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Introduction
Alaska is undergoing rapid changes. Substantial warming has occurred at high northern latitudes
over the last half‐century. Fire patterns are changing, permafrost is thawing, and Arctic summers are
now warmer than at any other time in the last 400 years. Most climate models predict that high lati‐
tudes will experience a much larger rise in temperature than the rest of the globe over the coming cen‐
tury. At the same time, the state is undergoing rapid changes in human population and demands on
natural resources. These changes mean that maintaining the status quo in operations and manage‐
ment of resources and growth may result in increased costs, risk, and resource damage. Future plan‐
ning that accounts for these changes can avoid or reduce these potential liabilities.
The Bureau of Land Management‐Arctic Field Office is responsible for the management of the Na‐
tional Petroleum Reserve‐Alaska (NPR‐A). The BLM has undertaken an Integrated Activity Plan (IAP)/
Environmental Impact Statement (EIS) to determine its future management of the NPR‐A. The IAP/EIS
is considering the impacts of climate change in its plan. To improve the IAP/EIS’s analysis of climate
change’s effects on the planning area and its resources, the BLM is incorporating climate change mod‐
eling specifically tailored for the NPR‐A and areas on Alaska’s North Slope that may seasonally be home
for animals that could be affected by BLM‐authorized activities in NPR‐A.
For this project, the Scenarios Network for Alaska Planning (SNAP: www/snap.uaf.edu), a program
within the University of Alaska Geography Program, provided objective scenarios based on climate pro‐
jections and associated models of future landscape conditions that are helping to inform the EIS plan‐
ning process described above. SNAP is a collaborative network that includes the University of Alaska,
state, federal, and local agencies, NGO’s, and industry partners. The SNAP network provides timely ac‐
cess to scenarios of future conditions in Alaska and other Arctic regions for more effective planning by
communities, industry, and land managers. The network meets stakeholders’ requests for specific in‐
formation by applying new or existing research results, integrating and analyzing data, and communi‐
cating information and assumptions to stakeholders. SNAP’s goal is to assist in informed decision‐
making.
The projections used in this project were for a range of modeled data, including baseline (1961‐
1990), current, and future years extending to 2099. These data provided measurements of change as
they are likely to manifest themselves across NPR‐A, differentiating the amount of change in different
areas of the planning area, and estimating the uncertainty associated with each projection. SNAP pro‐
vided data on the effects of climate change on the following environmental factors: temperature, pre‐
cipitation, water availability, vegetation (including green‐up rate), and fire regime. Measures of change
were, where appropriate, specific to month and/or season. The full results of this assessment are pre‐
sented below.
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Modeling climate change
[For additional detail, see Appendix A: SNAP Climate Data and Modeling and Appendix B: Uncertainty
as well as the SNAP website at www.snap.uaf.edu]
SNAP climate models
SNAP climate projections are based on downscaled regional Global Circulation Models (GCMs) from
the Intergovernmental Panel on Climate Change (IPCC). The IPCC used fifteen different GCMs when pre‐
paring its Fourth Assessment Report released in 2007. SNAP collaborator Dr. John Walsh and colleagues
analyzed how well each model predicted monthly mean values for three different climate variables over
four overlapping northern regions for the period from 1958 to 2000.
For this project, SNAP used mean (composite) outputs from the five models that provided the most
accurate overall results. For each of these five models, results relied on model runs based on midrange
(A1B) predictions of greenhouse gas emissions, as defined by the IPCC. The A1B scenario was selected
because it offers a balanced and somewhat conservative perspective on the future of human population
growth, technology, and energy use; results from this scenario are unlikely to overstate the severity of
projected change, given recent climate and emission trends. SNAP model outputs based on these GCMs
cover the time period from 1980 to 2099.

Model downscaling
GCMs generally provide only large‐scale output, with grid cells typically 1°‐5° latitude and longitude.
SNAP scaled down these outputs to 2 km resolution, using baseline climatology grids from PRISM
(Parameter‐elevation Regressions on Independent Slopes Model). These grids represented mean
monthly values for precipitation and temperature for the years 1961‐1990. PRISM uses point data, a
digital elevation model, and other spatial data sets to generate gridded estimates of monthly, yearly,
and event‐based climatic parameters, such as precipitation, temperature, and dew point. PRISM was
originally developed to address the lack of climate observations in mountainous regions or rural areas.
SNAP calculated the differences between baseline PRISM grids and GCM grids for the same time period,
and used the resulting anomaly grids to downscale future projections.

Model uncertainty
Greenhouse‐driven climate change represents a response to the radiative forcing associated with
increases of carbon dioxide, methane, water vapor and other gases, as well as associated changes in
cloudiness. The response varies widely among GCMs because it is strongly modified by feedbacks involv‐
ing clouds, the cryosphere, water vapor, and other processes whose effects are not well understood.
The ability of a model to accurately replicate seasonal radiative forcing is a good test of its ability to pre‐
dict changes in radiative forcing associated with increasing greenhouse gases. SNAP models have been
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assessed using backcasting and comparison to historical conditions, and have proven to be robust in pre‐
dicting overall climate trends.
Model projections are presented as monthly average values. While trends are relatively clear, pre‐
cise values for any one year or month for any single model cannot be considered reliable weather fore‐
casts. Each model incorporates the same degree of variability found in normal weather patterns. The
downscaling process introduces further uncertainty. While PRISM offers the best available algorithms
for linking climate variability to weather station interpolation and digital elevation maps (DEMs), the
connection is not perfect. Weather stations are sparse in Alaska, particularly in the northern part of the
state, which tends to lower model reliability. Overall, model validation has shown that SNAP projections
are more robust for temperature than for precipitation.
Some of this uncertainty can be dampened by using average values across time, space, and GCMs.
All three kinds of averaging have been used in this analysis. Averaging increases the reliability of projec‐
tions, but makes it impossible to make predictions about extreme events such as storms or floods. Since
such events are likely to have less impact than more broad‐based shifts in the NPR‐A, an averaging ap‐
proach was selected for this project. As described below, additional uncertainty is introduced when
SNAP climate models are linked with additional parameters such as fire dynamics, vegetation shift, or
permafrost thaw.

