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Abstract

For the last two hundred years, the forestry sector in Central Europe has largely relied on

Norway spruce (Picea abies (L.) Karst.). In the face of climate warming, though, the mete-

orological conditions in Central Europe are changing, causing spruce die-off due to drought

stress and insect outbreaks. Tree species composition in Central Europe’s forests will have to

change, with European beech (Fagus sylvatica L.) being a promising alternative, as it consti-

tutes the potential natural vegetation of most of Central Europe’s land area. However, at the

higher altitudes of mid-range mountains, beech is currently deemed to be limited by spring late

frost events, deterring foresters from endeavors to diversify the spruce forests in these areas.

This thesis aims at determining whether beech is currently late-frost limited at the summit

of Schneeberg, the highest summit of Fichtelgebirge mountains with an elevation of 1051 m

above sea level, and at assessing whether special sites such as block fields influence the mi-

croclimate of their surroundings, mitigating frost events and thereby enabling beech growth in

high altitudes. Mobile air and surface temperature measurements were conducted during four

late-frost events in spring 2019 near the summit of Schneeberg in the proximity of a granitic

block field. Additionally, stationary air temperature measurements allowed for a comparison

of the Schneeberg temperature regime to lower-elevation, beech-covered sites at Buchberg and

Rauher Kulm, with the latter representing a second block field study area. Neither of the

two investigated block fields exhibited the cold-air drainage flow and air temperature inversion

typical for such sites, probably because they were too small for the expected microclimate to

develop. The block field at Schneeberg was the warmest part of the summit area during night,

but did not alleviate the frost temperatures in the surrounding forest up to the investigated

distance of 50 m from the edge of the block field. The lowest air temperatures were found

at the locations of the only four beech trees growing in the vicinity of the block field. It is

concluded that the block field neither positively nor negatively affects the survival of beech

at Schneeberg summit, and that beech is currently not late-frost limited in the Fichtelgebirge

mountain range.
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Zusammenfassung

In den letzten zweihundert Jahren hat die Forstwirtschaft in Mitteleuropa weitgehend auf der

Fichte (Picea abies (L.) Karst.) basiert. Im Zuge der Klimaerwärmung verändern sich die meteo-

rologischen Bedingungen in Mitteleuropa jedoch zu Ungunsten der Fichte, welche zunehmend

aufgrund von Trockenstress und Insektenbefall abstirbt. Die Baumartenzusammensetzung in

den Wäldern Mitteleuropas wird sich ändern müssen, wobei die Rotbuche (Fagus sylvatica L.)

eine vielversprechende Alternative darstellt, da sie die potenzielle natürliche Vegetation des

größten Teils der mitteleuropäischen Landfläche ausmacht. In den höheren Lagen der Mittelge-

birge gilt die Buche jedoch derzeit als durch Spätfrostereignisse im Frühjahr limitiert, was die

Förster von Bemühungen abhält, die Fichtenwälder in diesen Gebieten zu diversifizieren. Ziel

dieser Arbeit ist es, festzustellen, ob die Buche am Gipfel des Schneebergs, der mit 1051 m über

dem Meeresspiegel höchsten Erhebung des Fichtelgebirges, derzeit spätfrostlimitiert ist und ob

Sonderstandorte wie zum Beispiel Blockhalden das Mikroklima ihrer Umgebung dahingehend

beeinflussen, dass sie Frostereignisse abmildern und damit das Wachstum der Buche in ho-

hen Lagen ermöglichen. Mobile Luft- und Oberflächentemperaturmessungen wurden während

vier Spätfrostereignissen im Frühjahr 2019 in Gipfelnähe des Schneebergs in der Umgebung

einer granitischen Blockhalde durchgeführt. Zusätzlich ermöglichten stationäre Lufttempera-

turmessungen einen Vergleich des Schneeberg-Temperaturregimes mit den tiefer gelegenen,

buchendominierten Standorten am Buchberg und Rauhen Kulm, wobei letzterer ein zweites

Blockhalden-Untersuchungsgebiet darstellt. Keine der beiden untersuchten Blockhalden wies

die für solche Standorte typischen Kaltluftabflussströmungen und Lufttemperaturinversionen

auf, vermutlich da die Blockhaldenfläche nicht für eine Entwicklung des erwarteten Mikroklimas

ausreichte. Die Blockhalde am Schneeberg war in der Nacht der wärmste Teil des Gipfelbereichs,

milderte aber die Frosttemperaturen im umgebenden Wald bis zur untersuchten Distanz von

50 m, gemessen vom Rand der Blockhalde, nicht ab. Die kältesten Lufttemperaturen wurden an

den Standorten der einzigen vier Buchen gefunden, die in der Nähe der Blockhalde wachsen. Es

wird gefolgert, dass die Blockhalde das Überleben der Buche am Schneeberggipfel weder positiv

noch negativ beeinflusst und dass die Buche im Fichtelgebirge derzeit nicht spätfrostlimitiert

ist.
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1. Introduction

1.1. Background

The European beech (Fagus sylvatica L., subsequently referred to as beech) is one of the ecolog-

ically and economically most important tree species of the temperate forests of Central Europe

(Bradshaw and Holmqvist, 1999; Dierschke and Bohn, 2004, Ellenberg, 1996, chap. A I 1).

