, 73% for VIC). Many of the details are similar
in VIC and in observations: for example, the mix of
increases and decreases on the Arizona–New Mexico
border, the increases in central and southern Nevada
and decreases in eastern Nevada, and the increases in
southwest Colorado. Some of the areas in Idaho and

FIG. 1. Linear trends in 1 Apr SWE relative to the starting value for the linear
fit (i.e., the 1950 value for the best-fit line): (a) at 824 snow course locations in
the western United States and Canada for the period 1950–97, with negative
trends shown by red circles and positive by blue circles; (b) from the simula-
tion by the VIC hydrologic model (domain shown in gray) for the period 1950–
97. Lines on the maps divide the West into four regions for analysis shown in
subsequent figures.

Late 20th Century 
trends in April 1 

snow water 
equivalent

Mote et al. (2005), Mote (2006)
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Can we assess whether the anthropogenic 
drying is already occurring?

The problem is that the natural variability 
of precipitation across North America, on 

seasonal to multi-decadal timescales, is 
enormous.

Natural variations can, for now, mask any 
underlying anthropogenic drying trend.
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Observed SW precipitation history quite well explained as an 
atmospheric response to naturally-varying tropical sea surface 

temperature (SST) anomalies 

Observed (black) and modeled 
(blue) SW precipitation with 

global SST forcing

Observed (black) and modeled 
(blue) SW precipitation with 

tropical Pacific SST forcing 
alone
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The Dust Bowl drought of the 1930s …

A monumental 
environmental and 
social disaster was 
ultimately triggered by 
tiny changes in sea 
surface temperature 
(SST) …
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Modeling methodology

11

Contour interval = 0.2°C
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GOGA: SST prescribed 
everywhere

POGA-

ML: SST 
prescribed 
only in the 

tropical Pacific 
& calculated 

elsewhere with 
a 2 layer OML

TAGA: SST 
prescribed 
only in the 

tropical 
Atlantic & 

climo 
elsewhere

Figure shows SST anomaly 1932-39 

All the experiments conducted using an ensemble of 
CCM3 runs integrated from 1856 to 2007
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The Dust 
Bowl: a case 
of cooperative 
Pacific and 
Atlantic SST 
anomalies

1932-1939 Precipitation Anomalies (wrt 1856-1928 climatology)

(a) GHCN (b) GOGA
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(c) POGA (d) POGA-ML
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(e) TAGA (f) COGA (GOGA climatology)
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But the pure SST-
forced model 
simulations place 
Dust Bowl drought 
too far south
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Can naturally-occurring 
droughts be forecast in 

advance?

Atmosphere models 
show they could if we 
could forecast the sea 
surface temperatures 

that force the droughts

Alas, SST forecasting limited 
to at most one year (in the 
tropical Pacific) and little 

progress on multiyear 
prediction

1948-1957 Precipitation Anomalies (wrt 1856-1928 climatology)
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(c) POGA (d) POGA-ML

130˚W 120˚W 110˚W 100˚W 90˚W 80˚W 70˚W 60˚W

longitude

1
0
˚N

2
0
˚N

3
0
˚N

4
0
˚N

5
0
˚N

6
0
˚N

la
ti
tu

d
e

-2

-2

2

2

5

10

2040

130˚W 120˚W 110˚W 100˚W 90˚W 80˚W 70˚W 60˚W

longitude

1
0
˚N

2
0
˚N

3
0
˚N

4
0
˚N

5
0
˚N

6
0
˚N

la
ti
tu

d
e

-2

-2

25

10

20

40

(e) TAGA
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1950s SW 
drought, 

observed and 
with global 
SST forcing

Tropical Pacific 
SST forcing 

alone

Tropical 
Atlantic SST 
forcing alone

Seager et al. (2008)
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The Dust Bowl drought was 
unique in not being a purely 
natural phenomena ...

