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ABSTRACT

The dependence of air temperature on elevation (i.e., its elevational gradient) in the mountains is well
known. However, the elevational gradient of near-surface ground temperatures and derived thermal
parameters is much less understood. In this study, we investigated how these parameters depend on
elevation by one-year temperature measurements along a transect in the Valais Alps (Switzerland)
between 700 and 2,600 m a.s.l. In addition, we studied the effect of differences in slope aspect (north/
south) and land cover (open field/forest). Air temperatures were measured as a reference. The results
show that the ground thermal regime distinctly differs from that of the air. These differences could
mainly be attributed to radiation, snow cover, and ground heat transfer. Our findings have far-
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reaching implications for ecosystems, agriculture, and forestry in mountains because a large portion
of the living biomass is underground and thus affected by ground thermal processes.

Introduction

The annual mean of the elevational air temperature
gradient—alternatively often called air temperature
lapse rate—is defined as -0.65°C/100 m elevational
difference for the international standard troposphere
(Bliithgen 1980). This gradient is valid for the average
free atmosphere with a mixed humid/dry adiabatic
elevational gradient. However, for the near-surface
atmosphere it can strongly vary in space and time:
regarding the spatial variations, the dependence of the
elevational T, gradient on climate has been investigated
by, for example, Pepin (2001), Minder, Mote, and
Lundquist (2010), and Navarro-Serrano et al. (2018),
and its dependence on the relief has been investigated
by, for example, Rolland (2003), Tang and Fang (2006),
Minder, Mote, and Lundquist (2010), Kirchner et al.
(2013), and Cordova et al. (2016). In addition, the
temporal variations of the elevational T, gradient due
to subdaily and seasonal temperature cycles were stu-
died intensively by, for example, Bouet (1978), Miiller
and Whiteman (1988), Fries et al. (2009), and Minder,
Mote, and Lundquist (2010).

Though the mean annual air temperature typically
shows a linear relation to elevation, this is not necessa-
rily the case for other thermal parameters of the free

atmosphere. For example, the number of frost change
days increases with elevation up to about 1,400 to
1,700 m due to the elevational temperature decrease,
but decreases above because the air temperatures less
frequently exceed 0°C (Veit 2002). Thermal air para-
meters are affected not only by elevation but by other
factors such as land cover, snow cover, and aspect.

Compared to air temperatures and related thermal
parameters in mountain areas, soil or ground tempera-
tures are rarely studied except when focusing on perma-
frost (e.g., Zenklusen Mutter, Blanchet, and Phillips
2010). However, ecologically, the near-surface ground
temperature and related thermal parameters are crucial
(Loftler 2007; Graae et al. 2012). Ground temperatures are
especially important in mountainous terrain because the
main respiring biomass of most alpine plants is situated in
the ground; that is, in the root zone (Koérner 2003).
Ground and air temperatures might be affected differently
by climate change and, consequently, microrefugia for
species living predominantly below- or aboveground
(Ashcroft and Gollan 2013).

Elevational gradients of the ground temperature and
related thermal ground parameters are clearly influ-
enced by the decrease in air temperature with elevation.
In addition, the number of ground ice days for which
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the maximum daily ground temperature does not
exceed 0°C increases with elevation (Lehmkuhl and
Klinge 2000). However, thermal ground parameter gra-
dients are strongly modified by further climatic and
site-specific factors. The effect of radiation was investi-
gated by, for example, Barry (2008), Maurer (1916),
Aulitsky (1962), and Happoldt and Schrott (1989).
Grunow (1952), Turner, Rochat, and Streule (1975),
and Barry (2008) investigated the effects of slope aspect.
The influence of snow cover was studied by, for exam-
ple, Richter (1996) and Barry (2008). Haberkorn et al.
(2017) studied the effects of solar radiation and snow
depth on near-surface rock temperatures at the lower
limit of alpine permafrost using temperature transects
over a steep mountain ridge. Precipitation, water, and
ground ice content and how they influence the ground
thermal regime were addressed by, for example,
Happoldt and Schrott (1989), Richter (1996),
Lehmkuhl and Klinge (2000), and Rist (2007). The
latter publications also deal with the effect of ground
depth on the near-surface ground temperatures.
Lehmkuhl and Klinge (2000) reported on frost, ice,
and frost change days for different kinds of land cover.

Remote sensing was applied in several studies to
determine the spatial distribution of ground surface
temperatures at the coarse scale of landscapes (e.g.,
Zhang, Armstrong, and Smith 2003; Bertoldi et al.
2010; Coppernoll-Houston and Potter 2018). These
indirectly determined ground surface temperatures
reflect the thermal conditions of the superficial layer
of vegetation or bare ground and differ from those
within the ground where direct radiation is eliminated.

The near-surface ground thermal regime has not yet
been studied systematically by means of a transect of
direct measurements in the ground along a north-
south-oriented cross section through an alpine valley
covered by forest and open fields. The objective of this
study is to quantify how temperatures and derived
thermal parameters depend on elevation in the near-
surface ground in contrast to air. The article addition-
ally seeks to determine the reasons and controls
involved. In order to reach these objectives, the follow-
ing research questions are defined:

e Do temperatures, related thermal parameters, and
their elevational gradients in mountains differ
between air and near-surface ground, regarding
daily and seasonal courses and amplitudes as
well as yearly means?

¢ How do ground and air temperatures and related
thermal parameters in mountains depend on the
integrative environmental factor elevation, both

generally and separated by aspect and land cover
as co-factors?

e Which basic physical factors are integrated in and
vary by elevation, aspect, and land cover, and how
do they ultimately govern the ground thermal
regime compared to that of air?

Material and methods
Study site

The study was performed along an elevational cross-
profile through the Rhone valley, one of the Alpine
main valleys, in the Canton of Valais, western Swiss
Alps, about 5 km west of Sierre (Figure la). The valley
runs from east-northeast to west-southwest. The pro-
file starts at 2,543 m a.s.l. close to the summit of Bella
Lui, stretches down the southern exposed (S) slope,
through Crans-Montana down to the alluvial valley
plain at about 500 m a.s.l., and then ascends the north-
ern exposed (N) slope up to its southernmost point at
2,543 m a.s.]l. close to Mont Noble (Figures 1b and 2).
The elevational range between the valley base and the
upper ends of the transect is about 2,000 m on both
slopes.

Tectonically, the S slope belongs to the Helvetic
facies with alternating layers of limestone and schist,
whereas the N slope belongs to the Penninic facies
consisting of Triassic limestone, dolomite, quartzite,
and hard crystalline rocks (Gutersohn 1961).

The valley was strongly influenced by glacial pro-
cesses during the Pleistocene and superimposed by
gravitational processes in the Holocene. The tectonic—
geological setting combined with geomorphic processes
has engendered a considerably asymmetric cross-profile
of the valley along the studied transect (Figure 2): due
to its harder rocks (Gutersohn 1961), the N slope with
a mean inclination of 21.5° is nearly 10° steeper than
the S slope (11.8°). Even if the distinct Crans-Montana
terrace is excluded, the S slope’s mean inclination only
reaches 13.2°. The structuring of the S slope in terraces
and steeper sections in between can be attributed to the
alternating softer and harder rock layers described
above, whereas such a distinct layering is missing on
the N slope, resulting in a more homogenous relief.

The climate of the study area is relatively dry. The mean
yearly precipitation in the valley bottom was 500 to
700 mm in the reference period 1981 to 2010
(MeteoSwiss 2020a). Elevational precipitation gradients
on the S slope for the same period are about 10 mm/
100 m ascent between 500 and 1,500 m a.sl. but about
ten times higher between 1,500 and 3,200 m as.l.
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Figure 1. Plan view of the study area and study site. (a) Overview map of the European Alps with the small rectangle indicating the
location of the study area. (b) Section of the topographic map covering the study area (large rectangular frame) within which the
transect along the measuring plots (squares)—that is, the study site—is delineated by the two dashed lines. The flags pointing to
the squares indicate elevation, slope aspect (north or south), land cover (open field or forest). Note the separate plots for field and
forest at 1,058 m a.s.l. on the S slope, because the measurements in the field and forest were not adjacent here. The coordinates of
the grid lines in map (b) are given in the Swiss coordinate system (normal font) and the World Geodetic System (WGS84; italics).
Source of background maps: (a) Google Maps (© Google, n.d.) and (b) Swiss Federal Office of Topography (© swisstopo, 2018). Fi =

open field; Fo = forest.
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Figure 2. Elevational cross-profile through the Rhone valley near Sierre (Figure 1b) along the measurement transect. South slope =
southern exposed (S) slope; North slope = northern exposed (N) slope.

