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[1] The close relationship between air and ground
temperatures has been used to reconstruct paleoclimate
conditions from ground temperatures. Unfortunately, the
presence of snow decouples air and ground temperatures
and obscures their relationship. The objective of this
paper is to investigate the role that snowpack conditions
play in affecting the relationship between air and soil
temperatures. The annual thermal offset between mean
annual soil and air temperatures is examined over a 12 year
period (1990–2002) at Fargo, ND, using observed soil
temperatures along with simulations from a physically based
snowpack model. Early season snow cover does not
necessarily lead to large thermal offsets. These snowpacks,
while low in density, also tended to be shallow and therefore
do not provide much thermal insulation. Winter snowpacks
explain a greater portion of the annual thermal offset. While
denser than fall snowpacks, the extra depth and longer
persistence leads to superior insulation of the ground.
Citation: Grundstein, A., P. Todhunter, and T. Mote (2005),

Snowpack control over the thermal offset of air and soil

temperatures in eastern North Dakota, Geophys. Res. Lett., 32,

L08503, doi:10.1029/2005GL022532.

1. Introduction

[2] Variations in soil temperature have important biolog-
ical, agricultural, and climatic consequences. As such, there
has been a considerable body of research that explores the
links between air and soil temperatures and the factors that
govern air-soil energy exchanges. The relationship between
atmospheric and ground temperatures has been used to
reconstruct past climate conditions (air temperature) from
borehole temperatures [Lachenbruch and Marshall, 1986;
Beltrami and Mareschal, 1992; Shen and Beck, 1992; Wang
et al., 1992; Smerdon et al., 2003; Pollack and Smerdon,
2004]. These reconstructions assume that conduction is the
dominant means of heat transfer in the soil [Smerdon et al.,
2003] and that soil temperatures track air temperatures in a
consistent and regular manner over long periods of time
[González-Ruoco et al., 2003]. Gosnold et al. [1997] and
Majorowicz and Skinner [1997], however, have questioned
this premise in certain locations by noting that snow cover
duration and depth, as well as the release of latent heat of
fusion can influence how air and soil temperatures track one
another during the winter.

[3] The role of snow cover and its timing, duration, and
physical characteristics on the ground thermal regime has
been explored principally through model simulations and
sensitivity tests [Goodrich, 1982; Zhang et al., 1996, 1997;
Ling and Zhang, 2003]. There has been little long-term
empirical research on the relationship between soil temper-
atures, and the presence and condition of the snow cover
[Schmidt et al., 2001]. Of the studies done, most rely on
snow cover duration or average snow depth, omitting
important information on the quality of the snowpack.
[4] This project builds upon the empirical work of

Schmidt et al. [2001] by incorporating modeled snowpack
output with observed soil and air temperature data over a
12-year period (1990–2002) at Fargo, ND. The annual
thermal offset is investigated in conjunction with snow
cover and snowpack characteristics. A physically based
snowpack model (SNTHERM) provides details of the
snowpack structure such as density and thermal conductiv-
ity that are typically not measured, allowing for a more
complete analysis of the role of different snowpack con-
ditions on soil/air temperature relationships.

2. Snow and Soil Data and Model Evaluation

[5] Fargo, ND is used as a study site for this project. This
is an ideal location for such a study because of the reliable
seasonal snow cover and the presence of both a National
Weather Service (NWS) station (46.93�N, 96.81�W) and a
North Dakota Agricultural Weather Network (NDAWN)
station (46.89�N, 96.79�W). Daily average soil temperature
data at a depth of 10.5 cm were obtained from the NDAWN
station. This dataset extends from 1990 through to the
present. Snowpack parameters such as depth and density
as well as thermal conductivity were obtained as output
from a physically based snowpack model (SNTHERM
version 4) [Jordan, 1991]. The model was run for the period
from 1990 through 2002 and requires meteorological input
data that includes hourly precipitation, temperature, relative
humidity, as well as wind speed. These data were obtained
from observations at the Fargo National Weather Service
(NWS) station which is located 4.7 km from the NDAWN
station.
[6] Daily snow depth and snow density output from

