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Alpine grasslands are an important source of fodder for the cattle of Alpine farmers. Only during
the short summer season can these pastures be used for grazing. With the anticipated climate change, it is
likely that plant production — and thus the fodder basis for the cattle — will be influenced. Investigating the
dependence of biomass production on topoclimatic factors will allow us to better understand how anticipated
climate change may influence this traditional Alpine farming system. Because small-scale topoclimatological
variations of the main meteorological variables: temperature, humidity, precipitation, shortwave incoming ra-
diation and wind speed are not easily derived from available long-term climate stations in mountainous; terrain,
it was our goal to investigate the topoclimatic variations over the pastures belonging to the Alp Weissenstein
research station north of the Albula Pass in the eastern Swiss Alps. We present a basic assessment of current
topoclimatic conditions as a site characterization for ongoing ecological climate change studies. To be able
to link short-term studies with long-term climate records, we related agrometeorological measurements with
those of surrounding long-term sites run by MeteoSwiss, both on valley bottoms (Davos, Samedan), and on
mountain tops (Weissfluhjoch, Piz Corvatsch). We found that the Davos climate station north of the study area
is most closely correlated with the local climate of Alp Weissenstein, although a much closer site (Samedan)
exists on the other side of the Albula Pass. Mountain top stations, however, did not provide a convincing ap-
proximation for the climate at Alp Weissenstein. Direct comparisons of near-surface measurements from a
set of 11 small weather stations distributed over the domain where cattle and sheep are grazed indicate that
nocturnal minimum air temperature and minimum vapor pressure deficit are mostly governed by the altitudinal
gradient, whereas daily maxima — including also wind speed — are more strongly depending on vegetation
cover and less on the altitude.

Maiensass altitudinal belt. When the snow has disappeared
from the low-alpine areas, the cattle are moved further up to

Alpine grasslands are an important source of fodder for thdN® Alpine pastures where they stay during the short summer
cattle of Alpine farmers. The traditional Swiss Alpine farm- (roughly three months from mid-June to mid-September).
ing system uses three elevations to raise cattle: in the winter At ETH Zrich, this traditional Alpine farming system is
the animals are kept on the lowest elevation in the valleyd €Presented by three research stations (seelfrig-hamau

and the cattle are fed mostly with hay and grains that carft 400 ma.s.. representing the valley bottom winter loca;
be stored in the main farm buildings. This traditional sys- tion, Frieblel on 1000 m a.s.l. represents the Maienséass belt

tem is described in detail for the Canton of GrisonaMiss  (SPring and fall), and Alp Weissenstein on 2000 ma.s.|. (sum-
(1941). When the growing season starts, the cattle are driverffn€") IS the third levelugster and Leuenberg&@007, Zee-
up to the second level of pastures and meadows, the so-calldan €t al. 2010. The yield of alpine grasslands can be
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Overview map of Switzerland. The locations of the three agricultural research stations of ETH are indicated with black dots.
CHA denotes Chamau, FRU Fruebtel, and AWS Alp Weissenstein. The four MeteoSwiss weather stations Davos (DAV), Samedan (SAM),
Weissfluhjoch (WFJ) and Corvatsch (COV) are indicated with black triangles.

increased considerably with careful Alp management. How-basic insights in small-scale spatial variations in mountain
ever, quantitative estimates have not been made so far to asalley climate, and (2) to provide a basis for ongoing eco-
sess how topoclimatological factors influence plant biomasdogical climate change researdHifer et al, 2008 Zeeman
production of Alpine pastures. Therefore, it was our goalet al, 201Q and follow-up studies). We give an overview on

to provide a topoclimatological characterization of the pas-the characteristics of the research area and the instrumenta-
tures belonging to the Alp Weissenstein research station. Iion, followed by a description of the climate for the years
an earlier projectHliller, 2007 Hiller et al, 2008 Zeeman  2006—2008, in comparison to the nearest MeteoSwiss long-
et al, 2010, the net biomass production was measured atterm weather stations, and a comparison of measurements
a representative site on this location (F&a). Combining  obtained from paired weather stations offatiently vege-

this topoclimatological assessment and the quantification ofated and unvegetated surfaces.

biomass production will allow us to better understand how

Alpine pasture productivity depends on climate and how an-

ticipated climate change may influence the traditional Alpine

farming system in the Swiss Alps.

Valley-scale topoclimatological studies are rare (see also ] o ) )
Zhenlin et al, 2019). Available studies include the nearby The Alp Weissenstein is an agricultural research station run

Dischma Valley, located 20 km NNE of Davasier, 1981; by ETH Zirich since 196 /Hugster and Leuenberg@007).

Urfer-Henneberger197Q Urfer-Henneberger and Turner It is situated in the eastern Swiss Alps, in the headwater
1982, the French AlpsBouguedroit 1984 Carregal1995, cqtchment of the Albula Valley, JUS't below the Albula Pass
northern SwederZhenlin et al, 2017, and an isolated hillin ~ (F19. 1). South and southwest facing pastures range from
northern EnglandHarrison and Kelly 1996. An overview 1900 m to ar(_)und 2600ma.s.|. with surrounding mountain
of the climatology of the upper Albula Valley, where the Alp ranges reaching altitudes of up to 3016 ma.s.l. Most of the
Weissenstein research site is located, can be founttfier ~ 2réa has a slope angle of 20=38xcept for a relatively flat

et al. (1979. Their interpretation is that the climate of the Valley floor at around 2020ma.s.l. (Fig). Until 1860, a