For one, it has a wide physiological as well as ecological acidity and medium soil moisture

optimum, enabling it to inhabit a wide range of sites as a climax species (Ellenberg, 1996,

chap. B I 2 b). For another, it is extremely shade-tolerant as a sapling, being able to survive

in the deep shade induced by mature individuals that causes higher mortalities in competitor

species (Petritan et al., 2007). Thus, it often reaches more than 90 % canopy cover (Dier-

schke and Bohn, 2004) and beech forests make up 74 % of Central Europe’s potential natural

forest vegetation, only omitting extremely dry, wet, acidic and cold sites as well as sites like

block fields which are prone to ground movements; though currently, beech forests only cover

14.8 % of Germany’s woodland area (Moning and Müller, 2009). This reduction results from

an intensive deforestation and overexploitation of forests until the 19th century and subsequent

reforestation with fast-growing coniferous tree species (Spiecker et al., 2004). The distribution

area of beech ranges from southern Scandinavia in the north to eastern Poland in the east

and to Italy and Greece in the south, with inhabited elevations increasing from north to south

(Dierschke and Bohn, 2004). Its elevational limit at the center of its distribution is at approx-

imately 1000 m above sea level (a.s.l.), where it is replaced by Norway spruce (Picea abies (L.)

Karst., subsequently referred to as spruce) and fir (Abies alba Mill.).

In the face of climate change with a predicted warming between 1.0± 0.7 K and 3.7± 1.1 K

(Representative Concentration Pathway; RCP; 2.6–8.5) relative to 1986–2005 (IPCC, 2013),

beeches might be able to inhabit significantly higher elevated sites within just one century.

With a mean ambient lapse rate of 0.65 K per 100 m of elevation, the worst-case prediction

with a warming of 3.7 K could equate to approximately 570 m of ascending distribution limits.

Similarly, the lower elevational limit of spruce is also rising due to increasing soil water deficits

during spring and summer stemming from an increased vapor pressure deficit caused by high

air temperature Tair, especially near the surface, and often coinciding low precipitation sums

(Vospernik and Nothdurft, 2018), resulting in reduced productivity of spruce at lower sites,

which is already visible (Kölling et al., 2007). During the last few decades, bark beetle (Ips

typographus L.) outbreaks increasing in frequency and magnitude have caused considerable

disturbances to spruce forests, especially those located at lower elevations where Tair is higher

(Marini et al., 2012). With near-surface Tair rising and dry summers becoming more frequent,

climatic conditions will be favorable to bark beetle development, causing outbreaks to reach

higher elevations (Marini et al., 2012; Mezei et al., 2017). In the light of increasing future risk
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in cultivation of spruce (Kölling et al., 2007), it is imperative for the forestry sector to adapt

species compositions to future conditions. Considering beech’s optimal harvesting rotation age

is 120 to 140 years (Hofmeister, 2004, p. 249), these adaptations should already be started

now. Even near beech’s cold distribution limit, where its plantation is not yet considered,

forest rejuvenation with young beeches should be encouraged wherever possible, for this area

will probably be further inside the ecological tolerance range of beech in a few decades. Then, as

soon as climate is less favorable to spruce at these sites, there will be already mature individuals

of beech to establish a seedling bank and compensate the deficit caused by withdrawing spruce.

The current limiting factor at higher elevations is the minimum temperature Tmin, especially

during the period of bud break, whereas winter Tmin and growing-season mean Tair are probably

not relevant for the distribution limit (Kollas et al., 2014). In the phase of de- and re-allocation

of resources, which equals to bud break and leaf fall, trees are especially sensitive to frost. The

only partially developed leaves can already be killed by Tair of −2.0 °C (Kadereit et al., 2014,

chap. 27.3.1) to −3.0 °C (Till, 1956). Other studies (Hofmann and Bruelheide, 2015; Vitasse

et al., 2014) reported lower minimum Tair necessary for damaging leaf tissue; however, since

the duration of the artificial frost events ranged from 45 min to 4 h and the phenological stages

of the leaves differed between studies, no universal assertions can be made regarding the exact

Tair and duration of frost necessary for leaf damage. Small trees in particular are prone to late

frost events (Ningre and Colin, 2007), with minimum Tair usually occurring close to the ground

whenever the canopy cover is low. This low Tair near the ground is caused by high ground

outgoing longwave radiation I ↑ (positive sign) in combination with low sky incoming longwave

radiation I ↓ (negative sign) leading to a large positive longwave radiation balance at night,

which means a net radiation loss (Jordan and Smith, 1995), since the shortwave incoming and

reflected radiation, K ↓ and K ↑, respectively, both equal 0 W m−2 during the night (Eq. 1.1).