SNTHERM (taken at 7 a.m. LST) were compared against
daily data collected at nearby observing stations. Snow
depth data are from the NWS station until 1998/99 when
the Automatic Service Observing Station (ASOS) was
commissioned and thereafter from a cooperative observing
station in Moorhead Minnesota (46.88�N, 96.75�W) which
is located approximately 7 km from the Fargo NWS station.
The Moorhead data are accepted by the NWS as the official
snow depth data for Fargo. Snow water equivalent (SWE)
observations from the Fargo NWS station were available
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through the 1995/96 season. Snow densities at the NWS
station were estimated from the snow depth and SWE data.
Since the SWE measurements are officially taken at
1800 UTC (12 p.m. LST) and snow depth measurements
are collected at 1200 UTC (6 a.m. LST), inaccurate
estimates in snow density may occur on days where snow
accumulates, settles, or ablates between observing times
[Schmidlin, 1990].
[7] The SNTHERM snow output does a good job of

modeling snowpack conditions. The average modeled snow
depth (0.24 m) is greater than the observed value (0.21 m).
However, they vary in a similar manner (r = 0.81). To assess
the ‘‘agreement’’ between the observed and predicted snow
depths, the index of agreement (d) [Gaile and Willmott,
1984] is used. This is a bounded model evaluation statistic
that incorporates the root mean square error (RMSE) and
falls between zero (no relationship) and 1.0 (perfect rela-
tionship). Here, d = 0.89 indicating that SNTHERM output
accurately simulates the snow depth conditions. A compar-
ison of snow densities between the observed and modeled
was only possible from 1990/91 through 1995/96. Average
snowpack densities were compared for days with observed
snow depths greater than 5 cm to emphasize those days with
deeper snowpacks and superior insulation. On average,
modeled snowpack densities (202 kg m�3) are greater than
those computed from NWS observations (165 kg m�3). As
with snow depth, the ‘‘observed’’ and modeled densities
vary in a similar manner as indicated by r = 0.61 and d =
0.60. The relationships are not as strong as with snow depth.
In part, this may be due to the fact that ‘‘observed’’ densities
were computed from measured snow depths and SWE
which were sampled in different locations and at different
times.

3. Methodology

[8] The influence of snowpack insulation on the soil/air
separation is investigated by using the annual thermal offset.
The annual thermal offset is calculated as the difference
between the mean annual soil temperature at 10.5 cm and
the mean annual air temperature at shelter height. The
annual values for soil and air temperatures were computed
from 1 July to 30 June of the following year to capture a
complete snow year. Within this snow year, fall is defined as
the months of September, October, and November; winter

as December, January, and February; and spring as March,
April, and May.
[9] Snow cover days and snowpack thermal resistance

are determined from model output and calculated for the
snow year as well as for fall, winter, and spring. The
insulating capacity of the snowpack or thermal resistance
(TR; K m2 W�1) is defined as TR = H/K where H is the
snow depth (m) and K is the thermal conductivity of the
snowpack (W m�1 K�1) [Zhang et al., 1996]. The thermal
resistance term can be calculated by summing up the
thermal resistance values of individual snowpack layers
for days in the fall, winter, spring, and total snow year.

4. Results

4.1. Interannual Characteristics of Thermal Offset and
Snow Characteristics

[10] The mean annual thermal offset between the soil and
air temperatures is 2.5�C. This temperature separation,
however, is not constant from one year to the next
(Figure 1). Rather, it ranges from slightly under 1.5�C in
the 1999/00 season to over 4.0�C in the 1996/97 season. As
has been documented by the work of Schmidt et al. [2001],
the decoupling of soil and air temperatures is related to both
snow cover and latent heat of fusion effects. The following
sections will explore snow cover and snowpack character-
istics during the study period and the role they play in
influencing the magnitude of the soil/air temperature
difference.
[11] The period from 1990 through 2002 contains seasons

with a variety of snowpack and snow cover conditions
(Table 1). Snow cover days are defined as any day with
snow present on the ground and average snow depths are
calculated only from days with snow. The total number of
snow cover days varied from the lowest of 77 to a high of
146. By season, the fall typically had the fewest snow cover
days, averaging just over 13 days, as well as the lowest
average snow depths, and the lowest average snow densi-
ties. All the study years had a large number of snow days
during the winter, ranging from 66 to 90. The winter also
had snow depths averaging 21 cm and snow densities that
were in between the spring and fall values. The spring
averaged 24 days but with considerable variability from one
year to the next. The spring had similar average snow
depths as the winter but a higher average density.
[12] The seasonal total thermal resistance values varied

ranged from approximately 50 to 270 K m2 W�1 (Table 1).
The fall snow cover provided little thermal resistance
in any of the years, with an average value of just under
7 K m2 W�1. The greatest thermal resistance occurs
during the winter with an average value of approximately
110 K m2 W�1; Spring has an average thermal resistance
value of 19 K m2 W�1.