(MeteoSwiss 2017b). Mean annual air temperature ranges
between about 8°C and 10°C in the valley, whereby the
lowermost 100-200 m of the S slope exceed these tempera-
tures and includes the hottest areas. With absolute

sunshine durations of over 2,000 hours per year (e.g.,
Crans-Montana, MeteoSwiss 2016a; Sion, MeteoSwiss
2016b) and mean yearly relative sunshine durations (mea-
sured to maximum possible sunshine duration) of



344 A. RIST ET AL.

54 percent up to 60 percent, the Rhone valley is one of the
sunniest regions in Switzerland (MeteoSwiss 2020b). In
Sion, the ground was snow covered for 8.3 days per year
on average (MeteoSwiss 2016b), and in Crans-Montana,
which is about 1,000 m higher, for 44.2 days (MeteoSwiss
20164a; reference period 1981-2010). Regarding seasonality
of dryness, the study area can be characterized as being
summer-dry. This implies that the proportion of snow to
rain is higher in the western Swiss inner Alpine valleys than
in the eastern ones (such as the Engadin valley in Grisons)
with otherwise similar conditions. Due to the dry climate,
coniferous trees dominate this type of landscape more
strongly than broadleaved or mixed forests (Camenzind
et al. 2011). The agricultural land is used for pastures and
fodder farming.

On the N slope, forest dominates up to the timberline
at around 2,150 m a.s.l. On the S slope, the portions of
field and forest are roughly balanced below the timberline,
which is at a similar elevation. These differences in land
cover between the N and S slopes can be attributed to the
slope aspect and inclination. On the flatter, sunny S slope,
the cultivation of grassland is possible, whereas the steep
and shady N slope is more suitable for forest.

Experimental setup and instrumentation

Along the transect, air and near-surface ground tempera-
tures (T, and T, respectively) were measured between
elevations of 758 and 2,543 m a.s.l. (Figures 1 and 2). On
the S slope, T, was measured at thirteen different eleva-
tions, and on the N slope T, was measured at eight
elevations. On the S slope, T, was measured in open fields
at all thirteen plots as well as in forests at four plots that
were more or less evenly distributed between the valley
plain and the timberline. These forest measurements were
conducted directly adjacent to the equivalent measure-
ments at the same elevation in the open field, referred to
as “field” in the following. However, this arrangement was
not possible on the S slope at 1,058 m a.s.1. The measuring
points for field and forest at this elevation were at
a distance of about 1 km. On the N slope, only forested
plots were available below the timberline. T, was
measured at three plots more or less evenly distributed
over the S slope. These measurements were performed in
the field and forest at the lower two plots at 758 and
1,508 m a.sl. and in the field only for the uppermost
plot at 2,543 m a.s.l. because it is above the timberline.

At all measuring points on the S and N slopes, T, was
recorded at a 5 cm depth below the ground surface. On the
S slope, additional measurements at 20 cm depth were
conducted at 758, 1,508, and 1,958 m a.s.l. for field and
forest and additionally at 2,258 and 2,543 m a.sl. in the
field. T, was recorded 2 m above the ground surface. All

measurements were taken from 4 October 2001 to
3 October 2002 at intervals of 2 hours. The temperatures
were measured and recorded by universal temperature
loggers (UTLs) from Geotest Ltd. (Switzerland). The
UTL has a resolution of 0.27°C and a measuring accuracy
of 0.1°C within the measurement range from —-29°C
to +39°C. All UTLs were calibrated before field use in
a continuously stirred ice water mixture at 0°C. The UTLs
were buried into the ground with the sensor at the respec-
tive depth. The natural ground structure was disturbed
minimally. During placement, thermal contact between
the sensor and the surrounding ground was established.
T, was measured with the UTL on a pole and shielded
from radiation.

Additional data

In order to calculate mean daily, winter, summer, and
annual air temperatures along the N slope of the study area
T, data from the weather stations at Sion (482 m a.s.l.,
coordinates 2'591'630 E / 1'118'575 N) in the Rhone valley
plain and at Les Attelas (2,730 m a.s.l,, coordinates 2'586'862
E / 1'105'305 N) on the N slope slightly higher than Mont
Noble (2,543 m a.sl) and 21 km southwest were used
(MeteoSwiss 2017a). Both stations are in fields. These addi-
tional data covered the same period as the data presented in
this study. The additional T, data had a temporal resolution
of one day.

Determination of missing air temperatures

The missing T, values on the N slope (Figure 2) were
determined using elevational T, gradients between the
weather stations at Sion and Les Attelas managed by
MeteoSwiss (2017a). T, was linearly interpolated
between these two weather stations for the plots on
the N slope (Figures 1 and 2). According to a linear
T, gradient derived from T, measurements on the
opposite slope, linearity could also be adopted for the
N slope. Because the weather stations are in fields, the
derived T, for the N slope also refer to the field. On the
S slope, T, was linearly interpolated between the plots
measuring T, (Figure 2) for plots measuring only T,.

Data processing and derivation of further thermal
parameters

First, the deviation of each Ty, series from 0°C at the zero
curtain (i.e., the period of phase change during which water
and ice coexist and thus T, has to remain constant at 0°C for
thermodynamic reasons) was determined. These deviations
were then subtracted from the respective T, series of raw
data to achieve correct T, values. Then daily mean,



maximum, and minimum T, and T, were calculated from
2-hourly data. T, maxima and minima were used to deter-
mine for each day whether it was an ice day (i.e., T, max-
imum <0°C), a frost day (i.e., T, minimum <0°C), a frost
change day (ie., a frost day that was not an ice day), or
a frost-free day. These technical terms originally used for
the atmospheric air were transferred to the ground, result-
ing in the equivalent ground parameters. The T, change
with depth—that is, the temperature/depth gradient (T,/z)
—was calculated by daily mean, maximum, and minimum
T, data at 5 and 20 cm depths where T, was measured at
both depths at 758, 1,508, 2,258, and 2,543 m a.s.l. on the S
slope in the field (Figure 2).

The snow cover period for each plot was determined
by means of T, at 5 cm depth with a 2-hourly resolution.
A necessary condition for a day with snow cover is that
subdaily T, variations suspend. However, if this condition
is fulfilled for a day but before T, decreases to 0°C, then
roughly stays constant, and thereafter varies subdaily
either above or below 0°C, there is not necessarily snow
cover on this day. Measurements of near-surface ground
temperatures and snow depth at the same site in the Swiss
Alps by Matsuoka et al. (1997) and Matsuoka (2001)
showed that the snow cover period can be inferred from
near-surface ground temperatures. This method was thus
applied in this study as well.

For the daily means, maxima, and minima of T, Ty,
and T,/z, the means over the three coldest months
(December, January, and February; referred to as win-
ter) and hottest months (June, July, and August;
referred to as summer) were determined. The number
of ice and frost change days (ID and FCD, respec-
tively) for air and ground were summarized over
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a year, resulting in ID, and FCD, for air and ID, and
FCD, for ground. Note that the yearly sum of frost
days is just the yearly sum of ice and frost change days
and is thus not considered here. In addition, the first
freezing (FD1,) and thawing day (TD1,) were deter-
mined; that is, the first days of the year for which the
mean daily T, was below 0°C and above 0°C, respec-
tively. Furthermore, the first snow-free day of the year
(SFD1) was determined as indicated by a sudden
beginning of pronounced T, variations at 5 cm depth
after a long period of marginal variations due to ther-
mal insulation and shielding by the snow cover. TD1,
and SFDI occurred in the same calendar year at all
measuring points but FD1, occurred in 2002 at some
measuring points, in 2001 at others. To compare all
measuring points with regard to FD1, 365 days (of
the year 2001) were subtracted if FD1, occurred in
2001. The days of the year with snow cover were
summed to the snow cover days (SCDs) for each
plot. The parameters analyzed in the study are pro-
vided in Table 1. Ground parameters refer to 5 cm
depth, and the T,/z gradient refers to a depth range
from 5 to 20 cm.

Data analysis

The data were analyzed using the statistical software
R and Microsoft Excel. For the subdaily data and the
daily aggregated data (Table 1), time series analyses
were performed. Air vs. ground parameters, low vs.
high elevations, and mean vs. night vs. daytime values
were compared.