Selection of variables and data
For the purposes of this project, SNAP and the BLM analyzed three distinct regions within the NPR‐A:
the coastal plain, the foothills, and the mountains (Figure 1). It is expected that climate change will have
distinct impacts on these different zones. The project focused on projections for two selected decades,
2040‐2049 and 2090‐2099, in order to provide shorter‐term and long‐term analysis of climate trends.
For most variables, these future decades were compared to
the standard baseline climatology used by SNAP, PRISM, and
the IPCC: 1961‐1990. Temperature and precipitation were
assessed in terms of summer (May through September) and
winter (October through April) averages for those decades.
Additional variables were assessed based on appropriate
time steps and seasons, as described in each section below.
These variables were selected by the BLM in conjunction with
SNAP scientists, and were analyzed by researchers at SNAP in
collaboration with the UAF Geophysical Institute Permafrost
Lab, the UAF Institute of Arctic Biology, and the UAF School
of Natural Resources. They included water availability, fire Figure 1: NPR‐A sub‐zones.
regime, depth of active layer, potential biome/vegetation shift, and changes in dates of spring thaw and
winter freeze. Modeling methods were different for each of these variables, and sources and magnitude
of uncertainty vary. The results of each assessment are presented and discussed below.
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Projection Results for the NPR‐A
Temperature
Both summer and winter temperatures are expected to increase across the NPR‐A throughout the
century, with the greatest in‐
Table 1: Summer temperature projections by decade and region. “Summer”
creases in winter. Summer tem‐ refers to averages for May through September.
peratures are projected to rise
SUMMER TEMPERATURE (°F)
1961-1990
2040-2049
2090-2099
across the NPR‐A by approxi‐
NPRA (all)
40.10
43.10
45.87
38.22
41.08
43.72
mately 3°F by the 2040s, and by Coastal Plain
Foothills
41.71
44.82
47.70
approximately 5‐6°F by the 2090s Mountains
42.02
45.26
48.27
Change from 1961-1990 (°F)
(Table 1). Average winter tem‐
(all)
X
3.00
5.77
peratures (October to April) are NPRA
Coastal Plain
X
2.86
5.50
likely to increase by as much as Foothills
X
3.11
5.99
Mountains
X
3.24
6.25
18°F by the 2090s, rising well
above zero Fahrenheit, as com‐
Table 2: Winter temperature projections by decade and region. “Winter” pared to historical averages of
refers to averages for October through April.
almost ten below (Table 2). His‐
torically, summer temperatures in
WINTER TEMPERATURE (°F)
1961-1990
2040-2049
2090-2099
NPRA (all)
-9.62
1.24
8.84
the NPR‐A show a north‐south
Coastal Plain
-9.68
1.34
9.21
Foothills
-9.76
0.98
8.35 gradient, with the coolest tem‐
Mountains
-6.09
4.40
11.38
peratures on the coast and the
Change from 1961-1990 (°F)
X
10.86
18.46 warmest in the mountains (Figure
NPRA (all)
Coastal Plain
X
11.02
18.89 2). Winter temperatures show a
Foothills
X
10.74
18.11
Mountains
X
10.49
17.47 more complex spatial pattern

(Figure 3). For winter
temperatures, the in‐
crease is projected to be
greatest in the coastal
plain and least in the
mountains. While the
opposite pattern is pre‐
dicted in the summer. As
can be seen in Figure 2,
summer temperatures
characteristic of the
southernmost portions
of the NPR‐A are likely to
Figure 2: Summer Temperature Projections. “Summer” refers to averages for May
be seen across the
majority of the region by through September.
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the end of the century,
with cooler tempera‐
tures persisting only on
the coast. Winter tem‐
peratures show a more
extreme pattern of
change. By mid‐
century, SNAP models
predict that even the
coldest areas of the
NPR‐A are likely to ex‐
perience warmer win‐
ters than the warmest
Figure 3: Winter Temperature Projections. “Winter” refers to averages for October
areas of the region ex‐
through April.
perienced historically.
By the end of the cen‐
tury, unprecedented warm mean winter temperatures are projected throughout the area.

Precipitation
The NPR‐A, like the rest of Alaska’s Arctic, is a dry region, with historical summer precipitation at less
than six inches, and winter precipitation (rain equivalent) at less than five inches. Despite it being essen‐
tially a desert, a great number of lakes and wetlands persist in the Arctic due to several factors, including
flat topography (on the coastal plain); limited drainage caused by shallow permafrost; and limited
evapotranspiration, due to cool temperatures and low biomass.
Predicting changes in overall water availability in the NPR‐A is complex, because many of the above
factors are expected to change as the climate shifts, and each affects the others, sometimes in unpre‐
dictable ways. Thus, water
Table 3: Summer precipitation projections by decade and region. “Summer”
balance will be discussed in
the final section of this report, refers to averages for May through September.
after each of these topics has SUMMER PRECIPITATION (in.) 1961-1990
2040-2049
2090-2099
NPRA (all)
5.8
7.0
7.4
been discussed.
Precipitation is projected
to increase in both summer
(Table 3) and winter (Table 4)
across all regions of the NPR‐
A. Greater increases are ex‐
pected in winter precipitation
than in summer precipitation,
with increases of 20‐45% pro‐

Coastal Plain
Foothills
Mountains
NPRA (all)
Coastal Plain
Foothills
Mountains

NPRA (all)
Coastal Plain
Foothills
Mountains

4.4
5.5
6.8
8.0
12.1
13.4
Change from 1961-1990 (in.)
X
1.1
X
1.2
X
1.2
X
1.3
Change from 1961-1990 (%)
X
+19.4
X
+26.2
X
+17.5
X
+10.8

5.9
8.4
13.8
1.5
1.5
1.6
1.7

+26.2
+33.5
+23.4
+13.9
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Table 4: Winter precipitation projections by decade and region.
“Winter” refers to averages for October through April.
WINTER PRECIPITATION (in.)

