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[1] Changes in snow’s influence on surface ground temperature (SGT) could create a bias

in the borehole temperature record of climate change. Using a snow-ground thermal model
which predicts changes in the mean annual offset between SGT and surface air
temperature (SAT), we calculate the response of SGT to changes in seasonal snow cover in
North America from 1950 to 2002, the period for which comprehensive snow and air
observations exist across the region. Daily snow and SAT observations come from the U.S.
Historical Climatology Network, the Canadian Daily Climatic Dataset, and a set of
National Weather Service cooperative stations in Alaska. For the period 1961–1990 the
mean snow onset date in North America is 15 December, with mean snow cover duration
of 81 days. There are no significant trends in either onset or duration from 1950 to
2002. Winter season air temperature, however, has warmed during this period, particularly
from 1970 to 2002. The effect of the combination of a relatively stationary snow season
with winter season SAT warming has been to diminish the mean annual SGT-SAT
offset by 0.05 K/decade over the past 30 years. This effect is most pronounced between
50 and 75N in west central North America, coincident with the location of greatest
winter season warming since 1970. Although comprehensive snow cover data do not exist
prior to 1950, this analysis quantifies the changes in snow cover required to account for
the difference between borehole temperature and multiproxy climate reconstructions.
Citation: Bartlett, M. G., D. S. Chapman, and R. N. Harris (2005), Snow effect on North American ground temperatures,
1950 – 2002, J. Geophys. Res., 110, F03008, doi:10.1029/2005JF000293.

1. Introduction
[2] Borehole temperature-depth profiles contain information about surface ground temperatures (SGT) a region has
experienced in the past, and complement the surface air
temperature (SAT) record as a source of information on
recent climatic conditions [Lachenbruch and Marshall,
1986; Huang et al., 2000; Harris and Chapman, 2001;
Beltrami, 2002]. The extraction of climate signals from
borehole temperature-depth profiles is based on the recognition that temporal variations in Earth’s surface temperature diffuse into the subsurface and are manifest as
variations in the temperature field of the upper portion of
the Earth’s crust. From precise measurements of these
variations and the link between their depth in the subsurface
and time in the past through the thermal diffusivity of the
medium, researchers have been able to reconstruct estimates
of SGT histories [Huang et al., 2000; Harris and Chapman,
2001; Beltrami, 2002].
[3] A global database of temperature-depth profiles
[Huang and Pollack, 1998] compiled specifically for the
reconstruction of SGT histories produces reconstructions
indicating about 1.2 K of warming since 1700 with much of
the warming occurring since 1850 [Huang et al., 2000;
Harris and Chapman, 2001; Beltrami, 2002]. Harris and
Chapman [2001] demonstrated that over the past 150 years
Copyright 2005 by the American Geophysical Union.
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the period for which we have good SAT records, the
borehole and the SAT records of surface warming are in
good agreement. This observational result indicates that at
long time and over large spatial scales air and ground
temperatures track one another, increasing our confidence
in the use of boreholes as a climatic indicator. Recent
modeling studies also produce good correspondence between air and ground temperatures [Gonzalez-Rouco et al.,
2003]. However, the borehole derived results indicate
greater warming (1.2 K) over the past 300 years in the
Northern Hemisphere than several of the multiproxy reconstructions [Huang et al., 2000]. The majority of the multiproxy reconstructions indicate a warming closer to 0.7 K
with most of the warming taking place in the 20th century
(Figure 1) [Jones et al., 1998; Mann et al., 1998]. The
multiproxy reconstructions of Jones et al. [1998], Mann et
al. [1998], and Crowley and Lowery [2000] are based on
similar methodologies differing only in the location and
number of proxy indicators used. The reconstruction of
Esper et al. [2002], which is specifically designed to
preserve low-frequency information in the indicators, agrees
more closely with the borehole temperature-based reconstructions of Huang et al. [2000] and Harris and Chapman
[2001]. The discrepancy between warming estimates derived from borehole and proxy records has important
implications for the sensitivity of the Earth’s climate system.
[4] One possible cause of the 0.5 K difference in the
estimated warming during the past 300 years between the
majority of the multiproxy and the borehole temperature-