Albula Valley corresponds more to the Northern Alpine than part of this flat area was covered with a small shallow lake

the Southern Alpine climate, a finding that is mainly basegWith subsurface discharge. During the construction of the
on conceptual reasoning without actual field data. pass road the lake accidentally drained; it could not be re-

In our case study from the ETH research station Alp Weis-Stored, and swampland remained. From 1944 to 1953, the
senstein near the Albula Pass, we characterize the topoclgW@mpland was drained and has since then been used first

matic variation of Alpine pastures. The aim is (1) to provide ig;zrmland and later as hay meadow and pastiadi¢ch
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Figure 2. Alpine pastures of the Alp Weissenstein arés. Experimental plots for ecological climate change research (site 02a), vie
towards SW with Lai da Palpuogna in the backgroutd.Close-up of near-surface measurements with a mini weather station at site O
with rain exclusion shelters in the backgroufe). Forest site 05(d) Valley floor with agrometeorological weather station in the center of
the grassland surface and the Albula Pass in the upper right corner in ENE dirée}iSaree slope site 08a (middle ground) and alpine
grassland site 08b (foreground).

N =2
Q

Alp Weissenstein is located on a geological contact zoneof 15-150 m. With such a design the topographic influence
with whitish calcareous bedrock in the north, consisting are minimized between paired sites, whereas the comparison
of mesozoic sediments (biogenic sediment rocks, mostlyamong all pairs allows for a more detailed topoclimatological
dolomite and limestone). In the south, darker crystallineassessment of plant growth conditions of the Alpine pasture
bedrock is found (mostly granit&aflisch 1954. A small and meadows.
inclusion of gypsum in the calcareous zone gave the name The two agrometeorological weather stations were placed
to this area (Crap Alv in Romansh; Alp Weissenstein in Ger-(1) near the center of the valley bottom where the forme
man, which both translate to White Rock in English). Conif- lake was located (2027 ma.s.l.) and (2) on a small plateal
erous forest is dominant in the southern part of the valleyon the south-facing valley slope (2270 ma.s.l.), whereas th
floor and in the western part of the site at altitudes belowsmall weather stations were distributed over the entire are
2100 m (Fig.3). This area is closely related to the extent of (see Fig3). Figure2 shows selected examples of thfelient
low-fertility soils on crystalline grounds. The area is domi- sites and the vegetation types.
nated by grass vegetation, with scree vegetation or no vege- The MeteoSwiss weather station at Samedan used fg
tation in active scree zones. The southern part of the area isomparison is located south of the Samedan airport at an
covered by forest and shrub vegetation. altitude of 1708 ma.s.l. in the Engadin Valley in a shallow

depression, 8.5 km south-east of Alp Weissenstein. The Me

teoSwiss station at Davos is located at the southern end of

2.2 Design of the weather station network Lake Davos at 1594 ma.s.l. on a south-east oriented slop
) o o . around 30 m above the valley floor and 28 km north of Alp

In order tg characterize the to_pocllma_tlc varlablllty_wnhm ‘Weissenstein. For each of the two nearest valley bottom st
the domain of the research site, we installed a hierarchiyions e also selected their closest moutain peak station fc
cal network of weather stations during the growing Seasof.omparison, which is Weissfluhjoch (2690 ma.s.l.) NW of

from mid-May to end of September 2005. This included two 465 and Piz Corvatsch (3305ma.s.l.) SSW of Samedan
agrometeorological weather stations and 11 small stations(.Fig_ 1).

The agrometeorological weather stations were used to char-
acterize the general climate of the Alp Weissenstein area,

whereas the small weather stations were used to investigate
the diferent microclimates. These sites were mostly chosen

as paired sites at the same altitude, slope and exposition, but
with different vegetation types, typically within a distance
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Figure 3. Location of the weather stations within the investigated area. The position of the agrometeorological weather stations (sites 03 and
06) is indicated with a blue arrow, the position of the stations for the near-surface measurements with red arrows. Reproduced by permission
of swisstopo© 2011, JD100042A100120).

2.3 Instrumentation For the comparison of the two sites at the valley bottom
_ _ respective of the valley slope during sumyaatumn 2005,
2.3.1 Agrometeorological weather stations the data coverage is 100 %; for the climatological overview

at the site on the valley floor, the overall data coverage for
the period 2006-2008 was 97.6 %; the detail shows 100 %
for all months except for November (87.0 %) and Decem-
%er (84.2%). This is caused by two data gaps from 6 to 15
November 2007 (9.1 days) and from 28 November to 15 De-
cember 2008 (17.2 days).

We used weather stations for agricultural purposes (Marka
sub AG, Olten, Switzerland; see alstipy//www.agrometeo.
ch), equipped with a sensor for air temperature and relativ
humidity (Hygroclip, Rotronic AG, Bassersdorf, Switzer-
land), a pyranometer (SP Lite, Kipp and Zonen, Delft,
Netherlands), a pluviometer (LC, Texas Electronics, Dallas,
USA), two sensors for leaf wetness (i Fellbach, Ger-
many), and a combined sensor for grass and soil temper, 5 5 jearsurface measurements with small weather
ature (5cm above, respectively below ground; TB107 and
TBMS1G, Rotronic AG, Switzerland). Measurements were
made every 5s using a CR10X datalogger (Campbell ScienFor the near-surface measurements we used small weather
tific, UK) and stored as 10 min means or sums. Starting onstations consisting of a cup anemometer (model f.555.1.18,
9 September 2005, the data storage interval was increaseichiltknecht, Gossau, Switzerland; sensor height 100cm
from 10 to 30 min to guarantee a longer station autonomy.above ground), and a combined sensor for air tempera-
On 25 September 2005, the boom with the sensors for aiture and relative humidity (TRH 100, Pace Scientific Inc.,
temperature, relative humidity, shortwave radiation, and preMooresville, N.C., USA; sensor height roughly 15-30cm
cipitation was lifted from 2.0 to 2.5 m above ground to lower above ground). Radiation was measured with an amorph so-
the risk that the mounted sensors and the solar panel get fulllar cell (Sunceram 2, Conrad, Solothurn, Switzerland; sen-
covered by snow during the winter. sor height 40cm above ground) connected to a standard

stations
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(a) Thermoisopleths diagram (£ increments) for the agrometeorological weather station 06 (valley floor) for the period 2006—
2008. (b) Same, but for the mean hourly precipitation sum (0.1 mm increments). Gray shaded is the extended winter period where the
unheated rain gauge is expected to malfunction.