Wind erosion was caused by 
poor land use practices 
causing horrific dust storms 

The dust storms worsened 
the drought and moved its 
center northward

Fig. 1.—Wind erosion in the Great Plains in the 1930s. An irregular line bounds the
Great Plains region as delimited by the Great Plains Committee. Source: Adapted from
“General Distribution of Erosion” (U.S. Dept. Agriculture, Soil Conservation Service, Au-
gust 1936).
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contemporary observations of 

dust storms and modeled dust 

storms 

(GISS model, Cook, Miller and 

Seager (2008, 2009))

MABCH 1936 MONTHLY WEATHER REVIEW 87 

lower Great Lakes during the day and reached the vicin- 
ity of Buffalo at 5 p. m. on the 24th. This motion would 
carry the air to New Hampshire by about midnight. 
The path indicated goes northeastward through Iowa, and 
gradually curves eastward over the Lower Great Lakes 
region, approaching New England from west-nort’hwest. 

This path is verified by observational evidence of dust- 
falls. Dust was observed to spread over central Kansas 
and aloft over the eastern portion of that State on the 
24th, appearing a t  high levels even a t  North Platte, Nebr. 
During the airplane observation a t  Omaha, begun a t  
4 a. m. on the Nth, dust was observed between 3,330 and 
3,430 meters. From that station eastward to Buffalo, no 
observation of the dust was noted, because general cloud- 
iness prevailed without precipitation; and the obscur- 
ing effect of the dust, which a t  this time was only aloft, 
could not be distinguished from that of the clouds. The dust 
became apparent in northern New E‘ork when rain which 
had mixed with the dust to produce mud was observed. 

The conditions in the “dust bowl” on February 23 
when this dust began to be raised are described in the 
report of Glen H. Phillips, Weather Bureau observer at  
Pueblo, Colo. He writes: 

Black, swirling clouds of dust rolled over practically every county 
[in Colorado] south of the 40th parallel and east of the 105th 
meridian. The air was heavily laden with dust over this area, 
reducing the visibility to practically nothing in many localities and 
completely halting motor traffic. Pueblo experienced the worst 
storm since the St. Patrick’s Day “black blizzard” of 13 years ago. 
Semidarkness enveloped the entire southeastern portion of the 
State and artificial light was used during midday. 

Similar conditions were reportecl in western Oklahoma, 
the Texas Panhandle, northeastern New Mexico, and at  
Dodge City, Kans. 

The reports from northern New York give an interest- 
ing account of how the dust was precipitated late the 
following day out of the upper air along with the raindrops. 
At Buffalo, light dust had been observed in the afternoon 
by airplane pilots, who reported i t  as occupying a layer 
between 6,000 and 10,000 feet altitude. In the evening, 
between 7 and 8:15 p. m., the dust was brought down with 
x misting rain, which produced n thin coating of niud 
visible on polished objects such as automobiles. A t  
Oswego, a t  5:30 p. m. the sky was darkened by heavy 
clouds of a yellow color. Breaking of the clouds shortly 
after sunset showed the yellow color quite prominently. 
Subsequently reports were received of a small deposit of 
dust on automobiles which had been out between 5 and 
7 p. in. ’ The dust was reported at  the following stations 
in the vicinity: Watertown, Tupper Lake, Alexandria 
Bay, and Willsboro. 

At Canton, N. Y., there was a light fall of dust with 
the rain which occurred late in the afternoon and in the 
evening. H. E.  Heyer, Weather Bureau official at  
Canton, writes: 

Motorists report that the windshields of their cars became so 
heavily streaked with mud as to interfere seriously with vision, 
making it necessary, in some cases, to stop and clean off the mud 
deposit. 

The (lust-laden air from the southwest was acting along 
a warm front against a colder air mass to the enst. Over 
northern New England the air rising upward along the 
sloping warm front surface had reached a height such that 
snow was formed instead of rain. This snow showed the 
presence of dust just as had the falling rain. Falling 
with the snow, the dust produced a striking effect in the 
peculiar brown color it gave to the snow. 

