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Materials and Methods 

Update of published 1948-2006 streamflow trends to 1948-2012 
Flow trends shown in Fig. 1 and discussed in the text were from Luce and Holden (10) and 

covered water years 1948-2006.  We refer back to that publication because the purpose of this 
paper is to discuss potential causes of those differences, not simply reprise their analysis for a 
slightly different period.  Nonetheless, an important context for most readers is whether such 
trends were just a manifestation of the period of analysis used in that paper or if the trends are 
robust to low-frequency cycles.  Water years after 2007 included some of the wettest years in the 
last decade, related to an extended La Niña event.  2011, for example, had the highest flows in 
the record for some stations.  We updated the quantile regression analysis of trends in 25th 
percentile flows through water year 2012 using the same 43 reference gages described by Luce 
and Holden (10). Two gages in western Montana (12330000 and 12320000) were missing data 
from November-March 2007. Probabilistic principal components analysis (38) using the eight 
nearest neighboring gages was used to impute missing observations for these gages for 2007.   
The decline in the 25th percentile flows retained significance at 44% of the stations.  This is still 
field-significant (P~0.05) for a station level alpha=0.10, meaning that it is unlikely to have 44% 
of the stations participating in a pattern if the probability of a trend occurring randomly is only 
10%.  The field significance test also considers the strong autocorrelation among stations in the 
region (39).  WY 2013 appears to be broadly dry across the region, which should reinforce 
significance in declining trends. 

 
Precipitation and Wind Data and Analyses 

Tests of trends in USHCN gages were done using the methods of Luce and Holden (10) for 
the same period.  USHCN data were downloaded from the NCDC web site.  Although several 
HCN stations showed statistically significant declines, after adjustments for autocorrelation 
among stations, the decline was not field-significant, meaning that the ~15% of stations showing 
statistically significant declines could result from a 10% probability for spurious statistical 
significance. 

We used u700 from NCEP/NCAR reanalysis 1 for water years 1950-2012.  Tropospheric 
zonal wind is primarily influenced by observations and considered a reliable variable from 
reanalysis (40). Changes in data assimilation over the lifetime of the reanalysis record could 
result in potential climate inhomogeneities that might alter the results.  Two well documented 
discontinuities in reanalysis data include: (i) the advent of the modern global radiosonde network 
from 1958 onward, and (ii) the assimilation of satellite data from 1979 onward. However, these 
issues have been of most relevance in data sparse regions and specifically across the Southern 
Hemisphere, whereas radiosonde observations were taken across much of the region of interest 
prior to 1958. Finally, we note that the changes in u700 as seen by NCEP/NCAR reanalysis 1 
were also seen in the 20th century reanalysis that does not assimilate radiosonde or satellite 
records (41).   

U700 for the 1951-2011 period was regressed on Nov-Mar averaged PDO index (42, 43), 
PNA index(44), and Multivariate ENSO index (MEI) (45, 46) using multivariate regression, 
explaining 37% of the variance (P<0.001).  The mean trend of the modeled wind speeds, 
however, is -0.12 m/s/decade compared to the trend of observed wind speeds at -0.19 m/s/decade 
(Figs. 3 and S4).  The difference is slightly greater for the trend in the lowest quartile, -0.14 



m/s/decade (modeled) versus -0.3 m/s/decade (observed), leaving substantial unexplained trend 
(Fig. S4). 

USHCN precipitation data and SNOTEL precipitation data were used in Figure 2 to assess 
spatial patterns in correlation with u700.  SNOTEL were downloaded from the USDA Natural 
Resources Conservation Service SNOTEL web site.  Monthly precipitation amounts for all 
USHCN and SNOTEL stations in the Pacific Northwest were calculated. Given the limited 
temporal record of SNOTEL stations, we constrained our analysis to a 30-year period from Nov 
1982 through March 2012. Precipitation totals from Nov-Mar were calculated for each station. 
Stations missing more than 7 days in any given month were considered incomplete for the 
month. Precipitation totals for Nov-Mar were only calculated if all months were complete, and as 
a consequence the length of record included in the correlation analysis varied by station.  
Constraining the selection to Nov-Mar rather than full water years allowed us to retain years that 
had missing data in summer months, which do not normally contribute substantially to annual 
flows.  Pearson’s correlation coefficients were calculated between u700 averaged over Nov-Mar 
and precipitation totals for stations that had at least 25 years of complete data. 85% of the 
stations meeting these criteria had complete data for the 30-year time period. 