resistor. These home-built low-cost sensors were intercali-
brated with a standard pyranometer under ambient conditions
(Fischer 2005. The sensors were mounted on a 1.3m alu-

minium mast, with the upper part painted black to minimize A climatological overview on air temperature, grass tem-
reflection. Measurements were done every 30 min using gerature (5cm above ground), soil temperature (5cm below
XR 440 data Iogger (Pace Scientific Inc., Mooresville, N.C., ground), and precipitation during the three-year period is
USA). The stations were the same as those usedblan-  shown in Table2. During five months (November—March),
then et al(20063 andVonlanthen et al(20068). After field  the monthly mean air temperature was below freezing, and
deployment, all small weather stations were intercalibratedyyring seven months (October—April) it was belowG
at the Chamau research site (Flg;.at 490 m.a.s.l. (see €.9., a general threshold for plant growtKdrner, 2008. Dur-
Eugster and Zeema2006for site details) with a recording  ing the winter months (December—February), the mean daily
interval of 2 min. maxima remained below @ (Fig. 4a). The monthly mean
Some small weather stations already failed shortly aftergajly temperature range (DTR) is dominated by direct sun
installation, so that the net duration covered by all stationsincigence, with only 2.5C in December and up to 86 in
simultaneously is restricted to 13 summer days (24 June tQJu|y_
8 July 2005; see Tablé for considerations on elevational For the three years, an average of 211.7 frost days (tem-
gradients). In comparisons of paired sites, we used the periOSerature falls below ©C) and 76.3 ice days (temperature
covered by both stations, which in the best case was 65 daygeyver exceeds ) per year were recorded. From Decem-
(Sect.3.6). ber to March almost all days had frost, and from December
to February more than 15 days were also ice days. From May
to September less than one ice day per month was seen, and
the number of frost days was at a minimum in July (2 frost
In the following section the data of theffrent weather sta-  days per year).
tions will be presented and interpreted. First, the focus is During five months of the year (November—March), the
on the two agrometeorological weather stations. Second, theaily average grass temperature was beldWC @Table2).
data of the near-surface measurements will be compared paiBuring all months, the average daily minima were be-
wise. Finally, an integrative overview over these findings will low 5°C, for six months even below the freezing point.
be given. The largest mean DTRs were observed during the summer
months (JJA) with up to 16.3C, the smallest during win-
ter with 0.1°C. This clearly shows the isolatingfect of the
snow cover that can exceed 1 m in good winters and also ex-
plains why minimum grass temperatures in the winter are



Overview of data availability for the near-surface mea- a rather poor agreement between Alp Weissenstein and
surement sites (see also Fg).

SamedanR? = 0.41). For values below10°C, a substantial
shift towards lower temperatures in Samedan was observed,

Site  Elevation  Period Surface coverage whereas for Davos, no such pattern was found and the agree-
[ma.s.l] ment was betteiR = 0.67). The question is whether cold-air

01 1955 23 Jun-9 Sep 2005 Forest pasture accumulation on the valley bottom is a key factor for cli-

02a 2005 22 Jun-8 Jul 2005 Pasture matic similarities between Alp Weissenstein and surround-

02b 2005  22Jun-9Sep2005  Fofest ing MeteoSwiss stations, hence we also made a correlation

04 2510 21Jun-25Aug 2005  Alpine grassfand analysis that includes the corresponding mountain peak sites

05a 2028 24 Jun-18 Aug 2005 Meadow . .

05b 2035 22 Jun-19 Sep 2005 Forest quvatsch (near Samedan) and Weissfluhjoch (near quos)

07a 2201 23-25 Jun 2005 Pasture (Flg 6) In all months the best agreement of A|p Weis-

07b 2199 22 Jun—25 Aug 2005 Krummholz shrubland ~ Senstein mean temperatures (hourly resolution) was found

08a 2350 21Jun-11Jul 2005  Scree stope with Davos (Fig6a), withR? typically > 0.8 during the warm

08b 2350  21Jun-19Jul2005  Alpine grassfand season, but clearly with lower values in the winter. Even dur-

09 2540 22 Jun-25 Aug 2005  Alpine grassfand

1 Destroyed by animals.

2 Location changed by farmer.
3 Missing humidity and radiation data from 10 August 2005, 08:00 UTC, onward.
4 Destroyed, missing radiation data from 24 June 2005, 19:00 UTC, onward.

5 Destroyed, missing radiation data from 16 August 2005, 17:30 UTC, onward.

ing a selected winter month (January, Fétp) and summer
month (June, Figsc), Davos was the closest long-term mete-
orological station for all hours of the day. Only in the summer
were the two mountain top stations and Davos similarly cor-
related with the diurnal course of temperature at Alp Weis-
senstein, whereas Samedan, the closest station, was much
more dfected by cold air pooling during nighttime hours

often well above minimum air temperatures, when a snow(01:00-05:00 UTC, Fig6c), which is seen in a clearly lower
cover is present (typically November—April).