DUSTSTORMS OF FEBRUARY AND MARCH 1936 IN THE UNITED STATES 

By R. J. MARTIN 

[Weather Bureau, Washington, D. O., April 19361 

The Weekly WeatheT and Crop Bulletin for the week 
ending February 4, 1936, carried the following statement: 
“The soil conhues  much too dry in the sout,hwestern 
Plains, cent8ering in southwestern Kansas and southeastern 
Colorado, with strong probability of drifting and dust- 
storms unless more moisture is received soon.” 

Moisture s&cient to relieve the droughty conditions 
failed to materialize; and numerous and severe dust- 
storms occurred over southeastern Colorado, northeastern 
New Mexico, western Kansas, and western Oklahoma in 
February. Late in the month, dust was reported as far 
east as Missouri, and some cooperative observers in 
Texas reported crop damage. In western, and some 
central, sections of Kansas the storms were of marked 
intensity; and on the 22d, visibility was so reduced by dust 
in portions of Colorado that pedestrians collided with one 
another in attem ting to get about during the height of 
the storm. On &e 24th, dusty conditions prevailed in 
portions of northern New York. These last two storms 
are described in the February 1936 MONTHLY WEATHER 
REVIEW. 

The accompanying chart shows the number of days with 
duststorms or dusty conditions in March 1936, and is 
based onlv on reDorts from first-order stnt’ions of the 

Early in March, duststoms were reported in eastern 
New Mesico, where conditions were more favorable for 
t,heir inception t,han in t,he preceding year, and in most, 

. - -~  _. - -~ - 

Number of days with dustatorms, or dusty condltions, March 1936.-W.A. M 

other sections of the dry southwestern area, especially in 
the Oklahoma Panhandle and southeastern Colorado. 

Weather gureau. *It will be seen that the greatest number 
occurred in the persistently dry area centering over the 
Southern Great Plains, the frequencyyzdecreasing rather 
uniformly with distance from this droughty source-the 
“Dust Bowl. ” 

During the week ending March 24 severe storms, some-of 
them the worst reported so far this yew, occurred in 
several southwestern States. Dust from western Kansas 
was carried through the air to the eastern part-‘of the State, 
but here the storms were not so severe as those of March 

Martin, 1936
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Based on wind erosion 
maps convert portions 
of model grid boxes to 
bare soil

Model created dust 
storms, the dust 
interacted with solar 
and longwave radiation 
intensifying the drought 
and moving it north

Observed 
1930s 
precipitation 
anomaly

Modeled with 
SST forcing only

Modeled with 
SST forcing 
and 
interactive 
dust

Dust Bowl was a coupled human-

natural disaster .... with clear 

lessons for the future
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The 1890s drought -

-Massive abandonment of homesteads in 

the high plains

-led to Reclamation Act of 1902, 

federalization of western development 

and the ‘hydraulic society’

Once more, La Nina-forced 

 (model has tropical Pacific SST 

forcing only)

SST anomalies outside tropical 

Pacific created as a response to 

tropical Pacific SSTs

1890-1896 Average

a) Tree Ring Reconstructed PDSI b) Modeled Soil Moisture
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For now we are limited to seasonal to interannual 
prediction based on forecasts of El Ninos and La Ninas

Forecast for DJF 2010/11 
is a strong La Nina and 
high probability of a dry 

Southwest winter
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Annual Precipitation Trend 1979-2006
GPCP
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OBSERVATIONS
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Recent, post 1979, trends do show 
subtropical drying but this is strongly 
influenced by trend to La Nina SST 

pattern (presumed natural) rather than 
GHG-forcing

observed 
trend

forced by 
observed 
tropical 

Pacific SST 
trend

IPCC AR4 
radiatively-

forced trend

Seager and 
Vecchi (2010)
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Compo, P-E, 1979-2008