Q∗S = K ↓ +K ↑ +I ↓ +I ↑ (1.1)

Under a dense canopy, however, Tair is usually more moderate during the night due to the

strongest radiational cooling taking place in the canopy instead of near the ground (Vickers

and Thomas, 2014) and a larger I ↓ reducing the positive longwave radiation balance, thus

mitigating frost damage (Bianchi et al., 2019; Negi et al., 1996). Local adaptations to late

frosts are possible, mainly by delaying bud break (Kreyling et al., 2014), but juvenile trees

open their buds significantly earlier than mature trees in order to receive almost full sunlight

before they are shaded by the crown (Augspurger and Bartlett, 2003). Thus, saplings are

most affected by late frost effects (Vitasse et al., 2014), which can include bud damage (Liepe,

1993), forking (Ningre and Colin, 2007), a reduction of canopy density by up to 50 % despite

refoliation (Augspurger, 2009) and reduced radial growth by more than 90 % (Dittmar et al.,

2006).

Whether damage due to late frost will increase or decrease with ongoing climate change is

currently still under debate and depends on the probability of late frost events in combination

with changes in tree phenology. Despite near-surface Tair rising globally, cold extremes are

likely to persist in their current intensity and duration in many regions when viewed as global

total, with only their frequency varying regionally (Kodra et al., 2011). Therefore, the future
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development of late frost events is most sensitive to changes in the timing of leaf-out (Cannell

and Smith, 1986). This timing in turn depends on the chilling time, thermal or forcing time and

photoperiodic requirements of the species. Murray et al. (1989) defined chilling as the number

of days with Tair <5.0 °C since November 1 and thermal time as the number of days with Tair

>5.0 °C since January 1. Most plants in temperate climates need a specific chilling time followed

by a specific thermal time to initiate bud burst in spring, with the two being interconnected:

With accumulating chilling days the subsequently required thermal time decreases until it

reaches a minimum value when the buds are fully chilled (Caffarra and Donnelly, 2011; Cannell

and Smith, 1986). Climate change is likely to affect both: chilling requirements will be met

later, while the temperature sums necessary for bud burst will be reached earlier (Kramer,

1994). Therefore, depending on the exact circumstances of tree growth and the requirements

of the species, studies come to different conclusions on future late frost damage risk: Cannell

and Smith (1986) as well as Hänninen (1991) found frost damage to increase due to high Tair

in early spring causing earlier bud burst. Leinonen (1996) described a similar effect on Scots

pine (Pinus sylvestris L.), while according to Fisichelli et al. (2014) earlier leaf-out increased

the mortality of broadleaf trees but not of conifers.

On the other hand, Kramer (1994) found Tmin at the time of bud burst to be higher or

constant, causing frost damage risk to decrease. Murray et al. (1989) and Guo et al. (2019)

came to similar results, stating that thermal time increased greatly with decreased chilling for

beech and apple (Malus pumila var. domestica C.K. Schneid.), causing phenology to stay the

same or even be delayed. Additionally, bud burst of beech is co-controlled photoperiodically,

with shorter photoperiod increasing the thermal time in order to avoid flushing too early (Fu

et al., 2019; Heide, 1993; Lenz et al., 2016). Vander Mijnsbrugge et al. (2016) furthermore

found summer drought to delay bud burst in the following spring, probably a carry-over effect

from delayed senescence in fall to compensate for lost growth time. With droughts likely to

increase in intensity and duration as a consequence of climate change (medium confidence;

IPCC, 2013), this effect might gain importance in the future, though according to Čehulić

et al. (2019), droughts in two subsequent years had opposite effects on the timing of bud burst.

Moreover, frost risk can depend on elevation, with forests >800 m a.s.l. in Central Europe at

an increased risk, while lower sites do not exhibit any trend (Vitasse et al., 2018). Assessing

the frost risk in combination with the timing of leaf-out is further complicated by the fact

that older, mature leaves are more frost-resistant than young, newly sprouted leaves (Kadereit

et al., 2014, chap. 27.3.1, Menzel et al., 2015). Plants with an earlier leaf-out can therefore

even be at an advantage. Additionally, the frost-resistance of an individual depends on water

and nutrient supply, with individuals used to drought and individuals with a perfect nutrient

availability being more resistant (Kadereit et al., 2014, chap. 27.3.1).