Soil temperatures at 5cm depth varied fron.4 to
14.1°C with a mean value of 44C (Table2). Average DTRs
were generally small with largest values during summer (up

to 1.1°C) and almost inexistent in the winter. During January

to March, the mean soil temperature was arouf@,vhich
is considered the expected basal temperature under a good
isolating snow pack in the absence of permafrétdberlj

1973.

R? than during daytime hours. For a long-term characteriza-
tion of the climate at Alp Weissenstein it is hence recom-
mended to use the Davos data.

During the period 21 June to 25 August 2005 (65 days),
both agrometeorological weather stations on the valley bot-

Precipitation was measured during all months. As ex-tom meadow (site 06; at 2027 ma.s.l.) and on the plateau on

pected, the data show more precipitation during summer (ugthe southerly exposed slope (site 03; at 2270ma.s.l.) were
to 155.9 mm per month) than during the transition season®perational (Fig3). Mean temperature at the higher location
(roughly 50-100 mm per month). The mean annual sum ofwas 8.6C and 9.4C at the lower one (Figfa), resulting in
810.8 mm of liquid precipitation is roughly 0.5-0.8 times a mean temperature gradient-9.36°C/100 m. The hourly
the amount of total precipitation interpolated from long-term mean temperatures ranged between 6.4 and°Cl(abso-
data for the region§MA, 1984). In Fig. 4b the mean hourly lute range-2.4 to 21.2C) at site 03 and 5.9 to 13°€ at
precipitation intensities for spring, summer, and autumn aresite 06 (absolute range?.4 to 23.2C). During daytime the
shown. Most remarkable is the peak of roughly 0.3mMmh temperatures at site 06 (valley floor) are nearly constantly
between 15:00 and 18:00 UTC (17:00-20:00 CEST) during2.0°C higher £0.82°C/100 m) than at site 03 (plateau), and
the summer months, which is most likely caused by the typ-during nighttime they are almost constantly 0% lower
ical (afternoon) convective showers and thunderstorms. Pre(+0.21°C/100 m) (Fig.7a), which is in agreement with the
cipitation intensity in all months was higher during the day expectation of catabatic drainage flows bringing cold air to
than at night; however, frozen precipitation during winter the valley bottom where it is pooled at night.
could not be measured due to the use of an unheated rain The diurnal cycle of the water vapor pressure deficit (VPD;
gauge (only in November 2012 was a heated rain gauge inFig. 7c) is more pronounced at site 06 on the valley bottom
stalled for future studies). (mean diurnal range 0.9 to 7.2 hPa) than at the higher ele-
Since the nearest MeteoSwiss ANEBEIN weather sta- vated site (2.2 to 5.7 hPa; Figc), direcly following the re-
tion at Samedan is located only 8 km to the southeast, a relspective diurnal cycle of air temperature. During nighttime,
atively good agreement between our station at Alp Weis-VPD is around 1 hPa higher at the higher elevated site 03, and
senstein and Samedan could be expected. This is howaround 1.5hPa lower during daytime, indicating less proba-
ever only partially the case. Figuteshows pairwise scat- bility of dew formation at higher than lower elevations. As
ter plots of the hourly mean air temperature of Alp Weis- expected, the regime change occurs during the times of sun-
senstein, Samedan and Davos. During winter, the data showse and sunset.



Climatological overview on air temperaturBaf ), grass temperaturd §;as9, Soil temperatureT(sqi) [°C], precipitation sum [mm],
mean number of frost days (FD), and mean number of ice days (ID) measured at site 06 during the period January 2006—December 2008.
Mean daily minima, daily means, and maxima are given for temperature, and the monthly extreme values are indicated in brackets. Between
October to March the rain gauge is expected to freeze, thus the noted values only represent liquid precipitation and thus are expected to
underestimate total precipitation.

Month Tair Torass Tsoil Precip FD ID
min  mean max (range) min mean max (range) min  mean max (range) sum

Jan -63 -52 -23 (-224-88) -19 -17 -16 (82—01) 03 03 03 £0.4-0.7) 80 307 18.0
Feb -7.0 -50 -03 (-236-9.9) -12 -11 -11 (-3.8—01) 03 03 03 £0.2-0.6) 46 280 150
Mar -66 -42 -01 (-27.8-103) -05 -04 -04 (-12—-01) 04 04 04 +01-1.0) 275 307 117
Apr -13 16 53 (16.8-153) -03 09 31 {44-321) 09 10 11 -04-7.0) 498 223 4.0
May 27 56 89 {7.0-181) 11 60 142 -81-413) 45 49 53  (0.0-9.8) 1057 103 03
Jun 58 94 133 55-22.6) 44 108 213 -0.1-458 86 91 97 (41-138) 1187 43 0.0
Ju 69 111 155 +3.9-232) 50 114 213 -$7-37.3) 103 108 112 (6.7-141) 1559 20 0.0
Aug 58 88 127 1.6-215) 53 94 167 -60-273) 96 99 103 (7.1-136) 1363 27 00
Sep 41 67 108 -5.8-223) 34 6.6 139 -54-278 7.7 80 82 (41-114) 836 123 07
Oct 22 42 87 411.3-168) 06 27 86 -86-216) 48 50 51  (21-97) 467 180 23
Nov -32 -21 12 ¢21.7-122) -17 -10 06 ¢143-101) 16 16 17  (0.3-5.0) 535 234 82
Dec -53 -46 -28 (220-66) -1.3 -12 -11 (-52-21) 1.0 10 10  (0.3-1.9) 9.6 298 183