F03008

1 of 12

F03008

BARTLETT ET AL.: SNOW AND NORTH AMERICAN GROUND TEMPERATURES

F03008

SGT in the presence of snow [Bartlett et al., 2004]. The
model incorporates the most important physics of snowground thermal interactions while remaining simple enough
to be driven by broadly available meteorological observations. Snow’s influence on SGT at annual and longer timescales can be effectively modeled by considering seasonal
snow cover as an inert, transient thermal resistance interposed between the atmosphere and the ground surface with
latent heat interactions accounted for in the ground layer
[Bartlett et al., 2004]. Temperature changes at the airground or air-snow interface conduct into the subsurface
satisfying
C A ðT Þ

Figure 1. Comparison of proxy- and borehole-based
Northern Hemisphere climate reconstructions, 1500– 2000.
Proxy-based reconstructions of Crowley and Lowery
[2000], Jones et al. [1998], and Mann et al. [1998] are
similar in methodology but differ in the input proxies used
in the reconstruction. The Esper et al. [2002] reconstruction
is specifically designed to retain low-frequency information
in the proxies and agrees more closely with the Harris and
Chapman [2001] and Huang et al. [2000] borehole-based
reconstructions.
based studies is the influence of annual snow cover on SGT
[Gonzalez-Rouco et al., 2003; Mann and Schmidt, 2003].
Snow has relatively low thermal conductivity and diffusivity, making it an effective insulator of the ground during the
coldest portion of the year. The presence of snow can
prevent a portion of the winter SAT information from
entering the ground temperature record resulting in a snow
induced offset between mean annual ground and air temperatures. This seasonal effect suggests the potential for a
warm-season bias in temperature histories recovered from
boreholes [Gonzalez-Rouco et al., 2003; Mann and
Schmidt, 2003]. If snow’s influence on ground temperature
is not changing from year to year, its influence will appear
as a constant offset and will not affect the tracking between
ground and air temperatures. However, if the influence of
annual snow cover on the mean annual SGT-SAT offset
varies with time, these changes may produce a long-term
thermal signature in ground temperature, decoupling them
from changes in SAT.
[5] In this paper we investigate the potential influence of
snow on the mean annual SGT-SAT offset over North America. We employ a model of snow-ground thermal interaction
driven by daily observations of snow cover and SAT during
the period 1950– 2002. Brief descriptions of the model and
the data from North America are given, followed by model
results. Finally, we discuss the implications of this study on
resolving the difference between the borehole temperature
and multiproxy climate reconstructions.

2. Snow-Ground Thermal Model

ð1Þ

within each layer, where CA(T) is the volumetric apparent
heat capacity (the product of density, r, and specific heat
capacity, C) as a function of temperature T, k is thermal
conductivity, t is time, and z is depth. The effect of latent
heat exchange at the phase transition is modeled using a
homographic approximation of the function CA(T) [Yao and
Chait, 1993]. Details of the development of this numerical
snow-ground thermal model, including the handling of
latent heat and snow thermal parameter evolution are
available from Bartlett et al. [2004].
[7] Snow’s thermal diffusivity depends on numerous
factors including snow water content, compaction, average
mean crystal dimensions, and average crystal connectivity
[Yen, 1981; Goodrich, 1982; Sturm et al., 1997]. A common
set of snow and soil thermal parameters are used for all
locations in this study (Table 1); parameter values are
chosen to be representative of the range of observed values
in midlatitudes [Sturm et al., 1997; Abu-Hamdeh and
Reeder, 2000]. Allowing variations in the snow thermal
parameters with time and/or location would improve the
model results, but observations of these parametric variations are not available on a regional scale. Despite this
simplification, the model results show strong interannual
tracking between observed and modeled ground temperatures across a broad range of geographic and snow conditions, consistent with observations [Bartlett et al., 2004].
[8] At the upper boundary of the model (either the ground
surface when no snow is present or the snow surface when
snow is present) we prescribe temperatures at all temporal
nodes using SAT observations from the site being modeled.
The lower boundary condition (at a depth of 10 m in the
ground layer) is prescribed by a constant heat flow value of

Table 1. Snow-Ground Thermal Model Parameters
Model Parameter
Thermal conductivity
Density
Specific heat
Latent heat
Thermal diffusivity
a

[6] To understand the potential impact changing snow
cover has on SGT we developed a model which computes
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Wm K
kg m3
J kg1 K1
J kg1
m2 s1