4.2. Snow and Its Effect on Soil//Air Temperature
Differences

[13] The number of snow cover days and the thermal
resistance by season and for the whole year were compared
with the mean annual thermal offset between air and soil
temperatures. Both the total annual number of snow cover
days and thermal resistance explain a considerable amount
of the variance in the thermal offset at r2 = 0.57 and
0.79 respectively. There is clearly some relationship be-

Figure 1. Annual thermal offset between mean annual air
temperature and mean annual soil temperature at 10.5 cm
for the 1990/91 through 2001/02 seasons at Fargo.
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tween snow cover days and thermal resistance (r2 = 0.37)
but the lower explained variance of snow cover presence is
related to the fact that it represents only one element among
many that affect the insulating quality of the snowpack.
Data on thermal resistance is not commonly available and
researchers must often use surrogate values. Schmidt et al.
[2001] used accumulated snow depth over the season as a
proxy for the thermal insulating quality of the snowpack.
This term serves as an excellent substitute for thermal
resistance at the Fargo study site with a near perfect
explained variance of 0.96.
[14] The effect of snow cover days and thermal resistance

on the separation of soil and air temperatures is also
explored by season. The fall snow cover days and thermal
resistance show very little statistical relationship with the
soil/air temperature separation. The lack of statistical rela-
tionship is explained by the low thermal resistance of
snowpacks during the fall that do not effectively insulate
the ground, primarily due to the typically low snow depths.
There is a somewhat greater explained variance in the
winter (r2 = 0.31) for snow cover days than found during
the fall. In contrast, the winter thermal resistance explains a
great deal of the variance of the soil/air temperature differ-
ence (r2 = 0.77). This can be attributed to the superior
insulating properties of the winter snowpacks that are more
persistent and on average deeper than in fall and less dense
on average than those in the spring (Table 1). The largest
r2 value of 0.74 for snow cover days is found in the spring.
Since there is little variability in snow cover days during the
winter, the added days in spring contribute substantially to
the total snow cover days for the snow year. The r2

for thermal resistance in spring is fairly large at 0.46. On
average spring snowpacks are similar in depth to those in
winter but are also denser, which leads to less effective
insulation of the stored energy in the ground.

4.3. Interannual Variation in Snow and Soil//Air
Temperature Separation

[15] The interannual and intraseasonal variations in snow
cover days and thermal resistance are depicted in Figures 2a
and 2b, respectively. There is no particular trend in snow
days or thermal resistance values over the 12-year study
period. Nevertheless, thermal resistance values in the late
1990’s through 2002 tended to be low. Indeed, the three

lowest values in the study (1997/98, 1999/00, and 2001/02)
are found during this period.
[16] The magnitude of the soil/air differences closely

matches the thermal resistance but not always the number
of snow cover days. The thermal offset, thermal resistance,
and snow days were ranked to investigate the degree of
association. Spearman’s rank-order correlation coefficient
(rs) reveals the stronger relationship of thermal offset
with thermal resistance (rs = 0.81) than with snow days
(rs = 0.63).
[17] Stratifying the years with the largest and smallest

thermal offsets reveals distinct differences in snow cover.
The snow years with the largest separation between soil
and air temperatures of over 3.4�C are 1993/94, 1995/96,
1996/97, and 2000/01 (Figure 1). For these years, both
snow cover days (aside from 1995/96) and thermal resis-
tance were among the highest values. The seasons 1993/94,
1995/96, and 1996/97 had particularly large values, exceed-
ing 240 K m2 W�1. It is also interesting to note that
fall snow cover did not necessarily correspond with a large
soil/air temperature difference. The 1993/94 and 2000/01
seasons provided the first and second greatest amounts of
fall snow in the study period. However, both 1995/96 and
1996/97 have few snow cover days during the fall and little
insulation of the ground. Also, a large number of snow
cover days, as occurred in 1992/93, does not always
correspond to a large seasonal thermal resistance value
and a large soil/air temperature difference.
[18] The years with the smallest annual average soil/air

temperature differences, less than 1.7�C, (1990/91, 1991/92,
1999/00, and 2001/02) had on average 36 fewer snow days
and less than one-third of the thermal resistance of the four
years with the largest soil/air temperature differences. These

Table 1. Seasonal Snow Properties: Depth (cm), Density (kg m�3),

Thermal Resistance (TR; K m2 W�1)

Mean S.D.a Max Min N

Fall Snow Days 13 11 26 0 159
Depth 9 9 48 1
Density 170 57 353 53
TR 7 8 27 0

Winter Snow Days 84 9 90 66 1006
Depth 21 15 78 1
Density 207 68 518 53
TR 110 64 224 40

Spring Snow Days 24 11 45 11 287
Depth 20 14 59 0
Density 269 110 657 62
TR 19 18 54 1

Total Snow Days 121 22 146 77 1452
TR 135 80 271 47

aS.D. is standard deviation.

