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What We've Seen: Observed Trends in Temperature and Preecipi_

Rocky Mountain National Park (RMNP) is character-
ized by dramatic mountain vistas, deep gorges, and
clear mountain streams. In RMNP, interactions of
complex topography and regional-scale air masses
create dynamic short-term weather events and they
are responsible for broader, landscape-scale climate
patterns. Regular park visitors are acutely aware of

the often very large differences in weather between lrlsoo
the alpine environments and the much more moderate

lower elevations.
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Long-term trends in temperature and precipitation are
largely determined by atmospheric dynamics at global
to regional scales. Flows of regional-scale air masses
and more local influences on RMNP climate have mm/yr
probably not changed much over the past century, but

temperatures are increasing in RMNP, consistent wtih

global patterns. Figure 1 illustrates observed increas-

es in both minimum and maximum temperature in

RMNP, leading to an averge rate of increase of about

1.9°C (3~40F; PRISM data) per century. Minimum Figure 2. Annual precipitation in the region of RMNP (outlined in

: : : : black). Steep gradients in precipitation are driven by elevation, and
(nlghttlme) temperatures have been Increasing much the higher elevations of RMNP (in green) receive about twice the

precipitation of lower elevations (PRISM 800 m data).
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more rapidly than maximum temperatures.

Elevation strongly influences both temperature and
precipitation. As elevation increases, temperatures
decrease and rates of precipitation increase. At higher
elevations in RMNP, annual precipitation is more than
twice that received at the lower elevations (Figures 1
and 3). Seasonality of preciptiation also varies with
elevation. Most high-elevation precipitation occurs as
snow in winter, while at lower elevations most pre-
cipitation occurs as rain in summer. Interestingly, the
climate at high elevations - greater than about 11,000
ft - appears to be largely disconnected and uncorre-
lated with that experienced at lower elevations (Losle-
1890 1920 1950 1980 20 ben et al. 2010), presumably due to the exposure of

Figure 1. Temperatures have rapidly increased in RMNP over the last . . _ .
century, with maximum temperatures (A) increasing less rapidly than hlgh elevations to broader-scale Jet streams and other

minumum temperatures (B). atmospheric circulation phenomena.
’f m \ CALIFORNIA STATE UINIVERSITY MONTANA N (hz‘;’{ % CONSERVATION
Lif
) Monte rey B ay STATE UNIVERSITY Y{ﬁf SCIENCE PARTNERS

Woods Hole
Research Center

LANDSCAPE CLIMATE CHANGE VULNERABILITY PROJECT July 2013



What We’'ve Seen: Observed Trends
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Figure 3. Annual precipitation in RMNP illustrating the sharp eleva-
tional gradient. The horizontal line is the median, boxes enclose 25th
to 75th percentiles, and dashed lines show the range. Derived from
800m PRISM data,1980-2000.

While there has been no significant change in annual
precipitation over the past century, increased tempera-
tures have led to changes in snow accumulation and
melt. Water content of the spring snow pack has been
diminishing earlier, and an analysis of runoff between
1978 and 2006 found that peak runoff is also occur-
ring earlier (Clow 2010, Mote et al. 2005; Figure 4).
Averaged across Colorado, the onset of snowmelt has
been shifting at a rate of about 5 days per decade, for
a change of about two weeks since 1978. Changes

in snow melt are reflected in runoff, which has beeen
shifting in a similar pattern. Rivers are rising and
fallling earlier in the year. One consequence of earlier
snow melt is a shift in soil water and an increasing
summer water deficit, which is associated with fire
seasons that begin earlier and end later. Throughout
the west, higher temperatures are associated with a
longer fire season, more large fires, and more total
acres burned (Westerling et al. 2006, 2011).

Major weather events in RMNP and the Southern
Rockies are caused by flows of air masses that can
originate from any direction, and many notable weath-
er events are the result of collision of air masses from
more than one direction. The Front Range location
of RMNP makes it particularly susceptible to heavy
precipitation events. In the spring, moist air coming
up from the Gulf can collide with colder arctic air and
result is intense, very wet snowfalls with total snow
depth measured in feet, containing inches of snow
water equivalent. In the summer, moist upslope air
masses can lead to intense orographic precipitation
(e.g. microbursts) and violent thunder storms. Sum-
mer precipitation in the mountains is often a result of
convection storm.

Wyoming

Colorado

Trend in April 1
SWE per Decade (cm)

1.2-2.7
2.8-4.4

45-50

5.1-95

9.6-10.0

- - - -« <

Figure 4. Since the late 1970s, winter precipitation has remained the
same, but the snow pack, measured as Show Water Equivalent (SWE,
inches of water) has been declining in spring and peak of runoff has

been occurring earlier (figure and results from Clow 2010).

Warmer temperatures are likely already affecting all
or RMNP’s ecosystem. Native bark beetle popula-
tions , which historically existed at low densities, have
exploded in RMNP and the surrounding area causing
widespread mortality of conifers.

