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ABSTRACT 
 

Historically, the most dangerous storms in California have been warm wet storms that strike in winter, 
producing intense rains over large areas and unleashing many of the State’s largest floods. The most 
commonly recognized of these storms have been described as “pineapple express” storms because of the 
way that they appear (in weather satellite imagery) to draw warm, moist air from the tropics near Hawaii 
northeastward into California. Recent studies, though, have shown that pineapple express storms are just 
one version of a common feature of midlatitude weather, called “atmospheric rivers” (ARs). We now know 
that, globally, about 90% of all the water vapor transported towards the poles across the midlatitudes is 
transported within the narrow, intense filamentary bands of moist air that form these ARs. Because AR 
storms are increasingly understood to have been the source of most of the largest floods in California, an 
evaluation of the future of floods under climate change must attempt to project the future frequencies and 
intensities of ARs. 
 
Using a locally-based strategy for detecting AR-type storms along the California coast, developed at the 
NOAA Earth System Research Lab, climate simulations from seven global-climate models (GCMs) were 
analyzed to compare frequencies and magnitudes of AR storms arriving in California under simulated 
historical and climate-changed conditions. First, numbers of AR episodes in the climate models and in the 
observational record were compared to find that, although on average most of the models generate more 
ARs than observed, the general distribution of AR days per winter were not so different as to preclude 
evaluations of the projected changes. Next, in comparing historical to future climate simulations, changes in 
AR storms in the models were found to occur mostly at the extremes: Years with many AR storms become 
more frequent in most of the climate-change projections, but the average number of such storms per year 
are not projected to change much. Similarly, although the average intensity of the storms is not projected to 
increase much in most models, occasional much-stronger-than-historical-range storm intensities are 
projected to occur under the warming scenarios. The simulated AR storms also warm along with the winter-
mean temperatures in the seven models. Together these findings suggest that California flood risks from the 
warm-wet, atmospheric-river storms may increase beyond those that we have known historically, mostly in 
the form of occasional more-extreme-than-historical storm seasons. 
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most of the GCMs (excepting the MIROC and MRI models). Nonetheless the range and 
general distribution of numbers of AR days per winter are not so different from the GCM 
counts as to preclude evaluations of the projected changes in the ensemble of GCM 
projections. Numbers of AR days during the 21st Century increase in most of the GCMs 
(compared to their respective historical counts). Most models simulate more winters with 
many opportunities for AR storms and floods, and fewer winters with few opportunities, 
so that changes in the frequency of these “extreme” winters are more notable than the 
changes in long-term mean numbers of AR storms. 
 

 
Fig. 3.—Numbers of December-February days per year in the upper-right quadrant of 
Fig. 2a, for seven climate models (listed at bottom of figure) and the NCAR-NCEP 
Reanalysis data fields; 21st Century counts are from projections made in response to A2 
emissions scenarios.  
 

To be more specific, Table 1 shows the numbers of AR days per winter change 
through time on a model by model basis, as indicated by linear regressions of the AR-day 
counts from all available winters (1961-2000, 2046-2065, 2081-2100) versus year. AR-
day counts increase in 5 of the 7 models and counts in the remaining models remains at 
historical levels. The projected numbers of AR days in the 21st century average (across 
the ensemble of models) about +2.5 days, or about 30%,  more by end of century. Thus 
opportunities for winter-flood generating storms in central California are generally (but 
not unanimously) projected to increase in frequency in projections of climate change. 

The intensity and characteristics of these simulated (and observed) AR events 
may also be evaluated, in order to determine how AR episodes themselves may evolve in 
the 21st Century. Figures 4 and 5 compare distributions of IWV values and upslope wind 
speeds on AR days under the historical and projected-future climates from each of the 
seven models. Integrated water vapor on AR days increases in all of the models, as do the 
numbers of AR days with IWV values greater than about 3.5 to 4 cm. In the real world, 
AR days with such high IWV values have been associated with the very largest storms 
(Neiman et al, 2008b), and thus the increases at the rightmost edges of the histograms of 
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Fig. 4 suggest rather ominous changes in the amount of precipitation that many of the 
projected AR days may deliver in the future. 
 
Table 1.—Trends in numbers of AR days / 100 yrs from seven climate models, with 
trends that rise to statistical significance at 95% level highlighted in boldface, and 
with (*) the trend in CNRM only just missing 95% significance level. 
 

Climate model Change in # AR 
days / 100 yr 

R**2 of 
trend fit 

CCC +7.2 days 30% 
CNRM +2.4 4 * 
ECHAM +4.5 10 
GFDL +0.4 0.2 
GISS +0.3 0 
MIROC +2.2 7 
MRI +3.6 15 

 
On the other hand, the histograms of upslope wind speeds in Fig 4 indicate that, in 

all of the models except perhaps CCC, the upslope components of the winds transporting 
the additional water vapor tend to weaken as the 21st Century proceeds. These weaker 
upslope winds will tend to work against the increased water vapor to reduce the 
orographic precipitation totals that the ARs might deliver. Indeed, the product of the 
upslope wind times the IWV gives an approximate sense of the water vapor delivered and 
available to be rained out of the AR storms as they pass over California’s mountains. Fig 
6 shows the distributions of this “intensity” product for each of the models, with the 
strong suggestion that in most models, although the numbers of AR days increase, the 
distributions of their overall (product) intensities may not change as much. Table 2 shows 
the regressed trends for these intensities on a model-by-model basis, indicating that 3 of 
the 7 models produce statistically significant increasing trends in the winter-average 
intensities of AR circulations, and 2 more models yield increases that are not statistically 
significant, with season-average intensities in the remaining two models remain more or 
less the same. Even in the models that produce significant trends in AR intensity, the 
changes are not (on average) more than about 10%, which might be interpreted to 
translate into an average of not much more than about +10% more rain from future AR 
storms. Nonetheless, notice that more-than-historical numbers of ARs fall into the most 
intense tails of the projected distributions (Fig 6) from all seven GCMs. This tendency 
towards the occasional future occurrence of ARs that are more intense than any that have 
been witnessed historically is an indication that, under projected climate changes, 
occasional AR storms are likely to be exceptionally intense. 

AR storms are associated with floods because of their relatively warm 
temperatures as well as the intense precipitation they can deliver. The warm temperatures 
associated with the ARs commonly result in elevated snowlines and thus much larger 
than normal river-basin areas receiving rain rather than snow. The long-term AR-day and 
all-day averages of surface-air temperatures from the entire ensemble of projections are 
shown in Fig. 7 for the 1961-2000, 2046-2065, and 2081-2100 epochs. In the historical 
simulations, AR-day temperatures average 1.8C warmer than the average of all Decem- 
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Table 2.—Trends in intensity (IWV * upslope wind speed) of AR days / 100 yrs 
from seven climate models, with highlighting as in Table 1. 
Climate model Change / 100 yr % change / 100 yr R**2 
CCC +5.7 cm H2O  m/s +11% 12% 
CNRM +4.0 + 9%  8 
ECHAM +3.8 + 7%  6 
GFDL +0.1    0  0 
GISS +1.6 + 4  3 
MIROC -0.3 - 1  0 
MRI +2.1  + 5  3 * 
 

 
Fig. 4.—Histograms of simulated historical (20c3m, black) and future (A2, green and 
red) distributions of integrated water vapor values associated with AR-days in seven 
climate models. 
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Fig. 5.—Same as Fig. 4, except for upslope winds on AR days. 