Slopes of the regression between precipitation and u700 were normalized by the mean 
precipitation of the 1982-2012 period used in the regression to produce an estimate of percent 
change in precipitation per 1-m/s change in u700 at each station (Fig. S5).  The spatial pattern of 
sensitivity is nominally similar to that of the correlation strength shown in Fig 2.  We 
summarized the sensitivity of HCN and SNOTEL precipitation and annual streamflow (which 
does not appear on the maps because it has a large spatial support scale) at the HCDN stations to 
u700 in a paired box and whisker plot for ease of comparison (Fig. S6).  The mean correlation by 
type was significantly different across station type (P= 2 x 10-13) with 0.47 for HCN stations, 
0.63 for SNOTEL stations, and 0.60 for streamflow stations.  The pattern of the sensitivity 
estimate is similar to that of the correlations with sensitivities of 0.10, 0.12, and 0.11 for HCN, 
SNOTEL, and streamflow respectively.  Though smaller, the differences were still statistically 
significant (P=2.8 x 10-7), with both the SNOTEL and streamflow being significantly different 
from HCN (P=4 x1 0-8 and 0.04 respectively).  These changes can be contrasted to a 0.16 mean 
change streamflow for 1948-2006 over which time u700 decreased by approximately 1 m/s. 

In assessing the energetics of the water loss, we considered the IPCC AR4 estimate of 
increased radiant forcing, 1.6 W/m2 and a slightly higher value considering that snow loss earlier 
in the spring would increase the net radiation during a time when water was relatively available.  
This estimate was based on an average solar insolation of 306 W/m2 in May from the 
NCEP/NCAR reanalysis 1 for 1949-2012, a decrease in albedo from 0.7 to 0.2, and a 1-week 
shift in snowpack timing, on the order of observed short-term snow ablation trends (47).  The 
increase for net solar was about 2.9 W/m2, yielding a total estimated increase of 4.5 W/m2. 

 

Supplementary Text 

Corroboration of Energy Balance Analysis 
Although temperature can be a poor surrogate to energy for estimating evapotranspiration 

(48, 49) we further tested potential increases in evapotranspiration by considering the traditional 
view that increasing temperatures would increase evapotranspiration.  We used output from the 
Variable Infiltration Capacity (VIC) model (50), which uses a Penman-Montieth formulation, 
over the PNW (43-49 N, 114-123 W).  VIC uses HCN precipitation data interpolated to a static 



surface based on regional isohyetal maps.  Runoff from VIC also failed to show trends for the 
region, and since the precipitation input derived from low-elevation climate stations showed no 
trends, it can be inferred that no trends in evaporation were modeled related to the temperature 
increases.  Authors exploring the temperature and precipitation sensitivity of annual streamflow 
and assessing temperature impacts to flows show declines on the order of 10-25% for a 3°C 
warming (51, 52), which is somewhat less than the flow changes observed here with a much 
smaller temperature trend. 

There are unique aspects of the observed streamflow trends that offer additional constraints 
on process.  Milly and Dunne (53) developed a theoretical relationship between the sensitivity of 
ET to variations in net radiation based on the Budyko (54) framework.  The relationship predicts 
greater sensitivity of ET (or runoff) to net radiation increases in wetter environments or years 
than in dry environments or years.  The idea is closely related to the Bowen ratio for partitioning 
variations in net radiation between ET and sensible heat.  When water is freely available, high 
ET buffers temperature increases, whereas when water is not available, temperature increases are 
more pronounced.  If we assume that all flow decreases result from increased ET driven by 
increased downwelling longwave radiation, then we would expect a stronger trend across wet 
years than dry.  Quantile regression, showing differences in trends in wet years (75th percentile) 
versus dry years (25th percentile) in the PNW (10), however, shows the opposite pattern in all 
but two stations (Fig. S7), with the strongest decreases in dry years and the weakest in the wet 
years, challenging the increased ET hypothesis.  