1961-1990

2040-2049

2090-2099

NPRA (all)
Coastal Plain

4.6
3.6

6.2
5.3

7.3
6.3

Foothills
Mountains

5.3
7.9

6.9
9.5

8.0
10.8

Change from 1961-1990 (in.)
NPRA (all)
Coastal Plain

X
X

Foothills
Mountains

X
X

NPRA (all)
Coastal Plain
Foothills
Mountains

1.6
1.6

2.7
2.7

1.6
2.7
1.6
2.8
Change from 1961-1990 (%)
X
+35.2
+58.3
X
+45.3
+73.2
X
+29.9
+50.8
X
+20.3
+35.7

jected by the 2040s, and 35‐70% by the
2090s. However, it should be noted that
the uncertainty of precipitation forecasts is
generally greater than that of temperature
predictions (Walsh et al.2008).
Warmer winter temperatures may result
in some of this winter precipitation occur‐
ring as rain during the shoulder seasons.
Precipitation is not divided into rainfall and
snowfall, but is reported uniformly as rain‐
water equivalent.

SNAP models predict
the greatest percentage
increases in precipitation
in the coastal plain,
which historically has
less than half the annual
precipitation of the
mountains. However,
even a seemingly large
increase (33% in summer
and 73% in winter)
amounts to only an addi‐
tional 1.5 inches of sum‐
mer rainfall and 2.7
inches of winter rain‐
Figure 4: Summer Precipitation Projections. “Summer” refers to averages for May
through September.
equivalent. In general,
the north‐south precipi‐
tation gradient seen in the NPR‐A is expected to remain, as seen in Figures 4 and 5.

Freeze and thaw dates
SNAP uses monthly temperature and precipitation projections to estimate the dates at which the
freezing point will be crossed in the spring and in the fall, via interpolation. The intervening time period
is defined as summer season length. It should be noted that these dates do not necessarily correspond
with other commonly used measures of “thaw”, “freeze‐up” and “growing season.” Some lag time is to
be expected between mean temperatures and ice conditions on lakes or in soils. However, analyzing
projected changes in these measures over time can serve as a useful proxy for other season‐length met‐
rics.
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Because of the buffer‐
ing effect of the Arctic
Ocean, the NPR‐A experi‐
ences the warmest spring
temperatures in the
south, but the warmest
fall temperatures in the
north.
Figure 6 shows pro‐
jected changes in thaw
dates for the baseline
period as well as for the
2040s and 2090s. A
northward shift in thaw
Figure 5: Winter Precipitation Projections. “Winter” refers to averages for October
dates is expected over
through April
the course of the cen‐
tury. Historically, the
coldest coastal regions did not cross the freezing point until the second week of June; these areas are
projected to thaw in the first week of June by mid‐century, and as early as June 1 by late century. The
earliest thaw dates, in the southern NPR‐A, as projected to shift from the second week of May to ap‐
proximately May 1st.
Freeze‐up dates in the fall are likely to undergo an even more extreme transition (Figure 7). Histori‐
cally, the entire NPR‐A
passed the freezing point
in mid‐September. By
the 2040s, SNAP models
show the coastal areas
not freezing until early
October, and southern
regions freezing in late
September. By the end
of the century, even the
mountainous areas may
not freeze until October
1st, and the ocean‐
moderated coastline may
be above freezing until
the end of October.

Figure 6: Spring thaw projections. Thaw is defined, for the purposes of this analysis,
as the day at which the running mean temperature crossed the freezing point of
fresh water.
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Since sea ice forms at
temperatures well be‐
low the freezing point of
fresh water, ice forma‐
tion would be expected
later still.
Overall, changes in
spring and fall tempera‐
tures translate into a
summer season that is
up to six weeks longer in
the northern NPR‐A, and
approximately three
weeks longer in the
Figure 7: Autumn freeze‐up projections. Day of freeze is defined, for the purposes of
southern NPR‐A.
this analysis, as the day at which the running mean temperature crossed the freezing
point of fresh water.

Permafrost and depth of active layer
All of the NPR‐A is currently underlain by permafrost (permanently frozen soils). During the sum‐
mer season, the surface layer of the soil thaws, and then refreezes again in the autumn. The depth to
which this thaw occurs (depth of active layer) is an important factor in determining what plant species
can thrive here.
Permafrost presence/absence, depth to permafrost, and the annual depth of the active layer play
important roles in determining ecosystem structure and function. Loss of permafrost stability will im‐
pact soil drainage and surface heat flux, while changes in annual thaw depths are likely to affect not
only runoff and drainage but also the timing and depth to which plants can access soil moisture. Per‐
mafrost vulnerability to climate change
Table 5: Mean annual thickness of active layer, in meters. Perma‐
is affected by not only mean annual
frost modeling was performed by Sergei Marchenko of the UAF Geo‐
temperature, but also topography, wa‐
physical Institute permafrost Lab. Future time periods are modeled
ter, soil, vegetation, and snow.
using permafrot models coupled with SNAP climate data.
Jorgenson et al (2010) found that sur‐
time period
entire NPR‐A
coastal
foothill
mountain
face water, ground water, and snow
1980s
0.493
0.380
0.589
0.704
depth had large effects on permafrost 1990s
0.525
0.406
0.625
0.742
stability, and that vegetation succes‐
2000s
0.544
0.422
0.648
0.768
sion provides strong negative feed‐
0.521
0.403
0.621
0.738
1980s‐2000s
backs that make permafrost resilient to 2040s
0.590
0.453
0.705
0.854
2090s
0.695
0.553
0.810
1.035
even large increases in air tempera‐
%
change
from
1980s‐2000s
tures. Permafrost creates a strong heat
2040s
2090s

13.3
33.5

12.4
37.2

13.6
30.5

15.8
40.2
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sink in summer that reduces sur‐
face temperature and therefore
heat flux to the atmosphere
(Yoshikawa et al., 2003).
This portion of the project was
undertaken by Dr. Sergei
Marchenko, and used perma‐
frost models developed by Dr.
Vladimir E. Romanovsky and his
colleagues at the Geophysical
Institute Permafrost Lab (GIPL)
at UAF. GIPL used complex mod‐
els and extensive monitoring
stations and field measurements
Figure 8 – Historic estimates of depth of active layer, 1980‐1989. Active
to address scientific questions
layer represents maximum thaw depths at the end of the summer season,
and affects hydrology and vegetation. Region 1 is the Coastal Plains, Region 2 related to circumpolar perma‐
is the Foothills, and Region 3 is the Mountains.
frost dynamics and feedbacks
between permafrost and global
climate change. Their models
take into account the insulation
properties of various soil types
and ground covers in order to
estimate the lag time between air
temperature change and perma‐
frost change. For these projec‐
tions, GIPL models were linked
with SNAP climate projections to
produce projections for the 2040s
and the 2090s, as compared to
the time period between 1980
and 1999.