Table 1. Thermal air and ground parameters analyzed in this study.

Granularity
Medium Parameter Symbol Unit 2 Hours Day Winter Summer Year
Air Air temperature T, °C X
Daily mean X X X X
Daily maximum (day) X X
Daily minimum (night) X X
Ice days in the air D, Day X
Frost change days in the air FCD, Day X
Ground Ground temperature Ty °C X
Daily mean X X X X
Daily maximum (day) X X X
Daily minimum (night) X X X
Ice days in the ground IDy Day X
Frost change days in the ground FCD, Day X
First freezing day of the year in the ground FD1, Day X
First thawing day of the year in the ground D1, Day X
Ground temperature/depth gradient Ty/z °C/m
Daily mean X X X
Daily maximum (day) X X X
Daily minimum (night) X X X
Snow Snow cover period/days SCD Day X X
First snow-free day of the year SFD1 Day X

Note. For further details see text of subsection “Data processing and derivation of further thermal parameters.”
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For the analysis of the yearly aggregated data
(Table 1), three different data sets were compiled to
analyze (1) the effect of elevation on ground and air
thermal parameters in general, (2) these elevational
thermal gradients with respect to slope aspect (N
slope vs. S slope) and (3) these elevational thermal
gradients with respect to land cover (field vs. forest).
Data set 1 includes data from all thirteen plots on the
S slope in the field (for air and ground parameters;
Figure 2). For data set 2, data from four plots at 758,
1,058, 1,508, and 1,958 m a.s.l. on the S and N slopes
were compiled. Because the N slope is completely
forested up to the timberline, ground parameters refer
to forest. However, no air temperatures under forest
were available on the N slope. They were thus derived by
means of nearby meteorological stations (see “Additional
data” and “Determination of missing air temperatures”
sections) situated in the field. Because air temperatures
refer to field on the N slope, field air temperatures were
also used on the S slope. For data set 3, data were used
from plots on the S slope in the field and forest at the
same elevations used for data set 2 and additionally from
field plots at 908, 1,208, 1,358, and 1,808 m a.s.l. Taking
data from four elevations in the forest and eight in the
field for data set 3 allowed better utilization of the avail-
able data. Because the mean elevation for both forest and
field is 1,321 m a.s.l. in data set 3, the data were balanced
and effects were not confounded.

For all parameters within each data set, regressions
on the main factor elevation were calculated. In data set
1, a linear regression model was established for each
parameter. In order to determine whether the coeffi-
cient of determination, R’ increased, linear models
with Box-Cox-transformed data as well as second- or
third-order polynomial models were applied thereafter,
but overfitting was avoided. The Box-Cox transforma-
tion of a target variable Y (e.g., the number of ice days)
is based on Equation (1):

Y —1
A

where A is the optimal power parameter to obtain
a linear relation between the factor elevation and Y.
Whether the assumptions were fulfilled was determined
for all regressions; that is, normal distribution, homo-
geneity of variance, no outliers, and no autocorrelation.
Regression lines were also fitted to interpolated data
and exponential functions were tested in case the data
suggested this kind of relation. However, no R* could
be assigned to these regressions.

Equivalent statistical analyses were applied to the
other two data sets. However, for each parameter,
regression lines between north and south (data set 2)

box.cox(Y, ) =

(1)

and field and forest (data set 3) were compared. If
a nonlinear regression line was determined for
a parameter by thirteen data points from data set 1
(e.g., a sigmoid curve), this type of curve was prede-
fined for regressions of the same parameter in data set 2
or 3 with fewer data points.

Results

The results are divided into three subsections. The first
subsection presents the elevational thermal gradients in
general; that is, it focuses on how thermal parameters
depend on elevation as a main factor. The following
subsections present the elevational thermal gradients
separated by the co-factors slope aspect and land cover.

Elevational thermal gradients—Generally

Unless specified differently, the results presented in this
subsection refer to the S slope and field because for this
factor combination data are available at all investigated
elevations, which is the main focus here.

Subdaily data

Air and ground temperatures show a distinct subdaily
course over the whole elevational range in summer
(Figure 3). Ground temperatures (Tg) follow the air
temperature (T,) courses typically with a time lag of
about 2 hours. Sometimes they apparently coincide due
to the measuring resolution of 2 hours (Figure 3;
3 July 2001, 758 m a.sl). At different elevations the
respective temperature maxima and minima might
occur simultaneously (Figure 3; 1 July 2001) or slightly
shifted (2 July 2001).

Within the period shown in Figure 3, T, ranges
between about 12°C and 27°C at 758 m a.s.l. and T,
ranges between about 18°C and 23°C. At this eleva-
tion, the subdaily amplitude of T, is about 10°C to
15°C but is only 3°C to 5°C for T,. In contrast, at
2,543 m a.s.l., T, ranges between about 6°C and 16°C
and is always higher than T,, which ranges between
about 3°C and 11°C. At this elevation, the subdaily
amplitude of T, is about 5°C to 8°C and that of T is
5°C to 10°C.

Daily aggregated data

Air and ground temperatures show an oscillating yearly
course, with high values in summer and low ones in
winter, and the overall temperature levels decrease with
elevation (Figure 4). However, whereas air tempera-
tures (T,) strongly vary throughout the year, ground
temperatures (T,) remain constant at about 0°C in
winter for a period of time and are decoupled from



30
25
20
2
o 15
=
2
I
g 10
]
t‘D
&=
5
Air, 2543 m
0 Ground, 2543 m
------ Air, 758 m
------ Ground, 758 m
-5
00:00 12:00 00:00
01/07/2002 02/07/2002

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH . 347

12:00

00:00
03/07/2002

12:00 00:00

04/07/2002

Figure 3. Typical subdaily air and ground temperature courses in summer at the lowermost and uppermost ends of the elevational
transect on the S slope in the field. Note that the measurement resolution was 2 hours. Dates (d/m/y).

30

25

20

W
15 0/ \\H'" Ground, 758 m
ALY =0 °Cfor 26 days
Ly i !

10

Temperature [°C]
w

)
RYAN LRy
oy YV
i iy

TRV IRITA]
§Woowowee
Ca |

-10
Ground, 2543 m

Ground, 2543 m = 0 °C for 170 days

A, 2543 m \

Ground, 2543 m
=====-Air, 758 m

-15 =0 °Cfor 12 days
Ground, 2543 m

=0 °C for 13 days

-20

Snow Cover Period i

\ 4

Ground, 758 m

2543 m i -
758 m ] e ]
6/9/01 6/10/01 5/11/01 5/12/01 4/1/02  3/2/02  5/3/02  4/4/02  4/5/02  3/6/02  3/7/02  2/8/02  1/9/02  1/10/02 31/10/02
Time

Figure 4. Air and ground temperature courses on the basis of daily mean values and snow cover period at the lowermost and
uppermost ends of the elevational transect on the S slope in the field. Dates (d/m/y).

T, variations. This 0°C period lasts less than a month
at 758 m a.s.l. but over half a year at 2,543 m as.l
(Figure 4). For both elevations this period occurs under
snow, whereas the end of the 0°C period and the snow
cover period roughly coincide. Moreover, outside this
period T, varies much less than T,, especially below the
freezing point. Above the freezing point, T, exceeds T,
more often than T, exceeds T,. This effect is stronger at
high elevations (2,543 m a.s.l.) than close to the valley
(758 m a.s.L.).

The length of the snow cover period increases from
the valley upslope (Figure 5). Whereas this period is

roughly continuous at higher elevations, it becomes
increasingly fragmented downslope. The onset of the
snow cover in autumn occurs simultaneously over wide
elevational ranges; for example, on 7 November 2001
above 1,900 m a.s.l. The onset at 758 m a.s.l. is delayed
to that at 2,543 m a.s.l. by only twenty-seven days. In
contrast, the termination of the snow cover in spring
spreads much longer over the elevational gradient,
namely, from 25 February 2002 at 758 m a.s.l. until
16 June 2002 at 2,543 m a.s.l, nearly four months.
Moreover, for the S slope field, snow cover termination
is delayed with increasing elevation only slightly up to
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about 1,600 m a.s.l. but progressively more above this
elevation. A short snow cover phase in early autumn
took place only above 2,000 m a.s.l.