Subsurfacea

Snowb

0.8
1350
1000
1.0  105
5.9  107

0.2
300
2090
NA
3.2  107

Subsurface parameters are representative of mean observed values for
sandy loams [Abu-Hamdeh and Reeder, 2000].
b
Snow parameters represent the median of the range of values given by
Sturm et al. [1997].
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70 mW m2, representative of mean North American
continental heat flow. The initial condition is specified
either by employing the final temperature-depth output of
the prior year (if data for that year exist in the data set) or by
using the current year’s SAT as a proxy for the previous year
(for years which are not preceded by any data in the data
set).
[9] Figure 2 shows a specific example of applying the
snow-ground thermal model using data from Canton, New
York, USA, a station within the U.S. Historical Climatology
Network (USHCN). In addition to SAT and snow observations, ground temperature observations at 0.1 m depth are
available at this site for several years allowing verification
of the model results against observations. The observed
SAT and snow depth (Figures 2a and 2b), together with the
set of thermal parameters for the snow and ground layers
form the model input and are used to calculate the ground
temperature at prescribed depths. The modeled ground
temperature at 0.1 m depth compares well with the observed
ground temperature from the site (Figure 2c). Model output
also includes the temperature of the ground (z = 0 m) depth
as a function of time, the SGT. The mean annual SGT-SAT
offset is the difference between the modeled SGT and the
observed SAT; this is the modeled ‘‘snow effect’’ on ground
temperature (Figure 2d). If no snow is present during the
year, this difference is zero.
[10] Snow cover acts as an insulator against wintertime air
temperature, effectively keeping the ground warmer than the
ambient air temperature for much of the winter. In the
example illustrated in Figure 2, snow cover is present for a
few days in January when the SAT is above zero and persists
into late March when air temperature rises above freezing;
during these periods snow’s insulating effect acts to keep the
ground cooler than the air. The magnitude of the difference
between the SGT and the SAT on any given day is as much as
20 K; annualized over the year, the SGT-SAT offset at Canton
during 1985 – 1986 is 1.8 K. This value is computed for each
year in which SAT and snow observations are available at the
site to produce a time series of snow’s influence on the mean
annual SGT-SAT offset (Figure 2e). Linear regression on the
SGT-SAT offset at Canton from 1950 to 1998 results in no net
trend (0.0 ± 0.1 K/decade).
[11] Previous work using the snow-ground thermal model
demonstrates that onset time and duration of the snow event
have a significant, nonlinear influence on the mean annual
SGT-SAT offset [Bartlett et al., 2004]. Systematic trends in
either onset time or duration of the annual snow cover
experienced by an area can lead to a time varying snowinduced influence on ground temperature. The magnitude of
snow’s influence is also strongly affected by the local SAT
pattern through the winter and the mean annual SAT. Details
of the accumulation and ablation of snow including the total
depth of snow cover present on the ground are less important
than onset time and duration in determining the annual
influence snow cover has on mean annual SGT. Variations
in any of these three parameters (snow season onset, duration,
or winter season SAT) could obscure the tracking between air
and ground temperatures over periods relevant to climate
change studies, and thus constitute a ‘‘bias’’ in the interpretation of borehole climate reconstructions.
[12] Figure 3 illustrates how changes in snow season
onset, duration, and winter SAT can alter the modeled
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Figure 2. Example of snow-ground thermal model inputs
and output from Canton, New York. (a) The surface air
temperature time series and (b) the snow depth observations
for this station from the U.S. Historical Climatology
Network from 1985 to 1986; both SAT and snow
observations are used as inputs to the snow-ground thermal
model. (c) Comparison of observed and modeled ground
temperature at the site. Observed ground temperatures at
this site are available at 10 cm depth; model results from
10 cm depth are also shown. The close comparison of the
observed and modeled values indicates the snow-ground
thermal model is capable of simulating snow’s influence on
ground temperature. (d) Difference between the SGT (z =
0 m) and the SAT, ‘‘snow effect,’’ i.e., the influence of snow
cover on ground temperature. Though this effect can be as
large as 20 K on any given day during the year illustrated,
annualized over 1985 – 1986, snow cover results in a
warming of the ground of 1.8 K at this station relative to
the SAT. (e) Values of the snow effect for all years in which
data are available produce a time series of snow’s influence
on SGT.
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Figure 3. Tutorial illustration showing how changes in snow event parameters and winter season SAT
influence the SGT-SAT offset. (a – d) Several combinations of snow event onset, duration, and wintertime
SAT. All of these synthetic snow events have a simple, symmetric shape; in modeling real events, actual
depth observations versus time are employed. The mean North America event from 1961 to 1990 is
illustrated in Figure 3a, with an onset of 15 December (Julian day 348) and a duration of 81 days. Earlier
onset of the snow event is illustrated in Figure 3b. In Figure 3c we show a longer-duration event with the
same onset as in Figure 3a, while Figure 3d illustrates the standard event against a warmer wintertime
SAT regime. (e and f) Phase diagrams showing the influence these events have on the SGT-SAT offset,
represented by the contours. Contour intervals in Figures 3e and 3f are 0.05 K. The event illustrated in
Figure 3a has an SGT-SAT offset of 0.25 K. Earlier onsets tend to increase the SGT-SAT offset relative to
the average North American snow season, while longer-duration events with the same onset tend to
decrease the offset. Changing the SAT values, as in Figure 3d, results in a change in the contours
themselves (Figure 3f); warming the SAT decreases the contour gradient, effectively decreasing the SGTSAT offset for a stationary set of snow event parameters.
SGT-SAT offset. Figure 3a illustrates a typical snow season’s onset, duration, and SAT values in relationship to one
another. The modeled synthetic event uses a linear snow
buildup and ablation; Bartlett et al. [2004] suggest that the
shape of the event is of secondary importance to the onset
and duration of the event. In modeling real snow events,
actual depth versus time observations are employed. A
phase diagram relating mean annual SGT-SAT offset to