Year 0.0 2.4 6.1 (27.8-23.2) 1.2 3.7 8.2 —(14.3-45.38) 4.3 4.4 46 -0.4-14.1) 8108 211.7 76.3

The grass temperature (sensor 5 cm above ground; not refleund bySchiepp et al1978. However, precipitation mea-
resented in Fig7) behaves similar to air temperature: the surements above 2500 ma.s.l. are rare and thus the deter-
DTR is more pronounced at the higher elevated site 03 thamination of such gradients remaingfatiult. Further, geo-
at site 06 on the valley floor, which is a result of stronger graphical variations are expecteflevruk(1985 quantified
insolation of the southerly exposed slope where site 03 is lothe bias in precipitation measurements for the Swiss Alps
cated, in combination with the veryftirent heat capacities at 2—10 % for rain, 10-50 % for snow, and for othéieets
of the underlying soil surfaces. During nighttime, the valuesup to 10 % underestimatioaflisch(1954 noted that since
at site 06 are around°Z higher (5.1 and 3.9C at sites 06  August 1923 there are precipitation measurements at the Al-
and 03, respectively), and 223 lower during daytime (20.9 bula Pass (Hospiz), but he also states that the wintertime data
and 23.xC). This is consistent with the Hiering efect of  are far below the experienced values of the inner Alps. It re:
the high-organic soil with a high soil water content at the val- mains however unclear which part of thigfdrence can be
ley bottom site vs. the rocky and much drier soil at site 03.attributed to inadequate coverage of snowfall (as with our un-
Soil temperature (not shown) shows for both sites a nearlyheated raingauge) and which part reflects reality. During our
identical diurnal cycle with a small amplitude of 2@, with station visits in the winter, we recorded snow heights of 40—
the minimum at 11:00 CET and the maximum at 20:00 CET.60 cm in December and February on an irregular basis. This
The soil temperature at 5cm depth was “COower at site snowpack adds roughly 80-120 mm of liquid precipitation
03 (9.4°C) than at site 06 (10.4C). when assuming a water equivalent of 0.2. This is much larger

Shortwave incoming radiation is very similar at the two than the recorded sums of 22.2 mm for December to Febru-
sites, although instantaneousfdiences of up to 600 WTh ary and 75.7 mm including November (see also T&ple
are observed under conditions with variable local cloud In this case-study we only can address thiéedénces in
cover. The dference of about-100WnT? at the elevated liquid precipitation, thereby excluding the winter aspects. We
station shortly after sunrise is caused by th@edent hori-  would expect about 30 mm more precipitation at the higher
zon as a result of topography. All otherfidrences are elevated site 03 compared to site 06 on the valley floor when
<50Wn1? and mostly randomly distributed over the day.  scaling the altitudinal precipitation gradient givenfighardt

Precipitation data look very similar with respect to the (1948 and Baumgartner et al(1983 to our sampling pe-
timing of the events, the maximum intensities (up to riod of 65 days. But we measured a much largéfedénce
6 mny10 min) are found simultaneously at both sites. How- of 115 mm. Until 21 August, the 61st day of our measure-
ever, the cumulative sum over the whole period of 65 daysments, the dference between the stations followed the ex-
differs substantially with 271 mm at site 03 and 156 mm atpected gradient. However, during the last four days of our
site 06 (Fig.7b). As was expected, precipitation increased measurements, a dramatic increase was observed. As the
with altitude. recorded dference of 115mm is very unlikely the prod-

Ekhardt (1948 and Baumgartner et al(1983 mention  uct of a meteorological event, even though thunderstorms
an altitudinal precipitation gradient for annual totals of with heavy precipitation were reported for those daye{

P, =68 mny100 m for the Eastern Alps; similar values were teoSchweiz 2005, it might be caused by sensor problems
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Figure 5. Comparison between hourly mean temperatures of the period 2006—2008 for the agrometeorological weather station 06 (valley
floor) at Alp Weissenstein (AWS) and the MeteoSwiss ANFEIMN stations Samedan (SAM) and Davos (DAV). The upper part shows the
winter data (DJF), the lower part the data for spring (MAM). The 1: 1 lines are shifted using an altitudinal gradient° &/ D086m.
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Figure 6. Cogficients of determination between temperature measurements and nearby long-term meteorologRafaitesurly data
aggregateda) for each month, andb, c) for each hour of day during Januafly) and Jungc). Samedan and Davos are valley bottom
stations, Corvatsch and Weissfluhjoch are the corresponding mountain top stations.
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Mean diel cycles of the agrometeorological weather stationéaiaair temperature(b) cumulative precipitation sunfc) water
vapor pressure deficit (VPD), arfd) global radiation for the period 21 June 2005, 12:30 CET to 25 August 2005, 12:20 CET.

at the higher station. Thus, we rejected these last four dayseceiving similar amounts of precipitation as lower sites dur
of the measuring period (from 21 August 2005, 18:00 UTC ing the summer months. If one expects that an extrapolation
on). The amounts change to 193.2mm for the higher (03)of the precipitation gradient from lower stations to Alp Weis-
and 155.8 mm for the lower (06) located site with a gradi- senstein is a valid reference, then our measurements indicate
ent of 15.4 mnil00 /65 days. During the same period, the a comparatively dry climate at Alp Weissenstein: extrapo-
nearest MeteoSwiss precipitation gauges north of the Albuldating the Filisur precipitation to Alp Weissenstein for the
Pass measured 211.3mm at Tiefencastel (892 ma.s.l.) arghort period where both sites 03 and 06 were operational
281.1 mm at Filisur (1030 ma.s.l.). Unfortunately, the clos- would suggest 398 mm during said summer period, whereas
est station at Latsch (1610 ma.s.l.) was out of order duringrue readings were 242 mm or 60 % lower. Fig8réndeed,