Yearly aggregated data

During the observation period, the yearly mean air
temperature (T,) was 10°C on the S slope close to the
valley bottom and decreased by 0.53°C/100 m eleva-
tion (Figure 6a). The regression line for the yearly
mean of the ground temperatures (T,) runs roughly
parallel but 3°C higher. Below 1,250 m a.sl, the
difference between T, and T, becomes smaller to
reach less than 2°C at 700 m a.s.l. The yearly mean
T, gradient over the observed elevational range is
0.44°C/100 m. In contrast to the mean elevational
T, gradients based on mean daily values being linear
in winter (Figure 6c) and summer (Figure 6d), the
equivalent gradients for the ground are curved
(Figures 6g, 6h).

The day-night amplitude of the yearly mean of T,
decreases from 4.0°C at 700 m asl to 2.7°C at
2,500 m a.s.l. (Figure 6b). Whereas T, data points for the
night are situated close to the regression line, the daytime
values are much more scattered below about 1,800 m a.s.l.
In winter, the day-night amplitude of T, drops to 1.9°C at
700 m a.s.l. and continuously decreases with elevation to
completely disappear at 2,500 m a.s.l. (Figure 6g).
However, because the elevational T, gradient is quite flat
in winter (roughly —0.2°C/100 m) the subdaily variation in

the 0°C line (i.e., the elevation at which 0°C prevails) is
+100 m around the daily winter mean of about 2,000 m a.s.
1. In contrast to T, T, in winter shows subdaily variation
of 6.7°C at 700 m a.s.l,, 8.0°C at 1,650 m a.s.l., and 5.2°C at
2,600 m a.s.l. (Figure 6¢), so for a medium elevation twelve
times more than T,. In summer, the subdaily T, amplitude
is about 12°C at 700 m a.sl. and reduces to 8.5°C at
2,600 m asl (Figure 6d). It is thus still three times
higher than that for T, at 700 m a.s.l. but nearly equal at
2,600 m a.sl. (Figure 6h).

The seasonal temperature amplitudes in the air
and the ground are defined here as the difference
between mean summer and winter temperatures.
According to Figures 6¢ and 6d, the seasonal T,
amplitude is 17.3°C at 700 m a.s.l, 14.8°C at
1,650 m a.s.l., and 13.0°C at 2,600 m a.s.l. For T,
it is only 0.4°C lower at 700 and 1,650 m a.s.l. but
4.5°C lower at 2,600 m a.sl. (Figures 6g, 6h).

The number of ice days is about the same (fifteen) for air
and ground at 700 m a.s.1. according to the regression lines
(Figure 6e). Both increase progressively with elevation but
more so for the ground, resulting in nearly 150 air ice days
and 200 ground ice days at 2,600 m a.s.l. However, the data
points for the ground scatter considerably around the
regression line. The number of frost change days in the
air first increases with elevation, reaches a local maximum
of 146 days at about 1,900 m a.s.l., and decreases above
1,900 m as.l. (Figure 6f). The number of ground frost
change days is marginal compared to air and reaches
mostly one-digit values at 2,258 m a.s.. (sixteen days) and



ARCTIC, ANTARCTIC, AND ALPINE RESEARCH @ 349

&r a interpolated Air &F b R?=0.825 —e— Day er (& interpolated Day aF d interpolated Day
R?=0975 —e Ground R*=0.99 —e Night interpolated Mean - interpolated Mean
st 5 sk interpolated Night @I interpolated Night
N T ok P
o ) o o gt
e, 5
o 2F E g g T
S 2 ® T N
g . g g °f g
g ol T™es . 2 £ £ 2r
£ < @ o
5 o Tele T = s oo
i LAU 5 = ol s er
o - 9]
~.. wl
~~ .
Year Year 1 Winter Summer
ot A i : ot ‘ X . SE . : : ot 7 : i :
1000 1500 2000 2500 1000 1500 2000 2500 1000 1500 2000 2500 1000 1500 2000 2500
Elevation [m a.s.l.] Elevation [m a.s.l.] Elevation [m a.s.l] Elevation [m a.s.l.]
SF 2 SF 2 ; = 3 2 SF 2
ol e R*=0.996 —e— Air @ f R?=0.992 —e— Air > g R*=0.878 -A- Day “[h R?=0.738 -4A- Day
- exponential —e-  Ground & R?=0.205 Ground R§=0.921 =0- Mean o Rz:0.935 =0- Mean
ar _ ar %) R°=0.887 =% Night = @ R*=0.973 = Night
z o e
(=3 o 9 o o &r
= & ] Year | 5 5
b a o S o
£ 8 s gl g g~
a - § < 0 20 £ 5w
@ £ Q Kl K
LS o O g o o
= B 2T = € o
<] 3 3 2
I o QP o
o of o [C]
8 ) ©
o| Winter Summer
& i s L L L <L L L s s °L s s s s
1000 1500 2000 2500 1000 1500 2000 2500 1000 1500 2000 2500 1000 1500 2000 2500
Elevation [m a.s.l.] Elevation [m a.s.l.] Elevation [m a.s.l.] Elevation [m a.s.l.]
gf 8F SF
3l R?=0.965 8l j R?=0.876 s B[k R?=0.781 —e— Freezing
& > exponential —e- Thawing
oy 3 ) 8 o
N oF oFr
= 5 ¥ E
| = 3 -0—9—5—0—6—\:—9—9—0—6—9_%\
g < 8 gl g gl
a o & E ®
- o o >
2 Br i =
S : st g gt /
: gl 2 2 4
= % E o
i =
@ o 2 3 § sl ./-,’
B . e &5 < -
of Year oL Year | 2 _[e e e .2 Year
L ' s s L L L N L L n s
1000 1500 2000 2500 1000 1500 2000 2500 1000 1500 2000 2500
Elevation [m a.s.l] Elevation [m a.s.l.] Elevation [m a.s.l]
| R?=0.062 Day m R?=0.832 -4A- Day n R?=0.741 Day
_ ol R®=0.828 -o- Mean| _ of R®=0.988 -o- Mean| _ ol R?=0.837 -0~ Mean
gy R?=0.616 Night EY R?=0.998 - Night EY R?=0.368 Night
e 5 e
b= € E
g o S o 9 o
('lg T l-cﬂ, T ('lg T
[ 9] 5]
£ £ £
s g & -
Q Pk —---- s & Q § opr - o - —-0-
£ £ g
ol O @
[ ~ [
ol ol . ol
ST Year ST Winter ST Summer
L " n " L s n L n L n "
1000 1500 2000 2500 1000 1500 2000 2500 1000 1500 2000 2500
Elevation [m a.s.l.] Elevation [m a.s.l.] Elevation [m a.s.l.]

Figure 6. Diagrams for regressions of air and ground thermal parameters on elevation. All data refer to the S slope and the open
field. Winter refers to data from December to February; summer refers to data from June to August. Note that if regressions are
based on interpolated data or if an exponential regression line was fitted to the data, no coefficient of determination, R?, could be
calculated. Gray shading for data points and regression lines for significance levels: black for p < .05, dark gray for .05 < p < .1, light
gray for p > .1, where the smallest p value of the coefficients in the regression equation is decisive. Data containing interpolated

points and their regression lines are drawn in light gray.

2,408 m asl (twenty-seven days), leading to a small
increasing trend at elevations above 2,200 m a.s.l.

At 700 m asl., the snow cover lasts for about
twenty days according to the regression (Figure 6i).
The number of snow cover days progressively
increases with elevation and reaches about 250 at
2,600 m a.s.l. The first snow-free day after winter
occurs at 700 m a.s.l. in the second half of January
and becomes increasingly delayed with elevation to

occur in the second half of June at 2,600 m a.s.l.
(Figure 6j). Thawing at 5 cm depth typically took
place on the first snow-free day (Figure 6k).
However, at some measuring points (e.g., at 1,808
and 1,958 m as.l), the ground temperature rose
slightly above 0°C under the snow cover. The
first day of ground freezing appears to be nearly
independent of elevation (Figure 6k). However,
whereas it occurs in mid-December at 700 m a.s.l.,
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it becomes gradually earlier with elevation and
slightly steepens above 2,300 m a.s.l. to occur in the
middle to the end of November at 2,600 m a.s.l.
The mean daily temperature/depth gradients (T,/z)
appear to be nearly independent of elevation, but they
slightly increase with elevation (Figures 61-6n). Averaged
over the year, Tylzis about 0°C/m (Figure 6l), over winter
slightly negative (Figure 6m), and over summer slightly
positive (Figure 6n) along the whole elevational gradient.
However, whereas T,/z is negative throughout the day in
winter (Figure 6m), it alternates between negative values
during the night and positive values during the day
(Figure 6n). Moreover, its subdaily amplitude in winter
is about 9°C/m and diminishes with elevation to disap-
pear at about 2,500 m a.sl. In contrast, the subdaily
amplitude of the temperature/depth gradient in summer
increases from about 25°C/m at 700m a.sl. to about
40°C/m at 2,600 m asl. in a trumpet-like pattern.