Current outbreaks of beetles are thought to be associ-
ated with drought and warming temperatures, espe-
cially the increase in winter minimum temperatures
(Bentz et al. 2010). Very cold winter temperatures
(below -20°F) cause high winter mortality, and pre-
viously-cool summers slowed development. Warmer
winters have resulted in greater winter survival, and
warm temperatures in spring, summer, and fall have
factilitated rapid development of mature beetles.
These very favorable conditions, in concert with
drought in the 2000’s, have led to widespread erup-
tions of mountain pine beetle and massive tree death.
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Mountain pine beetles have caused extensive mortality of forest trees
in RMNP.
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Projected 215t Century Climate Changes

Global climate models (GCMs) consistently project
substantial temperature increases, with rates of in-
crease exceeding those experienced in the last century
(Figure 5). Within a few decades, temperatures in
“normal” years will likely exceed those observed dur-
ing the dust bowl, the 1950s heat waves, and the re-
cord-setting summer of 2011. Increased temperatures
will very likely be associated with greater frequency
of hot spells that are now considered “abnormal”, and
with decreases in cold spells (IPCC 2012). RMNP
will most likely experience a variety of other changes
that are caused by regional to global scale atmospheric
patterns (Table 1).

Projected trends in precipitation are uncertain. An-
nual and seasonal precipitation is naturally variable
and projections of changes in precipitation are equally
variable. However, it is almost certain that a higher
proportion of precipitation will fall as rain rather than
snow, especially at lower elevations where tempera-
tures are closer to freezing (Mahoney et al. 2012).

Projected changes in climate drivers are summarized
in Table 1. Overall, the future climate in RMNP will
be warmer, snow will melt earlier, runoff and peak
runoff will occur earlier, and the ecosystems will
generally be drier. Annual precipitation may remain
unchanged, but increased temperatures and longer
snow-free seasons will lead to great surface evapora-
tion, and greater water use by vegetation.

Climate-caused droughts have already increased
mortality rates of forest trees in the western U.S. and
other parts of the world (Anderegg et al. 2013, Allen
et al. 2010). As the thermal and hydric environments
change, there may be significant changes in rates of
disturbance and in the regeneration of vegetation com-
munities. Models of tree species distribution have
projected dramatic, climate-driven changes in the suit-
ability of RMNP habitats for currently-dominant tree
species, including aspen, Ponderosa pine, lodgepole
pine, subalpine fir, and Engelmann spruce (Rehfeldt et
al. 2006; Hargrove 2013).

A warmer atmosphere has more energy in it (i.e.,
heat), and warmer air can hold more moisture. These
relationships are, in general, the physical basis for
more frequent storms, of higher intensity. At a con-
tinental to global scale, warming will lead to overall
increases in precipitation. In RMNP and the sur-
rounding region, the combination of climate trends
may increase the frequency of extreme weather events
and the likelihood of floods. Along the Colorado
Front Range, floods can result from very localized mi-
crobursts, rain on snow events, and a combination of
unusually warm weather and a very large snow pack.
In the past century, RMNP has experienced floods
from all three of these causes, and projected climate
trends are consistent with an increased risk of floods
(Mahoney et al. 2012).
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Figure 5. Observed (historical) and projected trends in average temperatures for a moderate (B1) and high (A2) emissions scenario. Historical data from
RRISM, projections are a CMIP3 ensemble used for the National Climate Assessment (Kunkel et al. 2013).
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Projected 215t Century Climate Changes

Table 1. Summay of projected trends in selected climate and hydrology drivers for Rocky Mountain Park and the surrounding area, with an evaluation of con-
fidence it the the projections. These attributes are important determinants of the timing and intensity of many ecological, social, and economic activities.

Relative
Change by
Climate Variable Trend 2050 Projections for 2050s Confidence Source / Comments
Temperature (change Large 27+ 0.7C (49+1.3F) Very likely ~ CMIP3 ensemble for 1 degree cell
from 1960-1990; + SD) t Warming greater in summer including RMNP*
Extreme high Large 1-in-20 year mean maximum temperature Likely Likely IPCC 2012
temperatures t to increases by 2-3 C (3.6 -5.4 F). 1-in-20 year
maximum temperature events Likely to occur 1-
in-2 to 1-in-4 vears.
Mean precipitation ” Small 1+72% About as likely CMIP3 ensemble for 1 degree cell
(% change from 1960- as not including RMNP*
1990: + 1 sd)
Evaporation Moderate  Increase due to temperature; difficult to quantify Likely Evapotranspiration may increase
t 20-30% at higher elevations (BOR
2012)
Intense precipitation Moderate  "Marked" increase in 24-hr precipitaton for 2040- Likely IPCC 2012; Mahoney et al. 2012
events t 2070 period. 50-70% increase in event maxima.
Snowfall Moderate  2050: -15to -30% Likely Christensen & Lettenmaier 2006;
(April 1 SWE) ‘ BOR 2012; Gangopadhyay &
Pruitt. 2011
Streamflow ” Small No change to slight decrease. About as likely BOR 2012; Evapotranspiration
(total quantity) as not may increase 20-30% at higher
elevations (BOR 2012: B57ff)
Streamflow ‘ Moderate to Peak flows earlier; summer base flows lower Very likely  Clow 2010; BOR 2012; Christensen
(timing) large & Lettmaier 2006
Drought Moderate  Difficult to quantify. Likely result of higher Likely IPCC 2012
t temperatures, increased evaporation, and
increased variation in precipitation.
Large Almost complete elimination of surface hail Likely Mahoney et al. 2012

Hail ‘

* The CMIP3 ensemble includes 15 Bias-Corrected and Spatially Downscaled (BCSD) GCMs, at 1/8 degree resolution.
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