our entire case-study period. Still, the vertical gradient of shows that the summer 2005 period was receiving a sur-
16.5 mmi100 m65 days between Tiefencastel and Filisur is prisingly low amount of precipitation at Alp Weissenstein,
very similar to what was measured at Alp Weissenstein. Awhereas in the following years no systematical low read{
comparison of monthly totals measured at site 06 (whiching could be detected. However, April, May and June 2008
was continued after installation in late June 2005) with theclearly show that there can be periods where the precipita-
nearest MeteoSwiss raingauges (Rpclearly shows that, tion regime at Alp Weissenstein clearlfidirs from the lower
despite the increased altitude, Alp Weissenstein is typically
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(1610 ma.s.L.).

sites further north. Only long-term measurements will allow ing to SSW, and lies in the shadow of close-by Igl Compass
a more detailed assessment of suffbats. (Fig. 3) early in the morning (Fig7d).
The nighttime temperature féiérence between the mid-
slope and the valley bottom station show the expectiste
of cold air accumulation in valleys and topographic depres-
sions that are fed by catabatic drainage flows down the slopes
of the valley that starts in the early evening (around 17:00-The temperature fferences between sites 02a and 02b
18:00 according to our temperature measurements presentgwer pasture and coniferous forest) can mainly be charac-
in Fig. 7a) and is part of the local valley wind system. terized by a steeper increase during the morning and gener-
Urfer (1981 reported an inversion height of several 100 m ally 2-5°C higher maximum values (Fi§a). Cooling in the
above valley bottom, whereas our data indicate a lowerforest starts earlier in the evening, but at a lower rate than on
height. The cold air will flow out hydrostatically because the pasture. The minima in the forest are typically (but not
there is no damming as it is likely to occur at the lower end always) slightly higher than on the pasture. During the pe-
of the Dischma Valley, which joins the Landwasser Valley at riod from 23 to 28 June 2005 air temperatures ranged from 8
Davos. Apart from a larger DTR at the valley floor compared to 30°C.

to the slopes (see alshiteman1982), our results are qual- ~ Humidity (calculated as water vapor pressure deficit,
itatively similar to the climatological study of the Dischma VPD) is slightly lower at the forest site than at the pasture
Valley (Urfer, 1981). site during nighttime (VPD is around 3hPa at both sites;

The sky view factor is clearly larger at the upper station Fig. 9b). During daytime the VPD is with a peak value of
which enhances long-wave radiation losses as compared 06 hPa roughly 5 hPa higher at the pasture site than at the
the valley bottom site. Midday temperatures at the upper sitdorest site. The dierences are largest around sunrise (up to
are roughly 2.0C lower than on the valley bottom, showing 8 hPa).

a gradient 0f-0.83°C/100 m. This high gradient could also  Radiation at the pasture site yielded maximum values in
result from a convective layer developing by anticyclonic sit- the range 900-1050 WTh on clear days, whereas typical
uations over the bottom of the valley, which could however values for the forest site were 100-900 WAntlose to the

not be investigated in all detail. . forest floor (Fig.9c). The highest values were generally of

~ The seasonal cycle in solar radiation input s also well seershort duration, which can be explained by an occasional di-
in the diurnal temperature cycle of the continuous 3yr mea-rect view of the sun whenever the station was covered by
surements at site 06, which is more pronounced during suma sunfleck. The wind speed does not, in most cases, ex-
mer than in the winter (not shown). Approximately from De- ceed 15mgs! at the pasture, and 5 misin the forest. Max-
cember to January the weather station 06 and the southefimum wind speeds were normally higher during the day,
part of the valley bottom do not receive direct sunlight and but also hourly mean wind speeds peaked in the afternoon
the temperature changes are hence onlly caused. by advectiqiFig. 9d), when the up-valley wind is active (see alditler

Site 03 (upper station) has a later sunrise than site 06 (vallegt al, 2008. Up-valley winds mostly fiect the valley bottom
floor) because the slope on which the station is located is fac¢see e.g.Whiteman 2000 rather than higher elevations, but
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Figure 9. Mean diel cycles of the near-surface measurement site@fa@ir temperature(b) water vapor pressure deficit (VPOY) in-
coming shortwave radiation, arfd) wind speed for the period 25 June 2005, 01:00 CET to 8 July 2005, 00:30 CET. See alsb fGabhe
description of the site locations.

the highest wind speeds are usually measured 100 or 200 mmassive volumes of cold air to support a strong nocturna
above the bottom of the valley and not on the valley floor down-valley wind.

at one or several meters above the ground. Hence, the high-

est wind speeds are measured during the afternoon on well-

exposed slopes with alpine grasslands at about 300 m above4 Pasture—forest contrasts at intermediate altitude
the bottom of the Albula valley (site 08b) and they are a lit- (~2050ma.s.l, sites 05a and 05b)

tle weaker higher in elevation (sites 04 and 09). Wind speedsBoth temperature time series show a clear diurnal cycle

are a little higher on pastures (or meadows) at the bottonrjq ga) similar to the lower pasture-forest station pair, a

gf. thge dvallehy athIOW(_er (ZOO%ma.sélb: %nes Oll f”m_d 002a, Sele}aster temperature increase is found on the pasture, and
i. 9d) rather than intermediate (2050 ma.s.l.: site 05a) aslower temperature decrease in the afternoon in the fores

titude, probably because the Albula valley is narrower at a temperature maxima at the pasture are reached in late

lower altitude (Alp Weissentein). As expected, wind Sloeedsafternoon, whereas at the forest site the maximum level i

are much lower in forest than pastures or meadows at th‘?eached earlier. Generally, the daily maxima are aroui@ 3

same elevation. They are also weaker on shrublands or Scr%’gher on the pasture, and the minima are %G 3ower. The
slopes than alpine grasslands at the same location due @aily means are rougr,ﬂy 0°€ higher on the pasture.