Elevational thermal gradients—Separated by slope
aspect

The mean annual air temperature (7,) on the N slope
(9.4°C) is only 0.8°C lower than that on the S slope at
700 m as.l. (Figure 7a). This difference diminishes with
elevation and disappears above about 2,000 m a.s.l. The
elevational T, gradient is thus slightly steeper for the S slope
(—0.54°C/100 m) than for the N slope (—0.48°C/100 m). The
influence of the slope aspect is more pronounced for
ground temperatures (Tg Figure 7b): at 700 m asl. the
difference between the N and S slopes is 1.9°C and the
elevational T, gradients differ more than for T, regarding
aspect with values of —0.38°C/100 m for the N slope and
—0.5°C/100 m for the S slope. The T, regression lines
for N and S slopes intersect at about 2,200 m as.l.

In summer, T, are equal for the N and S slopes at
700 m asl. (Figures 7d, 7h) and slightly diverge with
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elevation, which is statistically not significant. The subdaily
T, amplitude is equal for N and S slopes at 700 m a.s.l.
in summer (1.5°C) and slightly decreases with elevation
to 0.9°C on the N slope and 1.3°C on the S slope at
2,100 m asl. The elevational T, gradients in summer are
—0.51°C/100 m for the N slope and —0.54°C/100 m for the
S slope.

In contrast to summer, the winterly N-S difference
in T, is highest at 700 m a.s.. (3.3°C for day and night)
and decreases with elevation (Figures 7c, 7g) to cease at
2,100 m a.s.l. where Ty is —1.6°C during the day and -1.8°C
at night. The subdaily T, amplitude in winter is identical
for N and S slopes and marginal (0.6°C at 700 m a.s.l.
and 0.2°C at 2,100 m a.s.l.). In winter, the elevational T,
gradient on the S slope (—0.36°C/100 m) is nearly three
times higher than that on the N slope (—0.13°C/100 m).
Therefore, the 0°C line during a winter day lies at about
1,700 m a.s.l. on the S slope and more than 600 m lower on
the N slope. This difference increases to 900 m at night.

The regression lines for the number of ice days in
the air (ID,) with respect to slope aspect run roughly
parallel, differing by two to four days (Figure 7e). The
progressive increase in ID, with elevation observed in
Figure 7e is also valid for the N slope. In contrast to
ID,, the number of ground ice days (ID,) differs more
strongly between N and S slopes (Figure 7i): Whereas
there were thirty-two ID, at 700 m a.s.1. on the N slope,
but none on the S slope, ID, for the S slope increases
more with elevation than for the N slope. The N and
S curves for ID, intersect at 1,800 m a.s.l. and eighty-
two days. Upslope ID, rises faster on the S slope than
on the N slope.

The curve for frost change days in the air (FCD,;
Figure 7f) on the S slope has a local maximum between
1,800 and 1,900 m a.s.l. with nearly 150 FCD, and
roughly equals the one shown in Figure 6f. This sig-
moid shape applies for the N slope as well, but a local
maximum does not occur in the observed elevational
range. The FCD,, curve for the N slope increases with
elevation, slightly flattening. Averaged over elevation,
twenty-five more FCD,, occur on the N slope than on
the S slope. In contrast, ground frost change days
(FCDy) are marginal, not only on the S slope (shown
in Figure 6f) but also on the N slope (Figure 7j).
A significant correlation with elevation is lacking.
Note the factor of ten between the ordinates of the
FCD, and FCD, plot.

Whereas the curves for snow cover days (SCDs) and
the first snow-free day of the year (SFD1) increase pro-
gressively with elevation (Figures 6i, 6j) on the S slope,
they run at a higher level on the N slope but increase
degressively upslope (Figures 7k, 71). Consequently, the
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N-S differences regarding SCD and SFD1 increase
upslope to about 1,400 m a.s.l. and decrease thereafter.

Elevational thermal gradients—Separated by land
cover

On the plots for the field-forest comparison, the snow
cover periods are longer for forest than for field at the
same elevation but are more fragmented (Figure 5). The
onset of snow cover occurs earlier for forest than field—
twelve days at 758 m a.sl.—but progressively less
upslope. In contrast, the snow cover terminates three
days later for field than forest at 758 m a.s.l., on the
same day at 1,058 m a.s.l, but seventeen days earlier at
1,508 m a.s.l.,, and twenty-six days earlier at 1,958 m a.s.l.

In the forest, the yearly mean air temperature (7,)
depending on elevation is only marginally lower (<0.2°C
on average), and its elevational gradient slightly is steeper
(—0.55°C/100 m) than in the field (-0.54°C/100 m; Figure
8a). The yearly mean ground temperature (T,) is quite
similar to T, for forest, whereas it is 2.1°C (700 m a.s.1.) to
3.0°C (2,100 m a.s.l.) higher in the field (Figure 8b).
Accordingly, the elevational T, gradient is similar to that
of T, for forest (—0.51°C/100 m) but clearly flatter for field
(~0.45°C/100 m).

For summer nights, the T, differences with respect to
land cover are around 3°C and thus are similar to those of
the yearly mean (Figure 8h). However, during daytime,
the differences considerably increase to 5.0°C at 700 m a.s.
l.and 6.9°C at 2,100 m a.s.l. (Figure 8d). Therefore, the T,
gradient under forest is 0.13°C/100 m steeper than in the
field. The subdaily T, amplitude in summer is about 1.8°C
under forest and nearly constant with elevation but two
(700 m a.s.l.) to three (2,100 m a.s.l.) times higher in the
field.

Whereas T, in summer is higher in the field than
in the forest during the day and at night over the
entire elevational range, this is true in winter only
during the day (Figures 8c, 8g). At this time, T, is
only marginally higher in the field at 700 m a.s.l,, but
this difference increases upslope to about 1°C at
1,600 m as.l. and remains constant above (Figure
8¢c). During a typical winter day, the 0°C line differs
by more than 600 m between forest (1,600 m a.s.l.)
and field (over 2,200 m a.s.l.). During winter nights
the ground is warmer in the forest than in the field up
to about 1,300 m a.s.l. and cooler above this elevation.
The overall elevational T, gradient is —0.17°C/100 m
in the field and more than twice as high under forest.
Whereas the 0°C line during the night remains at
about the same elevation as during day under forest,
it is about 300 m deeper at night compared to day-
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time in the field. The subdaily T, amplitude in winter
is higher in the field (2.0°C) than in the forest (1.0°C)
at 700 m a.s.l. but higher in the forest (2.1°C) than in
the field (0.2°C) at 2,100 m a.s.l. The seasonal T,
difference between winter and summer is 16.7°C at
700 m a.s.l. and 12.8°C at 2,100 m a.s.l. in the field
and thus 3.1°C (2,100 m a.s.l.) to 4.4°C (700 m a.s.l.)
higher than in the forest.

Ice days of the air (ID,) are more frequent under forest
than in the field (Figure 8e). The difference is marginal at
700 m a.s.]. but progressively increases with elevation to
about thirty ID, at 2,100 m a.s.l; that is, one third of ID,
in the forest. Ground ice days (IDy) behave completely
different for field and forest (Figure 8i). In the field, ID,
values scatter around an average of twenty-six days with-
out an upslope trend. In the forest, no ID, appear at
700 m a.s.l,, but the regression line progressively increases

with elevation, intersects the one for field at about
1,300 m asl, and reaches 137 IDg at 2,100 m as.l.

Air frost change days (FCD,) occur more frequently
in the field than under forest (Figure 8f), and both
regression lines follow a sigmoid course (Figure 8f).
In the field the maximum takes place at 1,830 m a.s.l.,
reaching 142 FCD,, and the maximum takes place in
the forest at 1,990 m a.s.l. and 131 FCD,,.

The finding that the number of frost change days in
the ground (FCD,) is marginal compared to FCD,, and is
not correlated to elevation (Figure 7f) proves true for
forest also (Figure 8j). FCD, is about five averaged over
the whole slope for both types of land cover. The differ-
ent trends with elevation are statistically not significant.