After a late frost event that damaged the leaves, despite not having many dormant buds, beech

canopies can recover (Nolè et al., 2018; Zohner et al., 2019). The second greening is initiated

especially fast in individuals that started sprouting early in spring during the first flushing

period (Menzel et al., 2015). With refoliation in combination with delayed fall senescence,

beech is able to compensate ∼30 % of the deficit in growing-season length (Zohner et al., 2019).

The stress caused to a plant by a frost event can lead to acclimatization with subsequent
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leaves being less frost-sensitive, provided the plant survived the event (Kadereit et al., 2014,

chap. 26.2). Beeches’ radial growth exhibits low resistance but high resilience to frost damage

with no carry-over effects into subsequent years (Pŕıncipe et al., 2017).

Despite all uncertainties concerning the future development of the importance of late frost, it is

clear that late frost risk is currently a vital factor for the distribution and survival of broadleaf

trees. Since species are especially sensitive to climate near their distribution limit (Farahat and

Linderholm, 2018), in these areas sites with a special microclimate might enable extrazonal tree

growth in places where large-scale or local climate is limiting. Such special sites can be steep

slopes, pure rock or coarse blocky deposits (subsequently called block fields), where competition

between adult trees and juveniles might be reduced due to the missing canopy cover, enabling

the saplings to receive more light, water and nutrients (Ammer et al., 2008). In addition to the

reduced canopy cover, the microclimate of block fields has many exceptional properties with

complex interactions of slope, season, time of day, wind and snow conditions, which facilitate

studying various climatic conditions in a small area.

In winter, four scenarios are possible: When there is little to no snow cover, cold, dense air

descends into the voids between the blocks and freezes water coming from rainfall or snow

melt, the so-called Balch effect (Balch, 1900, chap. II; Fig. 1.1 a). However, in strong-wind

conditions, Tair in the voids rapidly adjusts to the changing Tair in the atmosphere down to

a considerable depth beneath the block surface (Harris and Pedersen, 1998; Fig. 1.1 b). On

the other hand, a thick snow cover prevents the voids from freezing (Růžička et al., 2012) and

induces the chimney effect first described by Wakonigg (1996): Small holes in the snow cover

allow cold air to enter, replacing the warmer air inside, which rises in between the blocks and

escapes through similar holes further up the slope (Fig. 1.1 c). This effect can be large enough

to keep the upper end of the slope frost-free all year (Růžička et al., 2012). However, when

boulders protrude the snow cover due to strong winds blowing the snow away from the tops of

the boulders, the rock acts as a thermal bridge because of its high heat conductivity, increasing

the ground cooling (Davesne et al., 2017; Fig. 1.1 d). The ground cooling is further enhanced by

the protruding boulders’ high surface roughness, as the turbulent heat fluxes are proportional

to surface roughness (Davesne et al., 2017). Therefore, while strong winds might prevent the

voids from freezing permanently when snow cover is missing, they reduce the insulating effect

of a snow cover that is present.

During spring, snow meltwater can refreeze due to the low temperatures between the blocks

(Balch, 1900, chap. II, Zacharda et al., 2007) and lead to an increase of the internal block field

Tair due to the release of latent heat in the process (Zacharda et al., 2007). The chimney effect

now works in reverse: cold air still present between blocks sinks downslope through the voids

and escapes the bottom of the block field when the melting snow cover no longer prevents it,

enabling warmer air to slowly replace it from the top to the bottom (Harris and Pedersen,

1998). In summary, air flow on hill slopes with rocky deposits is mostly comprised of katabic

flow during the warm season and anabatic flow during the cold season (Popescu et al., 2017).

If ice has formed in the interior of the voids, it can melt during spring, causing a continuous

cold-air seepage at the bottom of the block field (Růžička et al., 2012) due to latent heat

being consumed by melting or sublimation of ice and subsequent evaporation (Růžička et al.,
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Figure 1.1.: Schematic of common micrometeorological processes near block fields during winter, de-
pending on snow cover and wind.

2015; Wakonigg, 1996). Not all of the ice necessarily melts, though; Popescu et al. (2017)

found permafrost at an elevation of ∼1100 m in the Western Romanian Carpathians and both

Zacharda et al. (2007) and Stiegler et al. (2014) found ice to be able to persist year-round

under blocky material in Central Europe even <1000 m a.s.l., far below the regional limits

of mountain permafrost, which lie at ∼2300 m a.s.l. in the Bavarian Alps according to Gude

and Barsch (2005) and in the Alps in general at ∼2000 m a.s.l. (Boeckli et al., 2012). It is

therefore unclear whether year-round ice can be found in Bavarian mid-range mountains like

Fichtelgebirge with its highest peaks at ∼1000 m a.s.l.