There is similarly a decreased sensitivity of runoff to precipitation in drier years.  For wet to 
intermediate years, radiation sensitivity diminishes more rapidly, and under extremely arid 
conditions there is little sensitivity of runoff to either precipitation or radiation variations.  We 
can frame these as feedbacks that dampen the responsiveness of runoff to drying forcings, 
whether it be increasing net radiation (which bumps against soil moisture limitations as drying 
occurs) or decreasing precipitation (which faces feedbacks from decreasing ET).  Interannual 
variability in radiation is generally much smaller than in precipitation, so much so that 
precipitation has the dominant role in determining what a “wet” versus “dry” year is (53).  While 
one could achieve drier dry years while maintaining wet years by disproportionately applying 
substantially increased radiation to low precipitation years (ignoring for now the energy balance 
limitations that prevent this mechanism), it seems particularly complex to invoke a combination 
of change in distribution as well as a correlation between processes when a simple shift in 
distribution of precipitation would achieve the same outcome.  While the damping of radiation 
effects on runoff caused by precipitation variability could only produce the observed outcome 
with some coordination between radiation and precipitation, the damping of precipitation effects 
by precipitation changes is simply a non-linear relationship that means that any observed 
declines in dry-year runoff imply larger changes in dry-year precipitation.   

 
Regional Meridional Thermal Gradient versus Wind 

Regional lower-tropospheric meridional thermal gradient (MTG) was approximated by the 
difference in 500hPa height between two regions straddling the PNW: (i) a northern box 
encompassing 52-60N, 120-140W, and (ii) a southern box encompassing 32N-40N, 120-140W 
(see inset Fig. S8).  The 500hPa height in midlatitudes is a surrogate for mean temperature in the 
lower troposphere (and thickness of the 1000hPa-500hPa assuming nominal changes in Mean 
Sea Level Pressure) and broadly reflects the lower-tropospheric MTG both directly upstream and 



across the PNW.  Through constraints of the thermal wind relationship, this measure provides a 
first order control of the strength of the mid-tropospheric zonal flow. 

A strong correlation (r=0.92) is observed between interannual variability (Nov-Mar) in 
regional lower-tropospheric MTG and u700 for the reanalysis (Fig. S8).  The CMIP5 models also 
captured strong interannual relationships (mean r=0.89) between these two parameters over the 
historical time period (1950-2005) suggesting that these basic processes are well simulated.  The 
observed decrease in u700 was accompanied by a decrease in MTG from 1950-2012. This was 
due to preferential warming of the lower-troposphere over the northern box (r2=0.17, P<0.001) 
with nominal changes in the southern box (r2=0.01, P=0.37). 

Projected changes in regional lower-tropospheric  between the last three decades of the 21st 
century (2071-2100) and the historical runs (1950-2005) are strongly related to projected 
changes in u700 over the PNW (r=0.96, Fig. S9).  This reinforces the fundamental link between 
decreased u700 and reduced regional meridional pressure contrasts due to anthropogenic forcing.  
These changes are not apparent in zonal-mean zonal-wind around the hemisphere; however the 
geographic orientation of the landmass of western Canada to the north and predominantly ocean 
surfaces to the south facilitates development of a weakened thermal gradient (and consequently 
pressure gradient), particularly during mid-winter due to the asymmetric warming of high-
latitude landmasses versus ocean surfaces.   

These changes are consistent with other analyses for expectations of wind.  Prior modeling 
results have shown zonal-mean wind shift poleward in enhanced greenhouse climate experiments 
following a poleward shift in baroclinicity (55) and a slight poleward shift with ambiguous 
changes in the magnitude of annual mean zonal flow at 700-850hPa across the North Pacific 
under enhanced greenhouse forcing (56).  However, regional and seasonal changes may be more 
pronounced (57).  Additional analysis is needed to better resolve the role of atmospheric 
dynamics in the heterogeneity in precipitation projections across the western U.S. 