Figure 9 –Projections for depth of active layer, 2040‐2049. Modest in‐
creases in summer thaw depths are projected by the middle of this century.
Results show increases in the Such changes may trigger shifts in hydrology and vegetation. Region 1 is the
depth of the active layer across Coastal Plains, Region 2 is the Foothills, and Region 3 is the Mountains.

all regions of the NPR‐A, with an
overall mean increase of about 30‐40% by the end of this century, as compared to the latter part of the
previous century (Table 5). As can be seen in Figure 8, historic active layer thickness shows a complex
spatial pattern across the NPR‐A, with values ranging from only approximately 10 centimeters to as
much as a meter and a half. The areas with the greatest active layer thickness are generally in the
mountains.
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Future projections for the
middle of this century show
modest but significant in‐
creases in active layer depth,
with overall spatial patterns
remaining the same (Figure
9). By the 2090s (Figure 10),
summer thaw depths may
increase more dramatically,
and in some mountainous
areas, shallow permafrost
may thaw entirely.
As previously noted, changes
in active layer depth and
Figure 10 –Projections for depth of active layer, 2090‐2099. In some mountain‐ permafrost thaw can have
ous regions of the NPR‐A, loss of shallow permafrost is possible by the end of the profound effects on vegeta‐
century. Region 1 is the Coastal Plains, Region 2 is the Foothills, and Region 3 is
tion. Where permafrost is
the Mountains.

very shallow, soils tend to remain
saturated throughout the growing
season unless on slopes, and only
shallow‐rooted plants can persist.
Conversely, deeper thawed soils al‐
low for better drainage and the
growth of woody plants species. The
loss of permafrost can lead to ther‐
mokarst, slumping, and other major
changes in hydrology and land mor‐
phology. While the area in which
total near‐surface permafrost loss is
projected is relatively small (shown Figure 11 – Probability of fire, per year, based on the ALFRESCO spa‐
in red in Figure 9) these regions
tially explicit fire model.
might be expected to undergo more
extreme changes, such as thermokarst and slumping, as compared to other parts of the NPR‐A.
Effects on permafrost thaw on vegetation are expected to be complex, since vegetation strongly
affects the insulation of soils. In some cases, a shift to denser and woodier plant canopies and thicker
organic soils may offset the effects of warmer air temperatures, thus slowing permafrost thawing . On
the other hand, positive feedbacks between summer warming, increased vegetation, decreased snow
cover, and decreased ice extent may reduce albedo and exacerbate permafrost thaw.
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Climate change and fire dynamics
Fire is not currently a major source of ecological disturbance in the NPR‐A. However, increasing
temperatures statewide are projected to cause an increase in fire frequency, severity, and extent. In
the tundra, fire has historically played a small role in successional dynamics but Higuera et al. (2008)
found that increased shrubbiness was well‐correlated with increased fire frequency in tundra ecosys‐
tems across the paleorecord.
For this project, we examined outputs from the Alaska Frame‐based Ecosystem Code model
(ALFRESCO) in order to analyze potential changes in climate‐induced fire patterns in the NPR‐A. AL‐
FRESCO is a model of successional dynamics that represents the spatial processes of fire and vegeta‐
tion recruitment across the landscape. The fire regime is simulated stochastically and is driven by cli‐
mate, vegetation type, and time since last fire. Simulated fire spread depends on the flammability of
the adjacent pixel. ALFRESCO was originally developed to simulate the response of subarctic vegetation
to a changing climate and disturbance regime. The focus of the model has been primarily on boreal
vegetation, and results have indicated that in Interior Alaska, fire frequency changes strongly influence
landscape‐level vegetation patterns and associated feedbacks to future fire regime.
In the arctic, changes over the course of this century are expected to be more subtle. As seen in
Figure 11, most of the NPR‐A is projected to have no fire on the landscape. However, some mountain‐
ous areas in the southern portion of the NPR‐A may begin to experience regular fire return intervals by
2100, due to warming temperatures, shifting treeline, and the drying effects of increased PET. A prob‐
ability of fire of 0.02 is roughly equivalent to a 50‐year fire return interval. Note that this modeling was
done not with the five‐model ensemble used for other analyses, but with a single model, ECHAM5.
ECHAM5 was the highest ranked model in SNAP’s model selection process.