snow event onset and duration (Figure 3e) allows us to
see how changing either of these two snow event parameters
influences the snow effect. Changing the snow event onset
to an earlier date (Figure 3b) increases the difference
between mean annual SGT and SAT because the snow
event now insulates the ground from the very coldest
portion of the annual SAT cycle. Increasing the duration
of the event without changing the onset date (Figure 3c)
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Figure 4. North American meteorological stations and record lengths used in the current study. The
map illustrates the location and record length of each station within the three data sets used in this study.
Spatially, data density is lowest in northern Canada, the western United States, and the northern interior
of Alaska. As illustrated by the histograms, there are many stations within the contiguous United States
with 50 or more years of data, while in Canada and Alaska the majority of stations have less than two
decades of observations available.
decreases the SGT-SAT offset because the presence of snow
cover in the early spring insulates the ground from spring
SAT values as they rise above freezing. If the snow event
remains stationary and the SAT curve warms (Figure 3d),
the phase diagram contours change. Since a warming winter
SAT means that snow is insulating the ground from less
severe temperature with time, a stationary set of snow
season parameters in the presence of warming winter SATs
will decrease the SGT-SAT offset (Figure 3f). The phase
diagrams in Figure 3 also illustrate that if climate changes
simply from more severe winters (earlier snow onset, longer
duration) to milder winters (later onset, shorter duration),
the snow effect on ground temperature is minimized; such a
change would essentially move the snow effect subparallel
to the contour lines in Figures 3e and 3f.

3. Data
[13] North America has the most complete spatial and
temporal coverage of accessible data during the period
1950 – 2002 (the period considered in this study) of any
comparable region in the Northern Hemisphere. The stations

used in this study come from three data sources. Data for the
contiguous United States come from the USHCN and include
1062 stations [Williams et al., 2004]. Data for Canada come
from the Canadian Daily Climate Dataset (CDCD) which
includes 3785 stations. Data for Alaska are taken from the
National Weather Service cooperative network (NOAA data
product TD3200) which includes 543 stations.
[14] Figure 4 illustrates the spatial and temporal coverage
of the stations within these three data sets. Data are the least
dense in northern Canada, the interior of Alaska, and the
western United States. While some outstanding observational records of snow depth and SAT with observation
periods of more than 100 years are available in North
America, relatively broad spatial coverage of snow observations is only available from 1950 onward. The contiguous
United States has extensive temporal coverage with many
stations having more than 50 years of observations available. In contrast, Canada has few stations with observational
records in excess of 20 years. A majority of stations within
Alaska also have fewer than 30 years of observations
available. In all three data sets, however, a fractional subset
of stations with more than 30 years of observations avail-
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able exists; this subset constitutes 25% of the total stations
available. In this study we limit our modeling to the time
period 1950 – 2002. Within the data set, all observational
stations with at least two years of snow depth and surface air
temperature measurements are used as input to the snowground thermal model.
[15] Our calculations of snow’s annual influence on the
mean annual SGT-SAT offset at each station are mean
adjusted, grouped into 1  1 geographic cells, and
assigned a weighting factor based on the percentage of
the total station years that observations at the station
represent within each cell. For each year in each cell these
weights are used to construct a history of snow cover’s
influence on the mean annual SGT-SAT offset within that
cell. In compiling regional results, individual cells are
areally weighted by the cosine of their latitude and averaged. We also test for the robustness of trends in the data set
by prefiltering the data for stations with longer temporal
records (30 or more years of observations) and comparing
the results based on this subset of the data to the results
obtained using the full data set. The two data products
produced for each cell from the modeling are the annual
snow effect (K) and the trend in the snow effect through
time (K/decade).