Implications for precipitation projections are likely important.  Projected changes in Nov-
Mar precipitation across the PNW under enhanced greenhouse forcing for the time period and 
experiments discussed here are primarily positive (mean increase of 8%).  However, the smooth 
topography of GCMs does not allow them to capture orographic processes at scales 
representative of mountain watersheds.  Furthermore, precipitation parameterizations at the scale 
of GCM cells are necessarily approximate, and show substantial inter-model variability 
compared to processes dominated by pressure and temperature, such as zonal wind speed (58).  
Our analysis would suggest that changes in wind speed be taken into account in regions where 
precipitation is heavily influenced by orographic enhancement.  

 
Long Term Context of Observed and Projected Changes 

The observed declines 1948-2011 place the current wind speeds (and related precipitation 
and streamflow) on a par with the expected future mean state.  Given that the current low state is 
partially related to natural modes of variability and partially related to anthropogenic factors, an 
important question is whether the expected future mean state represents a meaningful departure 
from current (last 2 decades) climate.  For this it is necessary to place the trend and current 
climate in a longer term context. 

Twenty-three of the streamflow stations analyzed have records dating as early as 1930 
(nearly half starting in that water year).  Over this instrumental record, the 1930s and 2000s stand 
out as dry periods while the 1950s are the wettest decade (coincidentally preceded by many 
additional station installations).  Consequently, the historical precipitation declines have been 



measured across one of the larger changes in the instrumental record.  This point is relevant to 
interpreting many other trends measured over a similar period, including snowpack and 
ecological indicators (e.g. fire and mortality). 

Additionally, the instrumental record in these gages is useful for providing context of the 
current drought and expected future drought in the longer term (Table S2).  The 1930s have been 
recognized as one of the driest periods in the PNW in the last few centuries based on tree ring 
reconstructions of paleoclimates (27-29).  Differences between flows in the 2000s and the 1930s 
for each river are relatively small and split in sign, yielding a regional average 0.1% difference 
between the 1930s and 2000s.  Just for scaling purposes, the wettest decade is 26% wetter than 
the 1930s.  These results place the current and expected future conditions at the dry end of the 
spectrum. 

 
References on Temperature and Moisture Availability Effects 

There are several potential mechanisms for changes in orographic precipitation relating to 
anthropogenic climate change.  Decreasing contrasts in temperature between land and ocean in 
winter may contribute to reduced relative humidity over land, yielding higher lifting 
condensation levels, and decreasing orographic precipitation (31).  Increased aerosols may 
encourage the development of smaller precipitation particles and reduce fall speed, decreasing 
precipitation efficiency in mountains (59).  Considering a nearly opposite effect, increases in 
liquid fraction of precipitation as temperatures warm could increase fall speed, enhancing 
orographic enhancement on the windward side while decreasing spillover to leeward watersheds 
(60).  We did not test any of these alternative explanations, which may add more fine detail in 
places where there is adequate supporting data. 



 

Figure S1: Topographic map of region showing locations of watersheds, HCN precipitation stations, and 

SNOTEL precipitation stations used in the analyses. 

 



 

Fig. S2:  Changes in streamflow expressed in mm/day plotted against mean annual water yield of the 43 

HCDN basins.  The energy required to evaporate the declines are presented on the right axis.  The orange 

line is plotted at 1.6 W/m2, which is the IPCC estimate of increased radiant forcing, and the brown line is 

plotted at 4.5 W/m2 if one were to additionally take into account an additional 2.9 W/m2 of forcing based 

on earlier spring snowmelt. 
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Fig. S3:  Plotting the elevations of the HCN precipitation gages on an east-west transect of the region 

along with the elevations of the minimum, maximum, and mean elevations of the HCDN watersheds 

shows the fairly substantial topography of the region’s two prominent mountain ranges (Cascades in the 

west and Northern Rockies to the east) and a general pattern that the precipitation gauges track the 

elevations of the basin outlets but not the interior of the basins  
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Fig. S4:  Modeled u700 over 1950-2012 with regressions for mean trend (solid lines) and 25th percentile 

trend (dashed lines).  Blue lines show trend lines of observed windspeed from Figure 3. 
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Fig S5: Map of normalized regression slopes between u700 and precipitation.  Circles are HCN 

precipitation gages and squares are SNOTEL gages. Smaller symbols indicate lack of statistical 

significance (P > 10%). 