In the forest, the ground is covered by snow for
a longer period, namely 38 days compared to 16 days
in the field at 700 m a.s.l. and 144 days compared to



128 days in the field at 2,100 m a.s.. (Figure 8k). That
means that the difference between field and forest
regarding snow cover days (SCDs) reduces with eleva-
tion. In contrast, the difference between field and forest
concerning the first snow-free day after winter progres-
sively increases with elevation: At 700 m a.s.l., the forest
lags 4 days behind the field, and at 2,100 m a.s.l. it lags
by 45 days; that is, more than a tenfold increase.

Discussion
Elevational thermal gradients—Generally

Subdaily and daily aggregated data

On a subdaily scale of temperature courses (Figure 3), it
can be recognized that the ground temperature (T,)
follows the air temperature (T,) if the ground is in
direct contact with the atmosphere; that is, without
snow cover. This suggests the influence of T, on T,.

Furthermore, the lower maxima and subdiurnal
amplitudes of T, compared to equivalent values of T,
at 758 m a.s.l. indicate that the T, signal is damped in
the ground. However, this is not the case at 2,543 m as.l,
where T, is always above T,. This difference between
the low and high elevation regarding T, and T, can
plausibly be explained by the ground’s grain size
distribution, its water content, and radiation,
although these parameters were not measured in the
study.

At 758 m a.s.l., the ground is much finer grained
than at 2,543 m a.s.l., where scree is dominant. Because
the water storage capacity is higher for fine-grained
subtrates than for coarse-grained substrates (Hillel
2004), the water content of the near-surface ground
should be markedly higher at lower elevation than at
higher elevation. In turn, both the thermal heat con-
ductivity and volumetric heat capacity of the ground
strongly increase with its water content (Hillel 2004).
Furthermore, far less solar radiation reaches the ground
surface at 758 m a.s.l. than at 2,543 m asl (Barry
2008). Consequently, during daytime heat originating
from the atmospheric air and caused by incoming
radiation at the ground surface is rapidly conducted
and thus distributed to depth at 758 m asl
Additionally, due to the high heat capacity at this
elevation, large amounts of heat are necessary for
a given volume to cause a given temperature change.
Large amounts of heat can be stored in the ground
during daytime. Both ground properties at 758 m a.s.l.,
the high thermal conductivity and the high heat capacity,
result in relatively low daily maximum values of T,
compared to T,. However, because large amounts of
heat energy are stored during the daytime and the
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outgoing radiation is relatively low at night (compared
to higher elevations), ground cooling is moderate and T,
minima are relatively high compared to those of T,,.

In contrast, at 2,543 m as.l, the high incoming
radiation strongly heats up the ground surface. Due to
the low thermal conductivity at this elevation, the heat
is concentrated in the uppermost layer where the T,
increase induced thereby is intensified due to the low
heat capacity. Both effects lead to high T, maxima
exceeding those of T, at 2,543 m a.s.l. At night, how-
ever, less heat energy can be stored in the ground
compared to lower elevations and the outgoing radia-
tion is stronger, resulting in a far higher subdaily T,
amplitude compared to the damped one at 758 m a.s.l

According to yearly temperature courses based on daily
aggregated data (Figure 4), T, and T, temporally correlate
well outside the snow cover periods and variations are
dampened in the ground. However, the marked local T,
minimum at 2,543 m asl in the second half of
November 2001 coincides with a strong local T,, minimum,
although snow cover existed at this time (Figure 4).
Radiation as a reason for this drop in T, can be ruled out
because it is strongly reflected by snow due to its high
albedo. Consequently, the T, drop below 0°C was caused
by the T, drop. This means that T, also influences Ty if the
snow cover is quite thin, as can be assumed by means of the
course of snow depth at the Montana weather station and is
very likely for November in the study area. Before and after
this period with T, markedly below 0°C around the T,
minimum, there are periods during which snow is covering
and T, remains constant at roughly 0°C, for twelve and
thirteen days, respectively, although T, strongly varies
(Figure 4). A plausible reason for this is the phenomenon
of the zero curtain evolving due to the coexistence of water
and ice: Under such conditions, T, must theoretically
remain at 0°C for thermodynamic reasons until a phase
change (i.e., freezing or thawing) is completed. Only there-
after can T, decrease below or rise above 0°C. Thus, a zero
curtain is also possible without snow cover. However, the
abrupt end of the 170-day zero curtain at 2,543 m a.s.l. and
only 5 cm below the ground surface coincides quite well
with the end of the snow cover period. According to Figure
4, zero curtains of T, at shallow ground depths and the
periods in between below 0°C typically occur under snow
cover. On the other hand, periods with a constant T, at 0°C
can also be due to a thermal equilibrium of the near-surface
ground, which is stabilized by a well-insulating snow cover.
It is thus often not possible to distinguish between a zero
curtain and a thermal equilibrium at 0°C unless the T,
sensors are highly accurate.

To estimate snow depth, measurements at the Montana
weather station (1,427 m a.s.l.) were considered: Snowfall at
the end of November 2001, brought 17 cm of snow. This
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snow melted again before the snowfall at the end of
December 2001, which brought 45 cm of snow. At
2,543 m a.sl, these two snowfalls most probably resulted
in more than 17 and 45 cm of snow, and the snow from the
first event was likely conserved until the next snowfall
occurred. This resulted in a snow depth of more than
62 cm at the beginning of the long zero curtain at
2,543 m asl. According to Hanson and Hoelzle (2004),
the ground is completely insulated from the atmosphere
above a snow depth of about 60 cm. A further indication
that the ground at 2,543 m as.l. is thermally decoupled
from the atmosphere in winter is given in Figure
6m because the T,/z gradient no longer shows subdaily
variation and is roughly zero above 2,500 m a.s.l. in winter.
It can thus be concluded that snow cover conserves the zero
curtain the longer and deeper it is and the zero curtain ends
roughly with snow cover in spring.

Yearly aggregated data
The fact that the mean annual ground temperatures
(T,) are higher than the mean annual air temperatures
(T,) from 700 to 2,600 m a.sl (Figure 6a) can be
attributed to the direct heating of the ground surface
by solar radiation, whereas the air is heated only indir-
ectly and dampened. From the much higher T, than T,
in winter (Figure 6g) compared to summer (Figure 6h),
it can be inferred that in addition to radiation, snow
strongly contributes to T, exceeding T, with respect to
the yearly mean: Snow acts as a thermal insulator and
thus protects the ground from the cold atmosphere.
The elevational T, gradient averaged over the whole
elevational range is flatter (i.e., less negative) than that
for air (Figure 6a). This finding can be explained by
radiation and snow: In summer, the elevational
increase in global solar radiation (Barry 2008) flattens
the elevational T, gradient (~0.56°C/100 m; Figure 6h)
compared to air (—0.64°C/100 m; Figure 6d); in winter,
the elevational increase in thermal insulation by snow
flattens the T, gradient (-0.25°C/100 m; Figure 6g)
compared to that of T, (-0.38°C/100 m; Figure 6c).
Because the study area in Valais is a very sunny region
(MeteoSwiss 2020b) according to its inner Alpine cli-
mate, the above-described effect of radiation is prob-
ably more pronounced than in other alpine regions.
The reason why the T, gradient is flatter in winter
than in summer (Figures 6¢, 6d) can be found in cold
air pools (CAPs), which have been observed in moun-
tains around the world; for example, by the Mount
Washington Observatory (2019), in the Spanish
Pyrenees (Conangla et al. 2018), and in the Swiss Jura
Mountains (Vitasse et al. 2017). According to these
studies, CAPs frequently form on clear winter nights
with little air turbulence (i.e., calm winds): The strong

longwave outgoing radiation efficiently cools the
ground surface, which cools down the near-surface air
above. The near-surface air thus becomes denser than
the air above and flows downslope, called katabatic
wind. This cold air fills the valley and leads to a CAP.
This mechanism leads to a positive elevational T, gra-
dient called inversion. Because inversions occur fre-
quently on winter nights and may persist throughout
the day (Zhong et al. 2001), the mean T, gradient in
winter is clearly lower than that in summer.

In winter, not only the elevational T, gradient is
flatter than in summer (Figures 6¢, 6d), but also the
elevational T, gradient (Figures 6g, 6h). In addition to
the effect of thermal insulation by snow increasing with
elevation, winterly CAP formation flattens the T, gra-
dient: CAP can efficiently cool the ground on the lower
slope where the snow cover is less deep and lasts
shorter than higher up. Moreover, CAP inversions are
often associated with fog, which can persist throughout
the day (Zhong et al. 2001). This reduces incoming as
well as outgoing radiation. Because incoming radiation
contributes much more to the ground heat balance
than outgoing radiation (Hickel 2016), the CAP-
induced fog leads to further ground cooling on the
lower slope, flattening the T, gradient in winter.
Consequently, upslope increasing radiation flattens the
T, gradient in summer less than CAP and insulation by
snow together in winter.