4. Results
[16] Figures 5 and 6 illustrate the spatial distribution of
trends in snow cover’s influence on the SGT-SAT offset
from 1950 to 2002. In Figure 5a the abundance of stations
with short observational periods in Canada and Alaska
produces large variability. However, when only stations with
thirty or more years of observation are used (Figure 5b), the
variability in SGT-SAT offset is subdued. A clear negative
trend in SGT-SAT offset emerges in central Canada, north of
50N. South of 45N, where winter snow cover is less
pronounced, no significant trends in SGT-SAT offset are
observed. The northern U.S. Plains and the southern portion
of western Canada (45 – 50N) represents a transition
between these two regions where there are significant seasonal snow events, but insignificant trends in the SGT-SAT
offset (Figures 5b and 6).
[17] The latitudinal distribution of trends (Figure 6a)
shows clearly the lack of a snow induced effect on SGTSAT offset below 45N, despite the fact that many sites
north of 30N receive snow cover on an annual basis. The
variability in the 1 binned data in Figure 6a becomes
stronger in the north due to the relatively sparse network
of stations above 50N. This variability can be muted by
considering 5 bins (shaded histogram in Figure 6a); the
effect from 50 – 75N is relatively constant with a trend of
about 0.1 K/decade. The highly negative trend at 80N is
based on a single station and is not significant.
[18] We examine the longitudinal variation of trends in
Figure 6b by analyzing stations between 45 and 80N, the
band in which the latitudinal effect is relatively constant and
nonzero. Again, relatively high variability at 1 binning is
muted by considering 5 binned stations. Little difference is
seen in the trends derived from the NOAA cooperative
stations in Alaska and the CDCD stations in western
Canada, an indicator that the trends calculated are not an
artifact of differences in the data collection and processing
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systems between the two countries. The most significant
longitudinal feature is the change in sign of the trend from
negative to positive in Eastern Canada (50 – 80W). The
positive values of the SGT-SAT trend in extreme Eastern
Canada are associated with stations in Labrador and on
Baffin Island (Figure 5); an area colocated with the 20th
century SAT cooling anomaly centered on western Greenland (P. D. Jones et al., Global and hemispheric temperature
anomalies—Land and marine instrumental records, in
Trends: A Compendium of Data on Global Change, available at http://cdiac.esd.ornl.gov/trends/temp/jonescru/
jones.html).