 

Fig S6: Box and whisker plots of Pearson correlation coefficients and normalized regression slopes 

between u700 and 1) HCN precipitation 2) SNOTEL precipitation, and 3) HCDN Streamflow. 
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Fig. S7:  Ratio of the slope of the 75th percentile trend to the slope of the 25th percentile trend (S75/S25).  

Black points indicate places where flows are increasing in wet years while decreasing in dry years, which 

cannot be explained by increased evapotranspiration, grading to white, where dry year trends are steeper 

than wet year trends. 

S75 > 0
0 % to  20 %
20 % to  40 %
40 % to  60 %
60 % to  80 %
80 % to  100 %
100 % to 140 %



 

Figure S8: Interannual (Nov-Mar) relationship between regional lower-tropospheric meridional pressure 
(temperature) gradient defined as the difference in 500hPa height between the southern and northern 
boxes in the inset and 700hPa zonal flow over the Pacific Northwest (42.5-47.5N, 115-130W) from NCEP-
NCAR Reanalysis 1 (1949-2012). The northern box encompasses 52-60N, 120-140W while the southern 
box encompasses 32-40N, 120-140W. The observed Pearson’s correlation coefficient of this relationship 
is r=0.92 (p<0.01). 

 



 

 

Figure S9: Relationship between changes in regional lower-tropospheric meridional pressure 
(temperature) gradient versus change in 700hPa zonal flow. Changes are taken between 2071-2100 
under experiment RCP85 and 1950-2005 under the historical forcing experiment. The observed 
Pearson’s correlation coefficient of this relationship is r=0.96 (p<0.01). Geopotential height fields from 
MIROC-ESM were not available and were excluded from our analysis. 

 



 

Table S1: 20th Century and Projected U700 Response in CMIP5 Models. 

 

 

Modeling Center (or Group) Model Name Magnitude (m/s) p<0.05 Magnitude (m/s) p<0.05
Percent of 20th 
century normal

Beijing Climate Center, China Meteorological 
Administration  bcc-csm1-1 -2.58 * -0.29 -3.04
College of Global Change and Earth System Science, 
Beijing Normal University  BNU-ESM 0.76 -1.29 * -12.26
Canadian Centre for Climate Modelling and 
Analysis  CanESM2 -1.73 * -1.66 * -16.28
National Center for Atmospheric Research  CCSM4 -0.49 -1.17 * -13.20
Centre National de Recherches Meteorologiques / 
Centre Europeen de Recherche et Formation 
Avancees en Calcul Scientifique  CNRM-CM5 0.14 -1.03 * -10.71
Community Earth System Model Contributors  CESM1-BGC 0.26 -0.67 -7.50

 CESM1-CAM5 -0.24 -0.51 -6.69

Commonwealth Scientific and Industrial Research 
Organization in collaboration with Queensland 
Climate Change Centre of Excellence  CSIRO-Mk3-6-0 -0.04 0.26 4.36

LASG, Institute of Atmospheric Physics, Chinese 
Academy of Sciences and CESS,Tsinghua University  FGOALS-g2 -0.16 2.03 * 25.94
The First Institute of Oceanography, SOA, China  FIO-ESM 0.64 -0.50 -4.91
NOAA Geophysical Fluid Dynamics Laboratory  GFDL-CM3 0.19 -0.41 -5.67

 GFDL-ESM2G -0.88 -0.60 -6.63
 GFDL-ESM2M 0.39 -0.21 -2.50

NASA Goddard Institute for Space Studies  GISS-E2-R -0.27 -0.36 -4.38
Met Office Hadley Centre  HadGEM2-ES -0.29 -1.87 * -20.73