The diurnal cycle is characterized by a high solar insolation during daytime because of the

missing plant cover, while at night, the high I ↑ of the block field in combination with low I ↓
under clear-sky conditions leads to radiative cooling (Kotzé and Meiklejohn, 2017) with cold air

pooling close to the ground under weak-wind conditions with stable atmospheric stratification,

creating an inversion (Dobrowski, 2011). On steeper slopes, cold air can flow downhill through

the voids, enhancing the inversion.

The cold-air seepage at the base of the block field keeps Tair low for a long time in spring and

summer, creating an extrazonal micro-habitat for the characteristic cold flora of the sub-alpine,

boreal and arctic (Dobrowski, 2011; Harris and Pedersen, 1998; Růžička et al., 2015). However,

it is as yet unclear whether warm air exhalations at the top of the slope in combination with

cold air being drained might have an opposite effect on the upper part of the block field and

the area above, enabling more thermophilic, late-frost limited plants like beeches to survive

outside of their usual distribution limits.

1.2. Objectives of the thesis

In this thesis, I aim to determine

a) whether beeches are currently late-frost limited at the summit of Schneeberg, whose eleva-

tion of 1051 m a.s.l. makes it the highest mountain of Fichtelgebirge, or if and where it would
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be possible to increase forest biodiversity by sowing or planting beeches. For this purpose,

I will quantify small-scale Tair differences at Schneeberg and compare them to large-scale

elevation-driven differences to other study sites at Rauher Kulm and Buchberg, and

b) I intend to assess whether special sites such as block fields influence the microclimate of

their surroundings due to their exceptional energy and radiation budget, systematically

affecting beech rejuvenation. For this, I want to quantify small-scale Tair and longwave

radiation intensity differences between locations with beeches, open terrain without beeches

and block field locations.

1.3. Hypotheses

Based on the objectives and the literature research, the following hypotheses were conceived

for time periods with an absence of strong synoptic forcing, when microclimate is expected to

be an important driver:

I a) Small-scale spatial Tair differences exceed large-scale, elevation-driven differences in mag-

nitude during nighttime.

This hypothesis is expected due to the influence of block fields on the microclimate.

I b) Tair at the warmest locations at Schneeberg summit is equal to or higher than Tair at the

coldest locations at beech-covered reference sites during late frost events.

This hypothesis follows from I a) and implies that beeches are currently not late-frost

limited at the warmest locations of the Schneeberg summit area.

II a) At night, the block fields cool down further than forested areas.

This hypothesis is expected due to a strong net radiation loss at the block field stem-

ming from the block field’s high thermal conductivity and high longwave emissivity in

combination with low I ↓ because of the missing canopy cover.

II b) Nighttime Tair at the top of the block field is higher than at the bottom of the block field

in absence of high wind speeds.

This inversion is expected due to cold-air drainage between the blocks and pooling near

the bottom, especially in ground depressions.
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2. Methods

2.1. Locations

The main study site was located at the summit of Schneeberg (50.0524° N, 11.8539° E) in the

Fichtelgebirge mid-range mountains in south-eastern Germany (Fig. 2.1). With 1051 m a.s.l., it

is the highest elevation of Fichtelgebirge mountains. The summit area was used by the German

military until the end of the cold war, keeping the plateau treeless. A micrometeorological

weather station (type WS-GP1, Delta-T, Umweltanalytische Produkte GmbH, Ibbenbüren,

Germany) was installed on the roof of a former military building at the summit (Fig. 2.2),

recording Tair and humidity, wind direction and speed as well as short-wave radiation and

precipitation since June 2016 at a resolution of 10 min.

55°    

50°    

45°    

-5°    0°    5°    10°    15°    

Figure 2.1.: Map of Central Europe with study sites. (Base map: Image Landsat/Copernicus, © 2021
Google, US Dept of State Geographer, © 2021 GeoBasis-DE/BKG. Country borders:
© 2018 GADM)

The plateau at the top of Schneeberg consists of open grassland interspersed with small an-

thropogenic block heaps that were created for nature conservation purposes. The surrounding
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Beech
STH
MTH
IR camera

MSA

Weather sta on

Legend

Figure 2.2.: Map of the Schneeberg site with measuring locations of the stationary thermohygrometers
(STHs), the mobile thermohygrometer (MTH), the infrared (IR) camera, the micro sonic
anemometer (MSA), the weather station and beeches B1 to B4. The summit is located in
the top left corner of the map. (Base map: © 2021 Google, © 2021 GeoBasis-DE/BKG)
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2.1. Locations

forest is mainly comprised of spruce and occasional mountain ash (Sorbus aucuparia L.) with

only few beech saplings near the summit. Directly south of the summit, a granite block field

with an area of ∼0.5 ha is located. The blocks have a diameter range of up to several meters.