Total trend
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trend in residual
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One way to determine 
natural and anthropogenic 
contributions to recent 
change is to compute the 
ENSO-related variability 
and subtract it from the 
total.  
The residual has non-ENSO 
climate variability and any 
climate change.
Here we used the Compo 
et al. (2010) 20th Century 
Reanalysis data
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P-E trends, 1979-2008

Compo trend in residual
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ENSO-removed residual 
trends for: 

The 20th C Reanalysis

and an SST-forced 
atmosphere model

As compared to the average of 
IPCC AR4 models’ simulation 
of radiative-forced change
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Do seasonal P, or 
P-E, anomalies get 
more extreme in a 
warmer climate?

NO.  The magnitude 
of seasonal to 

interannual 
variability remains 

the same but 
around a drier 

mean

P and P-E histograms for interannual variability in 
Southwest N. America

courtesy, 
Laura Vogel
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The onward 
march of 

subtropical-
mid-latitude 

drying.

A large part 
of this is 
driven by 

warming and 
increased 

evaporative 
demand

Dai (2010)

Drier       sc-PDSI       Wetter
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Cook et al., 

Science

(2004)

Turning to the trees …..
   
     …a millennial perspective on North American drought

(the past is scary)
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25

Stumps of trees killed by rising waters

after end of medieval megadroughts

Tuesday, October 26, 2010



MCA droughts
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Droughts of 
Medieval Times 

reconstructed from 
tree rings 

Similar spatial pattern of drought to 
modern-day: widespread with 

drought  centers in the 
continental interior, either in the 

SW and Rockies, or in the Plains, 
or both.
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Medieval Times 

reconstructed from 
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modern-day: widespread with 
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Conditions persisted MUCH 
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Droughts of 
Medieval Times 

reconstructed from 
tree rings 

Similar spatial pattern of drought to 
modern-day: widespread with 

drought  centers in the 
continental interior, either in the 

SW and Rockies, or in the Plains, 
or both.

Conditions persisted MUCH 
longer (20-40yrs)

i.e. Medieval 

‘Mega-droughts’

MCA droughts
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Coral support for 
Medieval La 
Nina ....

Fossil corals from 

Palmyra suggest more 

La Nina-like Medieval 

period 

(Cobb et al., 2003)
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Comparison of 
tree ring and 
modeled spatial 
patterns of two 
megadroughts

suggestive of a 
tropical Pacific link 
to Medieval 
drought  ..  

Tree 
ring 
PDSI

model 
PDSI

model soil 
moisture
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Figure 3 

 

Figure 4 

 

 

 3

Drought and the ancestral Pueblo Indians

Studies of the Four Corners region show
population related to megadroughts
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IPCC (2021 to 2040) - (1950 to 1999)

Temperature Precipitation - Evaporation
Positive Temperature Gradient Composite
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A further wrinkle 
is that the 

amplitude of 
future drying of 

southwest is 
greatest in 
models that 

become more La 
Nina-like in 
response to 

rising GHGs, but 
tropical Pacific 
SST response is 
highly uncertain  

Seager and Vecchi (2010)
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Conclusions

Multiyear drought in Southwest North America always forced by small variations in tropical 
SSTs.

Predictability of the SSTs limited to one year, longer term prediction still a research problem 
(but it just may not be possible).

Models project that rising GHGs and global warming will steadily turn Southwest North 
America more arid - akin to permanent drought by mid-century - as part of a global-scale 
change in the hydrological cycle.   Worst case and best case scenarios but hard to think that this 
will not occur.  Looks like it is occurring.

Year to year variability does not change but occurs around this drying mean state - dry years 
will get drier, wet years less wet.

Current climate models not up to task of providing detailed projections of river flows and 
won’t be for years/decades.

The short, instrumental record does not contain all that can happen - during the Medieval 
period SW N. America was struck by a series of multi-decadal droughts whose origins - internal 
climate variability or forced by solar and volcanism variations are unknown 
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