The subdaily T, amplitude remains roughly constant
with elevation in summer; that is, from June to August
(Figure 6h). In winter—that is, from December to
February—it strongly decreases upslope (Figure 6g),
which can be attributed to the thermal insulation of
the snow cover increasing upslope. Averaged over
the year, the subdaily T, amplitude slightly decreases
with elevation (Figure 6b), which is typical for arid
mountains such as the Valais (Richter 1996). The sub-
daily T, amplitude deviates the most from that of T, in
winter (Figures 6¢, 6d, 6g, 6h), indicating that snow is
likely responsible for this. Above about 2,000 m a.s.l,
T, no longer shows subdaily fluctuations (Figure 6g).
This is consistent with Figure 5, showing that the
temporal gaps in the snow cover period for the
S slope in the field from December to February
decrease upslope and disappear above 2,000 m a.s.l.

However, not only in winter but also in summer with-
out snow, the subdaily amplitude is still smaller in the
ground than in the air except above about 2,500 m a.s.l.
(Figures 6h, 6d). This is probably due to the much higher
specific heat capacity of ground compared to air; that is,
for a given temperature change, much more specific heat
energy has to be taken up or released in the ground
compared to air. The subdaily T, amplitude does not



decrease upslope as for T,. This finding is in strong
contrast to Richter (1996). He suggests that the subdaily
T, amplitude is much lower than that at the ground sur-
face for both humid and arid mountains because the
ground surface is heated by incoming radiation in the
daytime and cooled by outgoing radiation at night.
However, in this study, the subdaily T, amplitude was
much lower than that in the air due to the snow cover in
winter and the higher specific heat capacity of ground
compared to air in summer. These two effects together
must thus overcompensate for the radiative effect on the
subdaily T, amplitude described by Richter (1996).

The seasonal temperature amplitudes decrease with
elevation for both air and ground but much more for
ground (Figures 6¢, 6d, 6g, 6h). This is probably due to
the snow cover lasting longer (Figure 6i) and becoming
deeper upslope, leading to reflection of the major part
of the incoming radiation, to prevention of outgoing
radiation from the ground surface, and to efficient
insulation of the ground against cooling in winter and
against warming until early summer.

The dependence of air ice days (ID,;) and air frost change
days (FCD,;) on elevation (Figures 6e, 6f) can be explained
by the elevational dependence of the subdaily T, ampli-
tudes. FCD, first increases with elevation because the
probability for T, in winter nights to be negative increases
upslope, whereas T, in winter during daytime mostly
reaches positive values; that is, ID,, is quite low. However,
after reaching a local maximum at about 1,900 m a.sl,
FCD,, decreases upslope as T, on winter nights but also
during the daytime becomes negative more often; that is,
ID,, exponentially increases. A local FCD, maximum was
reported by Rodler (1885) for the upper Rhine valley
and by Fritz (1976) for the Eastern Alps between 1,400
and 1,700 m a.s.l. The higher value in this study is
probably due to the dryer inner Alpine climate.

In contrast to FCD,, the number of ground frost
change days (FCD,) close to zero over the observed
elevational range (Figure 6f) implies that T, is mostly
either 20°C or <0°C throughout the day. This behavior
can be explained by thermal buffering of T, due to the
coexistence of water and ice (i.e., zero curtain) when T,
can be negative at night but positive during the day.

The number of ground ice days (IDy) is higher than
ID, (Figure 6e) because once the mean daily T, drops
below 0°C, all days in the following frost period are
ground ice days until all of the thermally buffered ground
ice has thawed in spring. Furthermore, compared to air,
ground has a far higher specific heat capacity, making it
thermally more inertial.

The first ground freezing day (FD1g) occurs only
slightly earlier upslope (Figure 6k), although the yearly
mean of T, markedly decreases with elevation (Figure 6a).
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Thus, there must be a distinct rapid T, drop in autumn or
early winter initiating near-surface ground frost through-
out the slope instantaneously.

The first ground thawing day (TD1g; Figure 6k) corre-
lates well with the first snow-free day (SFD1; Figure 6j). In
fact, at most of the observed elevations, TD1, and SFD1 are
identical; that is, T, exceeds 0°C for the first time after
winter on the same day when the snow cover disappears
(case 1). However, at 908, 1,508, 1808, and 1,958 m a.s.l,
TD1, occurred earlier than SFD1; that is, the ground could
thaw only 5 cm below the snow cover base, which must
have not more than 0°C (case 2). In case 1, the ground frost
is thawed by both the geothermal heat flux upwards (g;)
and the atmospheric heating downwards (g;). In
case 2, the ground frost can only be degraded by g;.

The upslope diverging regression lines for the max-
imum and minimum of the ground temperature/depth
gradient (Ty/z) in summer mean that the heat gain of
the ground surface by day and the heat loss at night
both increase with elevation (Figure 6n). This can be
ascribed to radiation: As the atmosphere gets thinner
with elevation, the incoming radiation by day and the
outgoing radiation at night become stronger upslope.

The upslope converging regression lines for the
T,/z maximum and minimum in winter with values
below 0°C/m at 700 m a.s.l. mean that the ground is losing
heat to the atmosphere not only at night but also during
the day over the whole elevational range observed
(Figure 6m). However, the difference between day and
night becomes progressively smaller upslope, which is attri-
butable to the thermal insulation of the snow cover increas-
ing upslope. As the regression lines for the yearly mean of
T,/z converge upslope (Figure 6l), the winter “snow effect”
overbalances the summer “radiation effect” for the
whole year.

Elevational thermal gradients—Separated by slope
aspect

A possible reason for the effect of slope aspect on the
yearly mean T, (on the field), even though it is quite weak
(Figure 7a), is the balancing air fluxes between the N and
S slopes. The flatter elevational T, gradient on the N slope
than on the S slope over the year (Figure 7a) might be due
to more frequent and stronger katabatic winds on the
N slope due to cooler air, resulting in a T, decrease at
the lower slope.

The higher yearly means of T, (under forest) and its
moderately steeper elevational gradient on the S slope
(Figure 7b) result from the strong N-S differences in T,
in winter (Figures 7c, 7g) and are in accordance with
Mani (1962) and Barry and Van Wie (1974). In winter,
the sun’s incidence angle is quite low, so the ground, if
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bare of snow, can be irradiated from the side underneath
the canopy. Because snow-free ground is more likely on
the S slope and at lower elevations (Figures 5, 7k, 71), the
aspect-related difference in radiation reaching the ground
becomes relevant and decreases upslope (even more on
the N slope) with the more frequent and deeper snow
cover. In summer, T, becomes slightly higher on the
N slope toward the tree line (Figures 7d, 7h). This
means that the shading of the ground by the forest canopy
is stronger on the S slope, which is probably due to
a denser canopy there caused by higher radiation favoring
photosynthesis. The subdaily T, variation is lower on the
N slope than on the S slope, lower in winter than in
summer, and lower at 2,100 m a.s.l. than at 700 m a.s.l.
(Figures 7c¢, 7g, 7d, 7h). These findings suggest that snow
cover decreases subdaily T, variations by thermal insula-
tion. This effect is the stronger the longer the ground is
covered by snow and the deeper the snow cover is.

The aspect-related differences concerning the number
of ice days in the air (ID,) are marginal (Figure 7e) and
suggest air convection across the valley bottom as the
reason, as argued for T, above. Regarding the number of
frost change days in the air (FCD,), a sigmoid curve is
predefined and fitted to data for the N and S slopes
(Figure 7f), because this type of curve was found for
FCD, in Figure 6f already. Because ID, is roughly equal
for N and S slopes, the higher FCD,, values on the N slope
mean that frost changes occur on the N slope on days
when T, on the S slope is positive throughout the day.
These conditions prevail, for example, at 1,958 m a.s.l. in
November, with 11 FCD, on the N slope but 0 FCD, on
the S slope and no ID,, for both aspects. Extrapolating the
FCD, curve for the N slope upslope would result in a local
maximum of 174 FCD, at about 2,150 m a.s.l; that is,
higher than the maximum on the S slope. This seems to be
illogical at first glance because FCD, decreases in favor of
ID, above the local maximum of FCD,, on the S slope but
FCD, still increases on the N slope. However, ID, is
slightly higher on the N slope and increases above the
elevation of the local maximum on the S slope but not at
the expense of FCD,. This is possible because FCD,
mainly occur in spring and autumn but ID, occur mainly
in winter.