Due to its high plant biodiversity and its function as a habitat and breeding area for caper-

caillie (Tetrao urogallus L.; Hertel, 2009), the summit and parts of the southern flank were

appointed as nature conservation area as well as Special Area of Conservation (SAC) under the

Council Directive 92/43/EEC on the Conservation of Natural Habitats and of Wild Fauna and

Flora (Habitats Directive). Approximately 200 m in elevation lower, near the northern access

road, several small beech rejuvenation areas were planted (Fig. 2.3), adding to a larger, older

beech area at the southern flank of the mountain.

STH
Beech

Legend

Figure 2.3.: Map of Schneeberg beech plantation with location of installed stationary thermohygrome-
ter (STH) and beeches B5 to B7. (Base map: © 2021 Google,© 2021 GeoBasis-DE/BKG)

Ancillary observations were collected at Rauher Kulm (49.8287° N, 11.8497° E), a 682 m high

mountain near Neustadt am Kulm, Germany, south of the Fichtelgebirge mountains. The

summit is covered mainly by beech trees and is almost completely surrounded by a steep, open

block field of basaltic rock (Fig. 2.4) with an area of ∼3.0 ha, only leaving the east side of

the mountain to be covered by forest. Below, a larger mixed beech forest is situated, though

interestingly, the first line of trees below the block field is composed of Scots pine, spruce and

mountain ash with beeches only occurring a few meters away from the edge. The forest edge

9



2. Methods

above the block field, however, shows no such pine and spruce distribution; instead, occasional

beech and mountain ash individuals even grow in the upper part of the block field.

STH

Legend

Figure 2.4.: Map of Rauher Kulm measuring site with location of installed stationary thermohygrom-
eters (STHs). (Base map: © 2021 Google, © 2021 GeoBasis-DE/BKG)

The basaltic rock forming the mountain originated 21 million years ago (Strunz, 1975) in an

underground volcano which never erupted and has been broken up into individual blocks by

frost weathering, with rock diameters in the range of decimeters. The block field, summit and

surroundings have been appointed as SAC in order to protect the unique flora and fauna that

live on the block field, with a variety of mosses and lichen inhabiting the open rock surface

(Vollrath, 1957, chap. III H 1).

A third measurement location was the mountain Buchberg (50.1149° N, 11.9363° E) ∼9 km

north-east of Schneeberg. The top of this 674 m high mountain is covered by an old-growth

beech forest, while the surrounding forest is mainly comprised of spruce (Fig. 2.5). The summit

of Buchberg, too, is an SAC. Despite its considerable age of up to 200–220 years, the beech

forest is not rejuvenating, leading to conflicts with the prohibition of deterioration for SACs in

the long run. In several bachelor theses, the influence of canopy density and soil depth (Wurm,

2012), game browsing (Reiter, 2012), drought stress (Oesterle, 2015), soil substrate (Schmidt,

2018) and soil pH (Wüst, 2018) was studied, but a definite explanation for the absence of

natural regeneration could not yet be found. This thesis will introduce the aspect of possible
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late-frost limitation for beech rejuvenation to the list of studies conducted at Buchberg.

STH

Legend

Figure 2.5.: Map of Buchberg measuring site with location of installed stationary thermohygrometer
(STH). (Base map: © 2021 Google, © 2021 GeoBasis-DE/BKG)

Photographs of all measuring sites are shown in Appendix A.

2.2. Observational techniques

2.2.1. Instrumentation

Temporally continuous measurements of Tair at a temporal resolution of 10 min were con-

ducted using stationary thermohygrometers (STHs; model funky Clima, Esys GmbH, Berlin,

Germany) with a thermal resolution of 0.1 K. The time constant, defined as the time needed

for the measuring device to detect 63 % of a signal change, was determined experimentally

as 738 s = 12.3 min using data from the cross-calibration experiment (see chapter 2.3.1) and

calculating the mean time constant of five signal changes: room to fridge, fridge to freezer,

freezer to room, room to stove, stove to room.

The STHs were installed in the field on 18.04.2019 (at locations F2 to F5) and 30.04.2019

(at locations F1, F6 to F8) respectively (Tab. 2.1). They were positioned inside a naturally

ventilated double-walled radiation shield 25–30 cm above the ground (Fig. 2.6).
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Table 2.1.: Locations of the installed stationary thermohygrometers (STHs).