Biome shift
In partnership with the US Fish and Wildlife Service, the UAF Ecological Wildlife Habitat Data Analy‐
sis for the Land and Seascape Laboratory (EWHALE), and other collaborators from around the state,
SNAP performed a preliminary analysis of the potential for biome shift statewide, based on changing
climate parameters. The project modeled projected shifts in broadly categorized species assemblages
(biomes) based on existing land cover, current climatic conditions, and projected climate change. The
Alaska biomes used in this project ‐‐ Arctic, Western Tundra, Alaska Boreal, Boreal Transition, North
Pacific Maritime, and Aleutian Islands (Figure 12) ‐‐ were adapted from the unified ecoregions of
Alaska. Random Forests™ was used to model projected spatial shifts in potential biomes, based on
SNAP projections for mean temperature and precipitation for June and December for the decades
2000–2009, 2030–2039, 2060–2069, and 2090–2099.
It should be noted that “potential biomes” (species assemblages that might be expected to occur
based on linkages with prevailing climate conditions) are not the same as actual biomes. Even if one
assumes that biomes are primarily climate‐driven, substantial lag times would be expected, to account
12

Figure 12: Historic biomes of Alaska and potential biome shift in the NPR‐A. Most of the NPR‐A is expected to
stay within the range of temperature and precipitation (climate envelope) typical of the most recent decade.
However, by the end of the century, climate projections for the southern NPR‐A better match the climate cur‐
rently found in other regions of the state, particularly more southerly mountain ranges.

for climate‐driven factors such as soil changes, hydrologic changes, and permafrost thaw, and mecha‐
nistic factors such as seed dispersal and wildlife reproduction and migration. Nevertheless, results
from this project provide a useful indicator of areas in which a mismatch can be expected between ex‐
isting biome and future conditions. Such areas may be most highly subject to stress, disturbance, and
species loss.The mottled pattern of predicted biomes seen in the projections for the southern NPR‐A
for the 2090s may indicate that no single biome offered a particularly good fit, when matched with
projected climate conditions for this area. A new collaborative project between SNAP, EWHALE, and
USFWS may shed more light on biome shift by utilizing a cluster‐model approach and processing a lar‐
ger number of variables. Final results of this project are expected in early 2012.

Potential Evapotranspiration and Water Balance
During the growing season, when biological demand is highest, evapotranspiration (ET) becomes
the driving mechanism of landscape water loss. The term potential evapotranspiration (PET) is used to
describe the likely amount of water that could be returned to the atmosphere through the combina‐
tion of evaporation and transpiration.
In much of the boreal and arctic, PET during growing season months typically exceeds incoming
precipitation, resulting in an overall water deficit during this time (Woo et al. 1992). As the climate
continues to warm and the growing season gets longer, scientists expect PET and precipitation (P) will
both increase. If the increase in water lost from the landscape through PET is not offset by an equiva‐
lent increase in incoming P, the NPR‐A may experience more severe water‐deficits during the growing
13

season. This prediction is corroborated by observations of increased growing season ET based on satel‐
lite imagery (Zhang et al 2009). Over the latter half of the twentieth century, temperature‐driven in‐
creases in summer evapotranspiration appear to have been partially responsible for net declines in
summer water availability in arctic and boreal areas (Hinzman et al. 2005). These observations have
led to hypotheses that continued increases in average temperatures may cause future evapotranspira‐
tion rates to exceed predicted increases in precipitation, thereby exerting increased drying across the
landscape (Rouse et al. 1992; Rouse 2000).
In an effort to better understand where and when changes in hydrology are likely to occur, SNAP,
in conjunction with the Wilderness Society, developed a tool for mapping future growing‐season water
availability. This model focused on water balance during the warm season. PET is determined by the
energy available to evaporate water, measured as temperature, and other environmental conditions
including wind, cloudiness, plant growth, and humidity.
A variety of methods can be used to estimate PET, each with its own set of benefits and drawbacks
(Shutov et al. 2006). For this project, we were limited in terms of the available input data, and had to
rely primarily upon estimates of future mean monthly temperature. We used the Preistley‐Taylor
model, which is described in detail in Appendix C.
Results from this model show that the existing negative water balance during the growing season
across the Arctic is expected to persist in coming decades (Table 6) with PET values greater than P

values for all regions other than the mountains (Figure 13). In the early part of the century,
PET is expected to remain relatively constant (Figure 14). This can be explained by the way in
which longwave radiation (reflected heat) is calculated. Longwave radiation is a function of
temperature, but the relationship isn't linear. As temperatures increase from 32°F to about
45°F, outgoing longwave radiation increases, but at temperatures above 45°F, outgoing long‐
wave radiation decreases. Thus, Table 6: The projected balance between precipitation (P) and potential
landscape drying would be ex‐ evapotranspiration (PET) in the NPR‐A. Early in the century, increases in
P may offset increased in PET driven by higher temperatures. However,
pected to accelerate above this this trend may reverse mid‐century. Note that linked factors such as
threshold.
shifting biome and permafrost thaw may exacerbate drying.
Mean growing Mean growing
Growing
The relationship between tem‐
Time period
season P
season PET
season P‐PET
perature‐driven increases in PET
1961‐1990
5.66
11.73
‐6.07
and projected increases in P is
2040‐2049
6.40
11.65
‐5.25
likely to hang in the balance. Hy‐
2090‐2099
6.82
12.11
‐5.29
drologic change driven by increases
in either P or PET are expected to be relatively subtle, as compared to change driven by factors exter‐
nal to Preistley‐Taylor model, including changes in growing season length; permafrost, active layer
depth, and associated soil drainage; fire and post‐fire succession; and ecosystem shifts. Each of these
factors triggers complex feedback loops.

An increase in the depth to permafrost could result in greater runoff and precipitation infiltration,
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resulting in a
decline in the
surface water
balance. Fu‐
ture losses of
permafrost
could amplify
climatic warm‐
ing and in‐
crease ET
rates, indicat‐
ing yet an‐
other positive
feedback to
the drought
cycle.
Figure 13: Predicted difference between Precipitation (P) and Potential Evapotranspiration
(PET) during the growing season. P‐PET is expected to remain negative throughout the cen‐
tury for much of the NPR‐A, with the exception of the mountains to the south.