higher ground roughness. In general, all sites show the clear VPD at both sites is almost identical at around 2 hPa dur
diurngl pattern that_ Is typical for the top portions_of a val- ing nighttime and the first hour after sunrise. During the af-
!ey wind system, with well-developed up-v_alley wm-ds dur- ternoon VPD at the pasture site reaches its maximum witt
ing the day, but very weak down-valley winds at night be- 1qpps \yhereas the maximum at the forest site (13hPa) o

cause of the lack of a large hinterland that could produce, , o during late morning (Figb).
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Radiation at the pasture site typically reaches a maximum
value of 900-1000 W nt, on clear days, whereas the maxi-

mum value at the forest site is around 50 Wrhigher than ) ) .
at the pasture site but usually of much shorter duration. onl "€ diurnal cycle at site 04 shows amplitudes between 2-

a daily basis, the incoming radiation budget on the pasturé4”C With a median value of 17C (Fig. 9a). The time series

is normally between 55 and 75 % higher than in the corre-sfhow _almost the identical _temperature regimes during night-
sponding forest (Fig9c). Wind speeds of 2.75-5.5 misare t|me_(|n mos_t cases _the{ﬂarence_s Were: 0'_5°C)' 0”'_y the
generally higher on the pasture compared to the forest (0.5Maxima during daytime are typically°t higher at site 04

1.5ms?). The corresponding average daily wind speeds ard"19: 102). Minimum temperatures are in the rangé to
0.25-1.5mst and< 0.25 ms? (Fig. 9d). 10°C at both sites, the maxima are in the range 332t

site 04 and 3-25%C at site 09.

VPD was only available for site 09. The highest VPD
(9 hPa) was observed at noon. This site shows the lowest day-
time VPD compared to the other sites. During the night, a
minimum of 2 hPa was measured (Faip).

The daily maximal radiation was around 130 WAhigher
A&t site 04, but it is worth to note that these two sites at the
highest elevation did not record the highest radiation levels of

pared to the previously discussed station pairs, the observe@! Sites (Fig.10c). As for all other sites, wind speed shows
differences between these two sites are unexpectedly smah diurnal cycle with maxima during daytime, Of_6_14Ths
(Fig. 9a), despite the very fierent surface reflectivity, soil (daily mean 2.0ms) at site 04 and 6-10 n% (daily mean
heat capacity and plant activity. The maximaeti roughly ~ 2-1MS") at site 09, which shows that the higher elevated
by 0-2°C. During the first part of our measuring period the SiteS are more influenced by the valley wind system during
grassland site showed higher maxima, later in the seasoff@Ytime with up-valley winds than by the catabatic down-
(with lower solar elevation angle) it was the site in the debris Val€y Winds which dominate at night. On most days, there

cone. The largest fierences of up to € are found during ~ Were also periods with no wind at both sites. Average hourly

the morning hours with grassland being warmer than the deind speeds were thus 1-3.25msand 1-2.75 mrs for the

bris. In nearly all cases, the minima of the grassland site ar&it€ 04 and 09, respectively (Figd).

between 0.5 and 1°& higher than on the debris cone. On

the daily scale, the éierences are within the0.5°C abso-

lute accuracy of the sensors. This finding was not expected

since the almost vegetation free debris cone is not subject

to transpiration cooling as is expected over grassland. HowPiecing all available information from all paired near-surface
ever, our measurements suggest that either therdtisisnt measurement sites together allows us to characterize the
moisture between the debris to allow for evaporative coolinggeneral topoclimatic variations found over the geographic
of the surface, or the whitish color of the calcareous rocksdomain of Alp Weissenstein. This information is typically
reflects sfficient solar radiation in such a way that the de- needed for experimental ecosystem studies and is not easily
bris cone surface cannot heat up significantly above the levefleducible from existing networks for measurements of cli-
observed over the much darker grass. matic variables.

VPD values are very similar at both sites (Féip). Dur- The mean diurnal cycles of all measured variables show
ing nighttime VPD is 0.5hPa lower at the debris cone sitesmaller diferences during nighttime than during daytime
(2.5 hPa), whereas during daytime VPD is up to 2 hPa highefFig. 9). In the case of air temperature, two main factors
(maximum 14 hPa during noontime). can be found, (1) an altitudinal gradient and (2) the influ-

Radiation data were only available for three days afterence of the vegetation. The range is given by site 02b (low
which the sensor at site 08b failed. At least during this shortaltitude, forest) with the highest and site 04 (high altitude,
period, no remarkable fierences could be found, but this ridge) with the lowest minima. During daytime theffdr-
does not imply that this is true for the whole summer sea-ences are much larger, and no clear altitudinal profiles can
son. Wind speed shows a clear diurnal cycle with maximabe found anymore. The highest temperature maximum is
during daytime (Fig9d). The daily maxima for the debris found at site 07b, which is located at the bottom of a de-
cone site were generally in the range of 4-7-f(daily mean  bris cone. The altitudinal temperature gradient is clearest for
1.2ms?), and for the grassland site in the range 7-10'ms the mean (nighttime) minima (Fid1) and could be used for
(daily mean 2.9 md), a rather noteworthy ffierence be- spatial interpolation of temperatures as suggestedayega
tween the two sites that were only 30 m apart. Thi$edi (1995. During daytime, the surface cover becomes more im-
ence suggests that the rough surface of the debris cone dragprtant and thus there is no clear altitudinal gradient of the
the wind more than the relatively smoother grassland. mean daily maxima (Figll). The topographic map (Fi@)