STH
loca-
tion

site location description north co-
ordinates

east coor-
dinates

elevation
(m)

F1 Schneeberg grassland on the summit,
next to one of the block
heaps

50.052 03° 11.854 39° 1046.0

F2 Schneeberg next to a beech tree above
the block field

50.051 36° 11.855 10° 1038.0

F3 Schneeberg small clearing near two beech
trees above the block field

50.051 33° 11.855 48° 1034.5

F4 Schneeberg directly below the block field 50.050 61° 11.855 56° 1020.5
F5 Schneeberg beech plantation near the

northern access road
50.062 66° 11.844 66° 870.5

F6 Buchberg near the summit 50.114 84° 11.936 50° 673.5
F7 Rauher Kulm west side above block field 49.828 58° 11.849 14° 665.0
F8 Rauher Kulm west side below block field 49.828 46° 11.848 00° 619.0

Figure 2.6.: Stationary thermohygrometer at F7 above the block field at Rauher Kulm.
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2.2. Observational techniques

Additionally, hand-held measurements of Tair were conducted at Schneeberg site with a mobile

thermohygrometer (MTH) with data recording unit (model testo 480, Testo SE & Co. KGaA,

Lenzkirch, Germany). The Pt100 Tair sensor had a thermal resolution of 0.01 K. To minimize

potential short- and longwave radiation errors, the Tair sensor of the MTH was kept inside

a customized actively ventilated, partially double-walled radiation shield during the measure-

ments (Fig. 2.7). This shield consisted of white-painted polyvinyl chloride tubes and a 12 V

battery-powered fan (model AD0812HS-A70GL, ADDA Corp. Ltd., Taiwan). The fan was

attached in such a way that it drew the air into the shield instead of blowing it, because the

latter might cause additional measurement errors if the fan heated up during operation. The

suction of the fan induced wind speeds of >3 m s−1 inside the tubes. The design of the radi-

ation shield was similar to a custom-aspirated radiation shield tested by Thomas and Smoot

(2013), which reduced radiation errors as effectively as a commercially available triple-walled

shield. Spies (2019) determined the time constant of this Pt100 Tair sensor to be 55 s inside a

ventilated radiation shield.

Figure 2.7.: Actively ventilated radiation shield for the mobile thermohygrometer air temperature sen-
sor.

These hand-held measurements allowed for a smaller time constant resulting in an improved

spatial resolution of the roving system of the small-scale air temperature differences ∆Tair.

Measurements were taken at fixed, predetermined locations at Schneeberg summit during the

diurnal minimum Tair in the early morning hours (04:00 to 07:30) of four days with a late frost

event: 05.05., 07.05., 14.05. and 15.05.2019. Ten of the MTH measuring points (T01-T10) were

located along a 230 m long transect from the forest across the block field up onto the grassland

on the summit of Schneeberg (Fig. 2.2). The lowest measuring point (T01) was chosen to

be in the forest at 50 m distance from the edge of the block field, because previous studies

on edge effects showed open areas to influence understory Tair up to 30–40 m into the forest

(Davies-Colley et al., 2000; Portillo-Quintero et al., 2013). The transect measuring points were

supplemented by three more measuring points below the block field (T11-T13), two above the
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block field (T14-T15), four at the four beech trees that could be found above the block field

(T16-T19) and one on the roof of the military building next to the weather station (T20) to

allow for measurement comparisons. The measurements at T20 proved that the MTH had a

high accuracy, measuring the same Tair values as the weather station. At each of the points

T01 to T19, 10 measurements were taken at 20 cm as well as 2 m above the ground with a 1 Hz

frequency.

Furthermore, images with a mobile high-resolution thermal infrared (IR) camera (model op-

tris PI 640, Optris GmbH, Berlin, Germany) were taken in order to characterize the longwave

radiation regime of the areas surrounding the MTH and STH measurement locations by mea-

suring the surface brightness temperature Tsurface. Therefore, the first camera position (C1)

was located in the center of the block field, from where one image in direction of the forest

below and one in direction of the forest above the block field was taken. Four of the camera

positions (C2–C5) were situated near the four beech trees, while the last position (C6) was

on the summit near STH location F1 (Fig. 2.2). The IR images of the beeches were used to

analyze whether their Tsurface differed from Tair.

The IR camera measures the radiant emittance S of a surface and converts it into temperature

values using the Stefan-Boltzmann law (Eq. 2.1). In this thesis, for the trees as well as the

block field an emissivity ε of 0.92 was initially assumed.

S = ε · σSB · T 4
surface (2.1)

with ε = 0.92, σSB = 5.67× 10−8 W m−2 K−4 and Tsurface in K

The positions of the measuring locations in the field were determined using a Global Positioning

System (GPS) device (type GPS 72H, Garmin Ltd., Southampton, UK).

The weather observations collected by the automated weather station at the Schneeberg summit

provided additional information about windiness (Fig. B.1 a) and daytime cloudiness (Fig. B.2)

during the measuring period.

Wind data for Rauher Kulm was not available. As an approximate value for the windiness

at this measuring site, the wind data collected by the weather station in Fichtelberg/Ofr.-

Hüttstadl (49.98° N, 11.84° E) was used (Fig. B.1 b).