Conversely,
there is also
suggestion

that long‐term
melting of perma‐
frost could in‐
crease water avail‐
ability by convert‐
ing water stored
in frozen soils to
freely available
soil moisture.
Rouss et al. (1992)
found a feedback
loop between dry
conditions and
depth of active
layer in wetland
tundra. Dry years
promoted deeper Figure 14: Predicted Potential Evapotranspiration (PET) during the growing season. PET
is expected to remain relatively stable in the early century, but water loss due to in‐
thaw depths in
permafrost soils creased temperature is likely to increase in the later part of the century. However, the
slight hydrologic changes driven by changes in PET and precipitation may be overshad‐
during the grow‐ owed by hydrologic changes driven by other climate‐related factors, such as permafrost
ing season due to thaw and biome shift.
larger ground heat
15

fluxes and larger soil thermal diffusivities. This deeper thawing allowed tundra species to access deeper
stores of water, thus at least partially offsetting the effects of moisture stress caused by climate warm‐
ing.
Vegetation changes and shorter snow season have the potential to significantly impact estimates
of growing season water availability, since increased vegetation or change in vegetative cover increases
or alters transpiration. As such, failure to account for temporal changes in land cover variables may
have lead to underestimation of the magnitude of drying power. Increase in PET over time may also be
driven by reduced surface albedo as a result of decreasing snowcover season. On the other hand, fail‐
ure to account for stomatal control over transpiration as soils dry out (Blanken and Rouse 2004; Eug‐
ster et al. 2000) may have led to overestimates of PET rates.

Summary and Conclusions
Overall, the NPR‐A is expected to become much warmer in the middle and latter portion of this cen‐
tury, with a longer growing season, shorter less severe winters, and a deeper active layer in soils.
Some increases in precipitation are likely, complete permafrost thaw may occur in limited areas, and
fire may become a factor on the landscape. Hydrologic changes are likely, although landscape drying
is more likely to be driven indirectly by permafrost thaw and vegetation change than by increases in
evapotranspiration, at least in the early part of this century.
Due to the complex interrelationships between variables, it is not entirely clear how these changes
will play out in terms of changes in drainage, water availability, vegetation, wildlife, and human uses of
the landscape. However, it is likely that most, if not all, of the NPR‐A will experience some degree of
stress to existing plant and animal species due to climate changes, and in some regions significant
shifts in biome may occur. New species, including invasive species, may encroach. Cold winter tem‐
peratures and short summer seasons currently place a natural bar on many invasives, but with sum‐
mers up to six weeks longer and winter temperatures up to eleven degrees Fahrenheit warmer, this
protection would be lessened.
The combination of thawing permafrost and increased potential evapotranspiration both point to‐
ward losing water from the landscape, especially if shifting biomes bring in plant species with higher
biomass and a greater capacity for transpiration. However, stomatal control over water loss may partly
offset this trend. A drier landscape may have fewer lakes, or smaller lakes, or both. It may also have
fewer wetlands, and a corresponding increase in upland habitat types.
Fire is unlikely to play a large role in the near future, but even small and infrequent fires would rep‐
resent a new factor to be considered in the NPR‐A. Post‐fire, there would be a window of opportunity
for succession by novel species, meaning that fire may facilitate vegetation shift, which would in turn
be likely to affect wildlife.
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Other potential changes include, for example, a negative impact on many bird species due to de‐
creased wetlands. However, this loss might result in a corresponding increase in forage and improved
habitat for grazers, or might even introduce new habitat for browsers. Many wildlife species are af‐
fected, either positively or negatively, by snow cover. While it is hard to predict whether seasonal
snowpack would be deeper, it is likely that the snow season would start later and end earlier. Rain on
snow events might become more common.
All of the above changes are pertinent to human uses of the landscape. Impacts to vegetation and
wildlife directly impact hunting and gathering. Changes in season length affect hunting seasons and
food storage, and changes to the depth and duration of frozen soils impact winter travel, construction,
and ice roads.

For more information please visit the SNAP website at www.snap.uaf.edu or contact: Dr. Nancy
Fresco, Network Coordinator, Scenarios Network for Alaska Planning, University of Alaska, 907‐474‐
2405; nlfresco@alaska.edu
The University of Alaska is an AA/EEO employer and educational institution
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Appendix A: SNAP Climate Data and Modeling

Use of GCMs to model future climate
General Circulation Models (GCMs) are the most widely used tools for projections of global climate
change over the timescale of a century. Periodic assessments by the Intergovernmental Panel on Cli‐
mate Change (IPCC) have relied heavily on global model simulations of future climate driven by various
emission scenarios.
The IPCC uses complex coupled atmospheric and oceanic GCMs. These models integrate multiple equa‐
tions, typically including surface pressure; horizontal layered components of fluid velocity and tem‐
perature; solar short wave radiation and terrestrial infra‐red and long wave radiation; convection; land
surface processes; albedo; hydrology; cloud cover; and sea ice dynamics.
GCMs include equations that are iterated over a series of discrete time steps as well as equations that
are evaluated simultaneously. Anthropogenic inputs such as changes in atmospheric greenhouse gases
can be incorporated into stepped equations. Thus, GCMs can be used to simulate the changes that may
occur over long time frames due to the release of excess greenhouse gases into the atmosphere.
Greenhouse‐driven climate change represents a response to the radiative forcing associated with in‐
creases of carbon dioxide, methane, water vapor and other gases, as well as associated changes in
cloudiness. The response varies widely among models because it is strongly modified by feedbacks in‐
volving clouds, the cryosphere, water vapor and other processes whose effects are not well under‐
stood. Changes in the radiative forcing associated with increasing greenhouse gases have thus far been
small relative to existing seasonal cycles. Thus, the ability of a model to accurately replicate seasonal
radiative forcing is a good test of its ability to predict anthropogenic radiative forcing.