Figure 2. (a) Seasonal and annual snow cover days for the
1990/91 through 2001/02 seasons at Fargo. (b) Seasonal
and summed thermal resistance for the 1990/91 through
2001/02 seasons at Fargo.
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years tended to have the fewest snow cover days and the
lowest thermal resistance values. There are discrepancies
such as 1997/98 with the second lowest thermal resistance
value but a soil/air separation that is near the average at
2.45�C. In part, this may be due to the microclimatic and
surface type variations between the NDAWN site and the
NWS site where data to drive the snowpack model were
obtained. First, the modeled snow depths are shallower than
observed NWS values, with peak observed snow depths in
January and February approximately 6 cm less. Also, the
NDAWN soil temperatures (not shown) are higher than the
modeled ones and are relatively constant from November
through March, suggesting that the snowpack at the
NDAWN site may have been deeper and provided better
insulation.

5. Summary and Conclusions

[19] This study used modeled snowpack output in
conjunction with measured soil temperature data to inves-
tigate how snowpack qualities like density and thermal
conductivity influence snowpack thermal insulation and
the decoupling of soil and air temperatures.
[20] Over the study period, the annual average soil/air

temperature difference varied from 1.5�C to over 4.0�C. The
number of snow cover days is related to the soil/air
temperature separation but the influence is not uniform.
For instance, the 1992/93 and 1993/94 seasons have a
similar number of snow cover days but a very different
thermal offset. The important distinction is that in 1993/94,
the snowpack had a considerably greater thermal resistance
due mainly to greater snow depths which averaged 37 cm
versus 19 cm for 1992/93.
[21] The thermal resistance explains a greater portion of

the variation in soil/air temperature separations than snow
cover duration over the snow year. Seasonally, the fall
snowpacks, while low in density on average, also tended
to be shallow. Thus, they provided little thermal insulation
and do not explain a large portion of the variance in soil/air
temperature departures. Winter and spring snowpacks on
average are deeper but also denser than fall snowpacks. The
extra depth and longer persistence, however, leads to
superior insulation. Snow cover is not the only variable
that has been shown to be related to the decoupling of the
air and soil temperatures. The latent heat released as soil
freezes can also be important [Schmidt et al., 2001]. Soil
moisture data were not available for this study but Schmidt
et al. [2001] noted that latent heat released from freezing
soil correlates highly with fall precipitation prior to ground
freezing. Rainfall data from the Fargo ASOS station were
totaled for September, October, and November. It shows a
statistically significant (at the 95% level) positive trend
towards an increase in fall precipitation. This corresponds
with observed increases in soil temperatures despite no
similar increase in air temperatures. Future work may
explore the role of soil moisture in greater detail.
[22] In cold climate regions experiencing a seasonal snow

cover, the thermal offset between mean annual air and soil
temperatures is not constant but varies with snow cover
duration, snowpack conditions, and soil moisture content at

the time of winter soil freezing. If the interannual variations
in these factors are randomly distributed over long periods
of time, then their effects would be smoothed as heat
diffuses into the ground, and the borehole temperature
record would continue to maintain a consistent tracking of
the air temperature. Systematic long-term positive or neg-
ative trends in any of these variables, however, could
introduce non-atmospheric temperature trends into the bore-
hole temperature record. This finding has implications for
borehole paleoclimate work in cold regions.

[23] Acknowledgment. This material is based upon work supported
by the National Science Foundation under grant number 0318384.

References
Beltrami, H., and J.-C. Mareschal (1992), Ground temperature changes in
eastern Canada: Borehole temperature evidence compared with proxy
data, Terra Nova, 5, 21–28.

Gaile, G. L., and C. J. Willmott (1984), On the evaluation of model
performance in physical geography, in Spatial Statistics and Models,
Theor. Decis. Libr., vol. 40, edited by G. L. Gaile and C. J. Willmott,
pp. 443–460, Springer, New York.

Goodrich, L. E. (1982), The influence of snow cover on the ground thermal
regime, Can. Geotech. J., 19, 421–432.
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