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Elevational ground/air thermal gradients in the Swiss inner Alpine Valais
Armin Rist , Lotti Roth , and Heinz Veit

Institute of Geography, University of Bern, Bern, Switzerland

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-
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.
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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
(Blüthgen 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 Ta 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 Ta gradient due
to subdaily and seasonal temperature cycles were stu-
died intensively by, for example, Bouet (1978), Müller
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
(Löffler 2007; Graae et al. 2012). Ground temperatures are
especially important in mountainous terrain because the
main respiring biomass ofmost alpine plants is situated in
the ground; that is, in the root zone (Körner 2003).
Ground and air temperaturesmight 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:

● 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?

● 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 1a). 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.s.l. but about
ten times higher between 1,500 and 3,200 m a.s.l.
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(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

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.

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.
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