Model Selection
Different coupled GCMs have different strengths and weaknesses, and some can be expected to per‐
form better than others for northern regions of the globe.
John Walsh et al. evaluated the performance of a set of fifteen global climate models used in the Cou‐
pled Model Intercomparison Project. Using the outputs for the A1B (intermediate) climate change sce‐
nario, they calculated the degree to which each model’s output concurred with actual climate data for
the years 1958‐ 2000 for each of three climatic variables (surface air temperature, air pressure at sea
level, and precipitation) for three overlapping regions (Alaska only, 60‐90 degrees north latitude, and
20‐90 degrees north latitude.)
The core statistic of the validation was a root‐mean‐square error (RMSE) evaluation of the differences
between mean model output for each grid point and calendar month, and data from the European
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Centre for Medium‐Range Weather Forecasts (ECMWF) Re‐ Analysis, ERA‐40. The ERA‐40 directly as‐
similates observed air temperature and sea level pressure observations into a product spanning 1958‐
2000. Precipitation is computed by the model used in the data assimilation. The ERA‐40 is one of the
most consistent and accurate gridded representations of these variables available.
To facilitate GCM intercomparison and validation against the ERA‐40 data, all monthly fields of GCM
temperature, precipitation and sea level pressure were interpolated to the common 2.5° × 2.5° latitude
– longitude ERA‐40 grid. For each model, Walsh et al. calculated RMSEs for each month, each climatic
feature, and each region, then added the 108 resulting values (12 months x 3 features x 3 regions) to
create a composite score for each model. A lower score indicated better model performance.
The specific models that performed best over the larger domains tended to be the ones that per‐
formed best over Alaska. Although biases in the annual mean of each model typically accounted for
about half of the models’ RMSEs, the systematic errors differed considerably among the models. There
was a tendency for the models with the smaller errors to simulate a larger greenhouse warming over
the Arctic, as well as larger increases of Arctic precipitation and decreases of Arctic sea level pressure
when greenhouse gas concentrations are increased. Since several models had substantially smaller sys‐
tematic errors than the other models, the differences in greenhouse projections implied that the
choice of a subset of models might offer a viable approach to narrowing the uncertainty and obtaining
more robust estimates of future climate change in regions such as Alaska. Thus, SNAP selected the five
best‐performing models out of the fifteen: MPI_ECHAM5, GFDL_ CM2_1, MIROC3_2_MEDRES,
UKMO_HADCM3, and CCCMA_CGCM3_1 These five models are used to generate climate projections
independently, as well as in combination, in order to further reduce the error associated with depend‐
ence on a single model.

Downscaling model outputs
Because of the enormous mathematical complexity of GCMs, they generally provide only large‐scale
output, with grid cells typically 1°‐5° latitude and longitude. For example, the standard resolution of
HadOM3 is 1.25 degrees in latitude and longitude, with 20 vertical levels, leading to approximately
1,500,000 variables. Finer scale projections of future conditions are not directly available. However,
local topography can have profound effects on climate at much finer scales, and almost all land man‐
agement decisions are made at much finer scales. Thus, some form of downscaling is necessary in or‐
der to make GCMs useful tools for regional climate change planning. Historical climate data estimates
at 2km resolution are available from PRISM (Parameter‐elevation Regressions on Independent Slopes
Model), which was originally developed to address the lack of climate observations in mountainous
regions or rural areas. PRISM uses point measurements of climate data and a digital elevation model to
generate estimates of annual, monthly and event‐based climatic elements. Each grid cell is estimated
via multiple regression using data from many nearby climate stations. Stations are weighted based on
distance, elevation, vertical layer, topographic facet, and coastal proximity. PRISM offers data at a fine
scale useful to land managers and communities, but it does not offer climate projections. Thus, SNAP
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needed to link PRISM to GCM outputs. This work was also done by John Walsh, Bill Chapman, et al.
They first calculated mean monthly precipitation and mean monthly surface air temperature for PRISM
grid cells for 1961‐1990, creating PRISM baseline values. Next, they calculated GCM baseline values for
each of the five selected models using mean monthly outputs for 1961‐1990. They then calculated dif‐
ferences between projected GCM values and baseline GCM values for each year out to 2099 and cre‐
ated “anomaly grids” representing these differences. Finally, they added these anomaly grids to PRISM
baseline values, thus creating fine‐scale (2 km) grids for monthly mean temperature and precipitation
for every year out to 2099. This method effectively removed model biases while scaling down the GCM
projections. Based on this small‐scale grid, SNAP now has mean monthly temperature and precipitation
projections for 353 communities statewide based on the means of all five selected models. SNAP also
has the ability to turn these datasets into static maps and GIS layers.
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Appendix B: Uncertainty
All projections of future climate are uncertain. Understanding the sources of this uncertainty can
help in interpreting how these projections can best be used and interpreted.
Raw climate projections
SNAP’s most basic climate data are our monthly mean values for temperature and precipita‐
tion, available for every month of every year from 1900‐2006 (historical data) and 1980‐2099
(projected data). The projected data are available for five different models and three different emis‐
sion scenarios.
Both datasets are subject to uncertainty based on interpolation, gridding and downscaling, as
well as uncertainty based on the inherent variability of weather from month to month and year to
year.
Interpolation, gridding and downscaling
Climate stations are very sparse in the far north, and precipitation in particular can vary enor‐
mously over very small areas and time frames so interpolation is challenging and imperfect regard‐
less of method
 PRISM uses point data, a digital elevation model, and other spatial data sets to generate gridded
estimates
 CRU data uses different algorithms from PRISM, and does not utilize data on slope and aspect and
proximity to coastlines
 Overall, PRISM seems to do the best job of capturing landscape climate variability


Natural variability
 Even when trends (e.g. warming climate) are occurring, they can be obscured by normal ups and
downs in weather patterns
 GCM outputs simulate this normal variability, but the variations cannot be expected to match ac‐
tual swings
 Uncertainty is inevitably greater for precipitation than for temperature
Projected data are also subject to uncertainty related to the accuracy of the Global Circulation
Models upon which they are based.
Inputs to GCMs
Solar radiation is essentially a known quantity
Levels of greenhouse gases are uncertain, but accounted for by varying emissions scenarios




GCM algorithms
Oceanic and atmospheric circulation are extremely hard to predict and model
May include thresholds (tipping points) such as ocean currents shifting or shutting down
Don’t fully account for short‐term phenomena such as the Pacific Decadal Oscillation (PDO)





Processed data and linked models
SNAP products that link our raw data (monthly climate data) to other models must be inter‐
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preted in the context of the combined uncertainty of the raw data and the models to which it is linked.
The list below is not exhaustive, since new projects are continually being developed.
Fire