5. Discussion
[19] Figure 3 suggests several possible explanations for
the modeled trend in the SGT-SAT offset over North
America from 1950 to 2002. Changes in the mean snow
onset date and/or mean annual duration over the period of
this study could potentially account for the modeled trend in
snow cover’s influence on mean annual SGT-SAT offset.
Alternatively, if no observed changes are detected in these
snow event parameters, winter season SAT warming in the
presence of snow cover could potentially introduce a
negative trend in the SGT-SAT offset. We examine both
of these possibilities.
[20] Snow event onset and duration anomalies from 1950
to 2002 relative to the 1961 –1990 mean values for North
American are shown in Figures 7a and 7b. Unlike the event
depicted in Figure 2, annual snow cover does not always
have a clearly defined onset and duration. Near the southern
fringes of the cryosphere, seasonal snow events tend to
become fractured into multiple small snow episodes during
the winter season. To facilitate the comparison of snow
events within the data set, we extract from the data the mean
day of the year with snow cover during the winter season at
each station. The event duration is defined simply as the
total number of days in which snow is present on the
ground. Onset time is found by subtracting one half of
the duration from the mean snow covered day at each
station. These approximations for onset and duration are
employed in constructing onset and duration anomalies for
North America (Figure 7).
[21] For all North American meteorological stations with
annual snow cover and using the approximations for onset
and duration described, during the period 1961 –1990 the
mean snow onset in North America is 15 December and
the mean duration of the event is 81 days. For each year in
the data set, variations from these mean values for all North
American stations with snow are illustrated in Figures 7a
and 7b. Negative values of Dt for snow onset refer to earlier
snow arrival while positive values indicate a later snow
arrival. Snow onset and duration are not completely independent and exhibit a general inverse correlation; earlier
onset is generally accompanied by longer snow season
duration while later onset seasons are generally shorter
in duration. Magnitudes of interannual variations in onset
and duration are never greater than 18 and 15 days,
respectively. Figures 7a and 7b illustrate that there is no
significant trend in either snow event onset or duration from
1950 to 2002 for all stations with snow events in the data
set. With the exception of a slight preponderance of shorter
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Figure 5. North American decadal trends in SGT-SAT offset due to snow cover, 1950 –2002. Trends
in each 1  1 cell in which data are available are shown for (a) all of the data and (b) a subset of
the data using only stations with 30 or more years of available records in the interval 1950– 2002.
Across all North American stations with snow cover from 1950 to 2002 the mean trend due to snow
cover is 0.02 K/decade. Trends in Canada and Alaska are more pronounced, with magnitudes of
0.12 K/decade and 0.09 K/decade, respectively.
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Figure 6. Latitudinal and longitudinal variations in snow
cover’s influence on the SGT-SAT offset in North America.
(a) Latitudinally averaged trends in the SGT-SAT offset
across the continent using two different binnings of the data:
1 bins (line) and 5 bins (bars). The lower plot of Figure 6a
illustrates the number of stations within each 5 bin. Above
45 N a relatively consistent decrease in the SGT-SAT offset
of 0.1 K/decade is observed. (b) Longitudinal variations in
trend north of 45N, again in both 1 bins and 5 bins. The
change in sign near 60W is collocated with the LabradorBaffin Island SAT cooling anomaly.
snow seasons since 1980, the arrival and duration of snow
cover over North America have been remarkably stable
during this period of time.
[22] Figures 7c and 7d illustrate the modeled influence
changes in onset and duration of the annual North American
snow event have on the SGT-SAT offset. The contours in
these plots represent the modeled mean annual SGT-SAT
offset for snow events with the onset and duration parameters
described by the axes and using the spatially averaged SAT
values from all North American stations with snow cover
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(60% of the stations in the data set) from two periods,
1965– 1970 (Figure 7c) and 1998 – 2002 (Figure 7d), as the
model boundary conditions. Superimposed are the spatially
averaged annual mean values of onset and duration for North
America. The random (circular) distribution of onsetduration pairings indicates that North American snow event
parameters show no net trend during the time period of this
study. The magnitude of change in snow’s influence on
ground temperature during the period 1950 – 2002 due to
changes in onset and duration is less than 0.05 K. However,
the change in the contour values between Figures 7c and 7d
suggests that the magnitude of the modeled change in the
SGT-SAT offset over North America from 1950 to 2002
(about 0.1 K) might be explained by changing winter SAT
patterns.
[23] Snow cover’s effect on mean annual SGT is effectively that of an inert thermal resistance between the ground
and the atmosphere during the coldest portion of the year.
Because interannual winter SAT values are changing over
the time period of the data set [Jones and Moberg, 2003], a
stationary set of snow event parameters could inhibit the
winter SAT warming trend from entering the ground temperature record. Figure 8 illustrates the summer and winter
SAT and SGT trends from the North American data set for
the period 1950– 2002. From 1950 to 1970 both summer
and winter SAT values show cooling over the continent with
similar trends in observed SAT and modeled SGT values
(Table 2). From 1970 to 2002 a strong SAT and SGT
warming signal appears in both seasons with winter warming progressing at nearly three times the rate of summer
warming. Since 1970, North American summer SAT and
SGT values have increased at the same rate while winter
SAT values have increased more rapidly than winter SGT
values (Table 2). This difference in winter warming rates
between the SAT observations and the modeled SGT values
(Figure 9) produces a negative trend in the SGT-SAT offset.
While summer SGT-SAT differences in Figure 9 are essentially zero, winter SGT-SAT differences show interannual
variation of as much as 1 K and are strongly trended from
1970 to 2002. The presence of snow cover effectively
prevents a portion of the atmospheric winter SAT warming
from being expressed in the ground temperature record.
[24] Can changes in the SGT-SAT offset explain the
differences in warming estimates based on multiproxy and
borehole temperature reconstructions? While the lack of
regionally extensive data prior to 1950 precludes a definitive answer, several strands of evidence suggest that the
effect of snow cover on SGT-SAT tracking over time
periods longer than the 52 years considered in this study
is unlikely to reconcile these warming estimates. Both North
American multiproxy and borehole reconstructions yield
warming estimates similar to estimates based on the entire
Northern Hemisphere [Mann et al., 2000; Harris and
Chapman, 2001]. Borehole locations used for climate
reconstruction in North America are not evenly distributed,
but are predominantly between 30 and 60 N [Huang and
Pollack, 1998]. Figure 6a suggests that this area exhibits a
muted SGT-SAT offset trend due to the large area of this
band that lies south of the cryospheric portion of North
America. Using the North American borehole locations
from Huang and Pollack [1998] and the borehole weighting
method described by Harris and Chapman [2001], the net
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Figure 7. Mean North American snow cover onset and duration changes and their influence on SGT.
Variations in (a) the annual mean onset and (b) duration of North American snow events are shown for
each year from 1950 to 2002. Black lines in Figure 7a and 7b are the centered 10 year moving average.
Maximum interannual variations are 18 days for the onset and 15 days for the duration. However, no net
trend in either onset or duration is present during this time period. (c and d) Contours representing the
modeled influence of snow cover on mean annual North American SGT-SAT offset as a function of
annual snow event onset and duration. Two SAT driving function are used to derive the contours in
Figures 7c and 7d: mean SAT values from 1965 to 1970 (Figure 7c) and mean values from 1998 to 2002
(Figure 7d). Contour intervals are 0.05 K for both diagrams. While no overall trend is seen in onset or
duration of the events from 1950 to 2002, the difference in the SAT parameters expressed in Figures 7c
and 7d suggests that SAT variability may explain the modeled trend in the SGT-SAT offset.
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Figure 8. North American areally weighted seasonal (a and b) SAT and (c and d) computed SGT
anomalies from 1950 to 2002 based on the station records with snow in the data set employed in this
study. All anomalies are plotted relative to the 1961– 1990 mean values. Solid lines are 10 year centered
moving averages. The presence of snow cover during the winter season inhibits a portion of the winter
season warming from entering the ground temperature record; winter SGT warming from 1970 onward
has a trend magnitude 0.1 K/decade less than the observed SAT warming (Figures 8a and 8c). Summer
SAT and SGT trends are identical (Figures 8b and 8d).
trend in the SGT-SAT offset due to snow cover over the
North American borehole data set is 0.04 K/decade based
on the last 50 years of snow data. This trend is opposite in
sign to a trend that would help resolve the discrepancy in
warming estimates between multiproxy and borehole reconstructions and in fact indicates that warming estimates based
on borehole temperatures are underestimated relative to
those computed from SAT records.
[25] Figures 7c and 7d provide a valuable set of diagnostic tools for predicting the magnitude of change in snow
cover seasonality required to account for 0.5 K change in
temperature, characteristic of the difference between multiproxy and borehole temperature reconstructions. We limit
the discussion to the past 300 years the time period for
which boreholes have greatest sensitivity at the decadal to
centennial timescale. Assuming minimum changes in snow
season parameters and no change in winter SAT, the snow
season onset would need to be 13 days earlier than it was
300 years ago and the durations would need to be 11 days