Both temperature time series showed a clear diurnal cycl
with an amplitude between 6 and A2. However, com-
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shows a clear constriction of the valley near the Crap Alvvant additional factor in the hydrological catchment of Alp
houses. This explains why sites 01, 02a and 02b are not afeissenstein. Future studies however should aim at longer
fected by the nocturnal cold-air pooling on the valley floor measurement periods in order to confirm the key findings
where sites 05a, 05b and 06 were located. Although theseresented here. Although relative comparisons during short
sites clearly get lower temperatures than the slope sites, theperiods should already provide most of the relevant infor-
observed warmer nighttime temperatures than on the high almation, it remains a challenge to address climate questions
titude ridge of Igl Compass. (which typically means: 10 or more years of measurements)
VPD is smaller during nighttime at the sites at higher alti- with short-term studies.
tudes than at the lower elevated sitedt@®ences are up to 2—
3 hPa and thus rather small. During daytime, thedénces
increase to- 10 hPa. Sites in forests (02b, 05b) and the high
elevated site 09 show the lowest maximum VPD. The spreadye presented the first topoclimatic assessment of the Alp
between mean daily minima and mean daily maxima is largefyeissenstein area, located in the upper Albula Valley, based
for sites with less vegetation cover (Fifl). Generally, the 4 n_site measurements from one summer season in com-
diurnal cycles of VPD are very similar to the diurnal cycles pination with agrometeorological weather records from June
in temperature (Fig9), suggesting that evaporation and plant 5005 1o December 2008. The overall findings suggest that
transpiration is well below potential evapotranspiration ratesknowledge gained during an earlier study in the Dischma
under current climate, which means that there is no droughva”ey' around 20 km NNE of our study sit&lifer, 1981), is
stress for plants. . useful for the understanding of local meteorological and cli-
_The higher elevated and more exposed sites also show the,a¢ol0gical conditions at the Alp Weissenstein research sta-
highest wind speeds,_whereas Iowgst wind speeds are founghn The topography of the upper Albula Valley where Alp
at the forest sites (Fig® and 10, sites 02b and 0Sb ver- \ygjssenstein is located, only allows for a shallow temper-
sus sites 02a and 05a). The most pronounced diurnal cyclgyre inversion during nighttime, which suggests that there
was found at site 08D (alpine grassland next to debris cone) good drainage of cold air to lower elevations and thus a
with its maximum hourly mean value over 55mandits  ¢jose and direct coupling of climatic conditions on Alp Weis-
minimum hourly mean below 1.25 ms whereas the other  genstein with the regional-scale climate. We could also show
sites show a range between calm conditions and 3.25ms ihat the published altitudinal precipitation gradients (e.g.,
As _expected from the theory of the vaI_Iey wind system (?-g-’Ekhardt 1948 Baumgartner et al.1983 Schiepp et al.
Whiteman2000), the wind speed maxima are found during 197g are of the same order of magnitude as we found for
the high insolation in the late afternoon at all sites. Both, ine summer months. From this we conclude that it should be
mean daily median wind speed and mean daily maximumyssible to translate regional-scale climate change scenarios

wind speed reveal an increase with higher altitude, this grage g 0cCcC2007 to the local conditions that are relevant for
dient is however less pronounced for the maximum valuesggiantific field experiments at Alp Weissenstein.

When comparing the higher elevated station pairs (09 versus
04, and 08a versus 08b) it becomes apparent that the topog-
raphy surrounding each station is also an important factor, We thank our technician Jurg Schenk, and
(Fig. 10). all 28 students who helped with the field work during the field
In summary, the topoclimatic variations over Alp Weis- course in topoclimatology of the University of Bern. Hans Leuen-
senstein are strongly influenced by the valley topographyberger, responsible of the Alp Weissenstein ETH research station,
and thus the altitudinal fierences, which in turn determine Made this study possible by providing the necessary support. The
nocturnal conditions and — indirectly via the convective pro- availability of. meteorolog.ical data from the MeteoSwiss digital
cesses within the valley wind system — the daytime maxi-dat@base is highly appreciated.
mum wind speed. During the day, topoclimati¢feiences
are primarily related to vegetation cover, a variable which re-
duces the elevationaftect in air temperatures. However, es-
pecially the contrast between vegetation-less debris cone and
adjacent grassland was much smaller than expected. Wind
speeds tended to be smallest and least variable at mid-slope

levations. wher ron winds were foun X aumgartner, A Reichel, E., and Weber, G.: Der Wasserhaushalt
elevations, whereas strongest winds were found, as e pecteg, der Alpen: Niederschlag, Verdunstung, Abfluss und Gletscher-

at upper el_eyatlo_rWS and more e)fposed localities. Slope angle spende im Gesamtgebiet der Alpen im Jahresdurchschnitt fir
and exposition did not strongly influence the measurements die Normalperiode 1931-1960, R. Oldenbourg Verlag, Minchen,
presented here since our stations only covered the agricultur- \yjen 1983,

ally used part of the valley that has a rather similar generalcalisch, C.: Weissenstein am Albg@rap alv, Biindner Monats-
slope aspect (S to SW). Hencdfdrential thermal heating is blatt — Zeitschrift fiir biindnerische Geschichte, Landes- und Vol-
minimized within our domain, but which is certainly a rele-  skunde, 2, 65-111, 1954.
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