The ALFRESCO model uses SNAP input to project fire on the landscape
This model depends on assumptions and estimates regarding the frequency and location of fire
starts and the relationship between climate, forest age and type, and fire spread
 These values have been calibrated using historical data
Permafrost
SNAP permafrost modeling has been performed in conjunction with experts at the Geophysical
Institute Permafrost Lab
 Algorithms to determine the depth of active layer are dependent on calculations of the insulating
properties of varying ground cover and soil types, as well as on climate variables


Vegetation Change
 SNAP has worked with multiple partners in the US and Canada to predict potential landscape shifts
driven by climate change
 These projections are dependent upon the linkages between vegetation and climate, as well as the
ability of various species to shift across the landscape under either gradual or threshold‐driven
change

Dealing with uncertainty
Natural Variability
Averaging across all five models (using the composite model) can reduce the ups and downs
built into the models
Averaging across years (decadal averages) can reduce uncertainty due to natural variability
GCM uncertainty
Variation between models can be used as a proxy for uncertainty in GCM algorithms
Averaging across all five models (using the composite model) can reduce any potential bias
SNAP’s model validation study depicts uncertainty by region, model, and data type based on compari‐
sons between model results and actual station data
Interpolation, gridding, and downscaling
In some cases, differences between CRU and PRISM data can be viewed as a proxy for uncer‐
tainty in downscaling
Linked models
 Approaching the same question using multiple linked models can serve as a form of validation
 Ground‐truthing using historical data is important – as has been done in all ALFRESCO runs as a
means of calibration
 Scenarios planning (allowing for more than one possible future) allows for greater flexibility in the
face of high uncertainty
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Appendix C: Calculation of Potential Evapotranspiration (PET) using the
Priestley‐Taylor Method
A variety of methods can be used to estimate evaporation from land surfaces and resulting
moisture balance, each with its own set of benefits and drawbacks (Shutov et al. 2006). Methods are
selected based on available data and model reliability. For this project, the primary model used to esti‐
mate PET was the Preistley‐Taylor model:

where,
PET
λ
α
s
γ
R
G

potential evapotranspiration [mm day‐1]
latent heat of vaporization of water at 20°C = 2.45 [MJ kg‐1]
adjusts PET for surface characteristics = 1.26 [unitless]
slope of the curve of the saturation vapor pressure curve [kPa °C‐1]
psychrometric constant [kPa °C‐1]
net radiation [MJ m‐2 day‐1]
heat flux from the ground surface [MJ m‐2 day‐1]

Note that all calculations were performed with monthly averages; the daily rates derived here
can then be multiplied by the number of days in a month to get accumulated monthly PET.

‐ slope of the vapor pressure curve and the psychrometric constant

where,
T is mean monthly air temperature [°C]
This equation was developed for and tested in boreal forest and tundra environments. It is
unclear whether it is entirely appropriate for strongly marine influenced systems or high alpine envi‐
ronments.
R ‐ net radiation

where,
is fractional albedo
Rs is incoming shortwave radiation [MJ m‐2 day‐1]
Rl is net longwave radiation in the outgoing direction [MJ m‐2 day‐1]
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Rs is incoming shortwave radiation [MJ m‐2 day‐1]
Rl is net longwave radiation in the outgoing direction [MJ m‐2 day‐1]
Note that if Rl is calculated by the standard sign conventions, this equation must be written as

Surface
Open Water
Wetland Tundra
Upland Tundra
Boreal Coniferous Forest

Albedo
0.06
0.15
0.16
0.08

a ‐ albedo

This project used static albedo values. This is likely to
introduce some error, as albedo would typically be higher
when snow is present. Since albedo values in Eugster et
al. (2000) are primarily mid‐summer overcast‐day mini‐
mum
albedo values, they are at the low end of published
Boreal Deciduous Forest
0.16
values (see Betts and Ball 1997; Duchon and Hamm
Barren Land
0.20
2006). The albedo value used here for water is probably
Perennial Ice/Snow
0.40
for low‐ or mid‐latitude solar incidence angles and could
likely be higher under polar light conditions (Barry and
Chorley 2003). However, we are using the values selected by B. O'Brien.
Rs ‐ incoming shortwave radiation at the surface

where,
k Hargreaves coefficient a constant [°C‐0.5]
Ra is solar radiation at the top of the atmosphere [MJ m‐2 day ‐1]
Tmax and Tmin are monthly average maximum and minimum temperature [°C]
The Hargeaves coefficient is a constant set to 0.16 in the interior and 0.19 in regions deemed
to have a marine influence (Allen et al. 1998). It is likely that the spatial distribution and extent of areas
that experience predominantly marine vs. interior airmasses may change in the future; thus our use of
static k values may be somewhat inaccurate.
Ra ‐ incoming solar radiation at the top of the atmosphere

where,
S is the solar constant [0.082 MJ m‐2 min‐1]
ω is the sunset hour angle [radians]
d is the inverse of the Earth‐Sun distance
φ is latitude [radians]
δ is the declination [radians]
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w ‐ sunset hour angle

d ‐ inverse earth‐sun distance

δ ‐ declination

where,
J is the Julian Day of the year.
When the sun does not rise ω is set equal to 0, and when the sun does not set ω is set equal to
π. In order to calculate Ra at a monthly time step, we calculated average daily radiation for each day
within the month and then average across the month.
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Rl ‐ net longwave radiation in the outgoing direction

where,
f is a cloud factor, calculated below
ε is the emissivity, calculated below
σ is the Stefan‐Boltzmann constant [4.903 10‐9 MJ K‐4 m‐2 day‐1]
Tave is average temperature [°C]
Cloud factor
where,
Rs is incoming shortwave radiation [MJ m‐2 day‐1]
Rcs is clear‐sky shortwave radiation
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Clear‐sky shortwave radiation

where,
z is elevation [m]
Ra is solar radiation at the top of the atmosphere [MJ m‐2 day‐1]
Emissivity

This equation produces net longwave radiation with the common sign convention. To use the
net radiation equation used here, remove the leading minus sign.
Temperature
All temperatures needed are calculated from SNAP‐downscaled CRU or GCM output, in combi‐
nation with the 1961‐90 PRISM climatology.
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