shorter than 300 years ago. Alternatively, if snow season
parameters have remained relatively uniform over the past
300 years, SAT winter trends would need to be cooling over
this time period to produce the correct sign in the SGT-SAT
Table 2. North American SGT and SAT Trends, 1950 – 1970 and
1971 – 2002

Season

SGT Trend,
K/decade ± 95%
Confidence
Interval

Summer
Winter
Annual

0.08 ± 0.33
0.29 ± 0.40
0.19 ± 0.36

1950 – 1970
0.08 ± 0.33
0.29 ± 0.50
0.20 ± 0.41

0.00 ± 0.01
0.00 ± 0.18
0.00 ± 0.09

Summer
Winter
Annual

0.12 ± 0.17
0.22 ± 0.26
0.17 ± 0.21

1971 – 2002
0.12 ± 0.16
0.32 ± 0.36
0.22 ± 0.26

0.00 ± 0.01
0.10 ± 0.12
0.05 ± 0.06
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SAT Trend,
K/decade ± 95%
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Figure 9. SGT-SAT difference anomalies from 1950 to
2002. All anomalies are plotted relative to the 1961 – 1990
mean values. Solid lines are 10 year centered moving
averages. (a) Summer anomaly. SAT and SGT are nearly
identical. (b) Winter anomaly. Since 1970, changes in the
snow effect during the winter have prevented approximately
0.1 K/decade of winter season SAT warming from entering
the ground temperature record. (c) Annual SGT-SAT
anomaly. The trend is muted but still present.

offset trend. However, over the past 150 years SAT observations do not support this interpretation because winter air
temperatures have been increasing [Jones and Moberg,
2003].