Up to about 1,800 m asl, the higher number of
ground ice days (ID,) on the N slope compared to the
S slope (Figure 7i) can be explained by the aspect-related
differences in radiation, which become stronger down-
slope because the N slope gets also less scatter radiation
toward the valley. Surprisingly, above 1,800 m a.s.l., there
are more ID, on the S slope. This elevation is roughly the
0°C line for T, in winter on the S slope (Figures 7c, 7g).
According to Figure 5, the snow cover at 1,958 m a.s.l.
begins later on the S slope and is often interrupted in

autumn/early winter compared to the N slope. That
means that the ground on the S slope above 1,800 m a.s.l.
is less often and to a lesser degree thermally protected by
snow from the cold atmosphere than the N slope, resulting
in more ID, on the S slope. Nevertheless, T, can be lower
on the N slope than on the S slope on average in winter
and over the year. FCD, is much lower than FCD, not
only on the S slope but also on the N slope (Figure 7j).

Elevational thermal gradients—Separated by land
cover

The thermally equalizing effect of air convection between
field and forest is also visible in the yearly aggregated data
for T, and its elevational gradient: These values differ only
marginally (Figure 8a). Under forest, shading by the canopy
leads to less radiative ground heating and thus lower T,
values (Figure 8b). As radiation increases with elevation, so
does the T, difference between field and forest, resulting in
a steeper elevational T, gradient under forest in summer
(Figures 8d, 8h) and averaged over the year (Figure 8b). In
winter during the daytime, T, is lower under forest
(Figure 8c) due to the shallower snow depth caused by
interception. Because snow cover is less frequent toward
lower elevations, this difference reduces downslope. In
winter nights, T, values under forest are higher than those
for field on the lower slope (Figure 8g) because the canopy
reduces the nocturnal longwave outgoing radiation, thus
decreasing ground cooling. Because the snow cover is shal-
lower and less frequent on the lower slope, outgoing radia-
tion is crucial here. Inversely, the snow cover in winter
increases upslope and so the difference due to interception
becomes increasingly relevant. Consequently, T, under for-
est at night increasingly falls behind T, in the field
(Figure 8g). Thus, not only in summer but also in winter the
T, gradient is steeper for forest than for field (Figure 8g).
The intersection of the regression lines in Figure 8g explains
why the subdaily T, amplitude in winter is higher in the
field on the lower slope but higher in the forest on the upper
slope (Figures 8c, 8g). In summer, the subdaily T, ampli-
tude is much lower under forest (Figures 8d, 8h) due to its
thermal damping effect caused by radiation shielding.
Comparing Figure 8c to Figure 8d and Figure 8g to
Figure 8h reveals that forest also dampens seasonal T,
variations compared to field.

Regarding the number of air ice days (ID,), the
values are higher for forest than field (Figure 8e);
regarding the number of air frost change days (FCD,)
the reverse is found (Figure 8f). The differences regard-
ing ID, can be ascribed to the reduction of radiation by
the canopy and the thinner snow cover due to inter-
ception. Forest reduces FCD, compared to field; that is,
it stabilizes either frost or frost-free conditions of the



air throughout a day by reducing the incoming as well
as outgoing radiation compared to the field. Thus,
forest thermally dampens the subdaily atmospheric
variability. The sigmoid course of FCD, with elevation
is also valid for forest.

Ground ice days (ID,) are less frequent under forest
than in the field up to 1,300 m a.s.l. (Figure 8i). The
reason is the sun’s low incidence angle in winter when
ice days occur: During the daytime, a high portion of
solar radiation reaches the inclined ground (if free of
snow) even under forest, so the forest’s deficit in
incoming radiation compared to the field is small.
This deficit is overcompensated at night when the
forest protects a snow-free ground from cooling.
Above 1,300 m asl., the higher ID, under forest is
due to snow interception weakening thermal insula-
tion. The independence of ID, from elevation in the
field suggests that the effect of the elevational T,
decrease appears just to balance the insulating effect
of the growing snow cover. Figure 8j shows that the
number of ground frost change days (FCD,) is also
marginal under forest compared to FCD, and that the
ice-water buffer in the ground also applies for forest.

Conclusions and implications

Thermal parameters were investigated as a function of
elevation as a main factor and slope aspect (north vs.
south) and land cover (open field vs. forest) as covari-
ables in this study. Assuming the observed but not
measured processes that incoming solar radiation
heats up the ground, CAPs favor the formation of fog,
and a forest canopy intercepts snow, the following
conclusions can be drawn:

¢ Annual mean ground temperatures (T,) are some
degrees Celsius higher and their average eleva-
tional gradient is flatter than that for air because
radiative ground heating in summer and thermal
protection of the ground from atmosphere in win-
ter both increase with elevation.

e The elevational air temperature gradient is flatter
in winter than summer due to CAPs in the valleys.
This gradient is also flatter in winter than in
summer because of two effects: (1) on lower
slopes, radiation is reduced due to CAP-induced
fog and (2) on higher slopes, the ground is ther-
mally insulated from the cold atmosphere by
SNOW.

e In contrast to Richter (1996), we found sub-
daily T, amplitudes to be strongly damped
compared to the atmosphere and to decrease
with elevation. This indicates the importance
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of thermal insulation by snow in addition to
radiation.

e In contrast to the atmosphere, there is no distinct
maximum of frost change days in the ground
(FCDy) and their number is marginal. This can be
explained by the thermal buffering of the ground
against the atmosphere because water and ice coex-
ist in the ground and stabilize T, at 0°C due to
latent heat exchange.

e The elevational T, gradient under forest is flatter
on the N slope than on the S slope. The difference
is highest in winter because the aspect-related
difference in radiation reaching the ground
becomes relevant in the snow-free valley and
decreases upslope (even more on the N slope)
due to increasing insulation by snow.

o Surprisingly, above 1,800 m a.s.l. there are more
ground ice days (ID,) on the S slope than on the
N slope under forest. This can be attributed to
a longer and thicker snow cover on the N slope
above 1,800 m a.sl. thermally insulating the
ground from the colder atmosphere.

e Forest reduces the annual mean T, compared to
open field due to shading by the canopy and
damps subdaily T, variations by reducing incom-
ing radiation during the daytime and outgoing
radiation at night.

e Under forest, snow interception in winter reduces
the thermal insulation by snow and thus T,

To sum up, the research questions introduced in this
study can be answered as follows:

e Temperatures and related thermal parameters in
mountains differ considerably between air and near-
surface ground and depend on elevation differently
regarding subdaily and seasonal amplitudes.

e Compared to air, the dependence of the thermal
regime on elevation is attenuated in the ground,
and this effect is stronger on the N slope than on
the S slope and stronger for forest than field.

e The investigated environmental factors elevation,
aspect, and land cover integrate various physical
basic factors that change in complex ways at once.
In this study, radiation, snow cover, and ground
heat transfer are interpreted as most relevant basic
factors ultimately controlling the ground thermal
regime in contrast to air.

Compared to the meteorological standard values
(1981-2010) of Montana (MeteoSwiss 2016a) at
a middle elevation of the study site, the year of this
study was average with regard to air temperature and
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sunshine hours (both 3 percent over standard), below
average with regard to fresh snow as well as ice and
frost change days in the air (46, 28, and 15 percent
under standard, respectively), and above average with
regard to precipitation (24 percent over standard).
Thus, for climate standard conditions, the thermally
damping effect of snow would probably be stronger
and that of phase changes probably weaker. However,
the two effects’ alterations in the study year compared
to standard conditions countered each other. Further
measurements might help to detect long-term changes
in these relationships.

The findings of this study apply most exactly for
moderately continental alpine regions in the temperate
zone such as Valais. However, the principles and
mechanisms controlling the ground thermal regime
and elevational gradients, in contrast to those of air,
can be transferred to other mountains in the world.
Depending on a region’s climate, it can be determined
which of this study’s factors are relevant and to what
extent. The knowledge gained in this study helps to
better understand ecosystems, agriculture, and forestry
in mountain regions because a large portion of the
living biomass is underground and is strongly affected
by the ground thermal regime.
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