 HadGEM2-CC -0.58 -1.09 * -13.19
 HadGEM2-AO -0.27 -1.53 * -17.29

Institute for Numerical Mathematics  inmcm4 -0.06 -0.62 * -6.46
Atmosphere and Ocean Research Institute (The 
University of Tokyo), National Institute for 
Environmental Studies, and Japan Agency for 
Marine-Earth Science and Technology  MIROC5 -0.48 0.09 1.36
Japan Agency for Marine-Earth Science and 
Technology, Atmosphere and Ocean Research 
Institute (The University of Tokyo), and National 
Institute for Environmental Studies  MIROC-ESM 0.08 -0.53 -4.51

 MIROC-ESM-CHEM -0.77 -1.36 * -11.10
Max Planck Institute for Meteorology  MPI-ESM-LR -0.19 -2.00 * -21.25
Meteorological Research Institute  MRI-CGCM3 0.57 -0.80 * -10.34
Norwegian Climate Centre  NorESM1-M -1.08 0.87 * 10.56

24-model mean -0.29 -0.64 -6.50
24-model median -0.21 -0.61 -6.66
# models with decrease 16.00 20.00
# models with p<0.05 
decrease 2.00 13.00
# models with p>0.05 
increase 0.00 1.00

1950-2005 linear trend 2071-2100 vs. 1950-2005



 
 
Table S2: Differences in streamflow during relatively wet and dry decades at stations with long 
historical records in the Pacific Northwest.   

 

Site Name State 1930-2012 1930-1939 1950-1959 2000-2009 1930s to 2000s 1930s to 1950s
12010000 Naselle nr Naselle WA 2686 2750 2894 2405 -12.6% 5.3%
12027500 Chehalis nr Grand Mound WA 1091 1076 1213 997 -7.3% 12.7%
12035000 Satsop nr Satsop WA 2368 2287 2479 2280 -0.3% 8.4%
12134500 Skykomish nr Gold Bar WA 2576 2507 2794 2571 2.6% 11.4%
12186000 Sauk ab Whitechuck WA 2558 2479 2894 2388 -3.7% 16.7%
12189500 Sauk nr Sauk WA 2115 2082 2313 2024 -2.8% 11.1%
12401500 Kettle nr Ferry WA 243 208 268 219 5.0% 29.0%
12442500 Similkameen nr Nighthawk WA 225 208 270 185 -11.2% 29.6%
12445000 Okanogan nr Tonasket WA 139 123 170 113 -7.8% 38.7%
12451000 Stehekin at Stehekin WA 1529 1477 1751 1452 -1.7% 18.6%
12459000 Wenatchee at Peshastin WA 1059 1026 1249 934 -8.9% 21.8%
14113000 Klickitat nr Pitt WA 420 388 506 368 -5.2% 30.2%
13139510 Big Wood at Hailey ID 244 181 271 199 9.7% 49.5%
13185000 Boise nr Twin Springs ID 498 394 585 435 10.5% 48.8%
13302500 Salmon at Salmon ID 177 139 206 143 3.3% 48.6%
13313000 Johnson Cr at Yellow Pine ID 560 463 646 486 5.0% 39.4%
13317000 Salmon at White Bird ID 283 224 316 241 7.7% 41.2%
13336500 Selway nr Lowell ID 673 588 741 627 6.7% 26.0%
13337000 Lochsa nr Lowell ID 826 732 922 749 2.3% 25.9%
14137000 Sandy nr Marmot OR 1771 1671 1977 1608 -3.8% 18.3%
14178000 N Santiam blw Boulder Cr OR 1623 1500 1842 1559 3.9% 22.8%
14091500 Metolius nr Grandview OR 1639 1505 1831 1656 10.1% 21.7%
12370000 Swan nr Bigfork MT 590 525 624 510 -2.9% 18.9%

Average Across Stations -0.1% 25.8%

Average Annual Flow Percent change
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