6. Conclusions
[26] On the basis of the results of modeling snow’s
influence on SGT in North America from 1950 to 2002,
we conclude the following.
[27] 1. A simple, snow-ground thermal model can be
employed to understand the dynamic influence snow cover
has on SGT over broad temporal and spatial scales.

F03008

[28] 2. During the period 1961 –1990 the mean North
American snow event onset on 15 December and had a
duration of 81 days. Relative to these values there have been
negligible changes during the period 1950– 2002. Interannual variations of as much as 18 and 15 days of variation in
onset and duration, respectively, are present, but no net
trend is observed.
[29] 3. Spatial analysis suggests that snow’s influence on
the SGT-SAT difference is greatest north of 45N. Snow
cover’s influence on the mean annual SGT-SAT offset in
these latitudes has diminished at a rate of 0.1 K/decade
since 1950, in contrast to the trend across all North
American stations with snow cover of 0.02 K/decade
from 1950 to 2002.
[30] 4. North American SAT data indicate a greater
temperature changes during the winter than the summer
during the past 50 years. Warming is greatest from 1970 to
2002, with a winter SAT trend of 0.32 K/decade and a
summer trend of 0.12 K/decade.
[31] 5. The presence of snow cover appears to inhibit a
portion of the winter SAT changes from entering the ground
temperature record. Across all North American stations with
snow cover from 1970 to 2002, when winter SAT warming
is the greatest, snow cover inhibited 0.05 K/decade of
seasonal warming from entering the ground temperature
record. This effect is the result of a relatively stationary
snow season under changing wintertime SAT values.
[32] 6. Although comprehensive snow cover data do not
exist prior to 1950, this analysis quantifies the changes in
snow cover required to account for the difference between
borehole temperature and multiproxy climate reconstructions. For example, assuming that winter SAT values are not
changing, to explain the 0.5 K difference that exists between
the borehole reconstruction of Huang and Pollack [1998]
and the multiproxy reconstruction of Mann et al. [1998], the
present mean snow cover onset would need to be 13 days
earlier than it was in 1700 and the mean duration would
need to be 11 days shorter. If winter SAT warming is
occurring (as observations suggest), the required change
in these parameters would be even greater.
[33] Snow cover thus seems an unlikely candidate to
reconcile the borehole and multiproxy reconstructions of
recent climate change. Other possibilities for reconciling
results derived from these two methodologies include
improving our understanding of the frequencies captured
by proxy indicators and those preserved in borehole
temperature-depth profiles and the relative ability of
various proxies to record annually integrated temperature
information. The difference in the frequencies of temperature change represented by the borehole and proxy
methods is not sufficiently well understood; the close
agreement between the Esper et al. [2002] multiproxy
reconstruction shown in Figure 1, which is designed to
preserve low-frequency information in the proxies
employed, and the borehole temperature-based reconstructions suggests that there is more to understand about the
difference in the two methods’ frequency contents. Seasonality of the signal captured by the proxies could also
be a major factor in the difference. The tree ring – based
proxies which dominate the multiproxy networks of Jones
et al. [1998], Mann et al. [1998], and Crowley and
Lowery [2000] are sensitive principally to warm-season
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temperature changes. As illustrated in Figure 8, however,
the majority of the warming in North America during the
past 50 years has taken place in the winter, the period of
time in which the proxies are least sensitive to these
changes. Borehole temperatures, on the other hand, appear more sensitive to the integrated annual mean ground
temperature [Gonzalez-Rouco, 2003; Chapman et al.,
2004; Moberg et al., 2005]. This difference in seasonal
sensitivity between the two methods may be a factor in
the differing amounts of warming each predicts. A
quantitative understanding of how changing trends in
snow events over the period of interest for climate studies
affects SGT and SAT tracking, as presented here, adds
additional value to ground temperature data as a useful
compliment to our understanding of the climate of the
recent past.
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