In order to assess whether wind speed and direction measurements recorded by the meteoro-

logical weather station on the roof of the former military building on Schneeberg summit are

similar to the wind regime on the nearby block field, wind measurements were taken with a

portable micro sonic anemometer (MSA; TriSonica Mini, Anemoment LLC, Longmont, CO,

USA). During the night from 06.07.–07.07.2019, the MSA was positioned directly next to the

weather station, before being placed in the center of the block field (Fig. 2.2) during the night

from 16.07.–17.07.2019.

A comparison of the wind measurements of the portable MSA and the weather station at

Schneeberg showed that both measured similar patterns in wind velocity and direction when

being mounted directly next to each other (Fig. 2.8), though the squared Pearson correlation

coefficient R2 was only 0.19 for wind speed (Fig. 2.9). R2 was determined using a linear model

for the wind speed comparison and using the circ.cor() function of R package CircStats (Lund
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2.2. Observational techniques

and Agostinelli, 2018) for the wind direction, which computes a circular version of the Pearson

correlation coefficient.

On average, wind velocities on the block field were lower than those on the roof of the former

military building and showed disconnected patterns. Wind direction was similar on both sites

during the night; however, in the early morning hours, southerly, uphill winds dominated on

the block field, while on the roof, northerly winds were predominant (Fig. 2.8).

For the nighttime conditions, the data fits well to the findings of Popescu et al. (2017), who

found that katabatic winds are prevalent during nighttime on a slope with rocky deposits,

especially during spring and summer. After sunrise, when the surface begins to heat up, air

flow will change direction and become anabatic (Foken, 2017, chap. 7.3.2). This expected flow

direction change fits well with the wind direction data recorded on the block field (Fig. 2.8).

Alternatively, the upwards air motion starting around 06:30 might also be caused by a turbulent

wake with a cavity of reverse flow downwind of the mountain top and coincide with sunrise

due to the reduced static stability at this time of day (Stull, 2017, chap. 17.7.3). The data

available does not allow a definite statement which of the two mechanisms was responsible for

the observed air flow.

In general, the data implies that wind speed and direction measurements taken on the roof of

the military building cannot be directly transferred to the wind situation on the block field

itself. Therefore, the wind data recorded by the weather station during the measurement period

cannot be used to explain any observed patterns in Tair distribution near the block field apart

from giving general information about windiness in the area.

2.2.2. Phenological observations

In order to compare tree phenology between sites and individual trees, five terminal branch buds

of the uppermost three beeches at Schneeberg summit and five terminal branch buds of three

trees of the beech plantation near the northern access road were selected. Since the beeches at

the plantation already have a height of 5–10 m, the selected buds had to be on water sprouts in

the lowest 2 m above ground. On the measuring days, the phenological stage according to the

codes of the Biologische Bundesanstalt, Bundessortenamt und Chemische Indsturie (BBCH)

scale (Hack et al., 1992) was determined for each bud (Tab. 2.2). Additionally, the length of

all of the buds in BBCH categories 00–03 and 07 was measured.

Table 2.2.: Biologische Bundesanstalt, Bundessortenamt und Chemische Indsturie (BBCH) codes and
their meaning.

BBCH code description

00–03 winter dormancy, beginning of bud swelling, end of bud swelling
07 beginning of bud breaking
09 buds show green tips
10 first leaves spread apart
11 first leaves unfolded

Since the late frost on 05.05.2019, some of the beech trees that had already sprouted leaves

had partly brownish leaf tissue. Thus, for these trees the damaged, brown area per leaf for the

previously selected branch tips was estimated visually.
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Figure 2.8.: Time series of (a) wind speed and (c) wind direction measurement comparison between
the micrometeorological weather station at Schneeberg and mobile wind measurements
with a micro sonic anemometer (MSA) next to the weather station (06.-07.07.2019) and
time series of (b) wind speed and (d) wind direction measurement comparison with the
MSA stationed in the center of the block field (16.-17.07.2019) at Schneeberg. The red
line marks the time of sunrise.
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Figure 2.9.: Scatterplots and linear models of (a) wind speed and (b) wind direction measurement
comparison between the micrometeorological weather station at Schneeberg and mobile
wind measurements with a micro sonic anemometer (MSA) next to the weather station
(06.-07.07.2019) and scatterplots of (b) wind speed and (d) wind direction measurement
comparison with the MSA stationed in the center of the block field (16.-17.07.2019) at
Schneeberg. The color bar represents the time of day of each measurement. R2 denotes
the square of the Pearson correlation coefficient, p is the p-value of the linear model.
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2.2.3. Singular flow visualizations using artificial fog

In the evening hours of 30.10.2019 a visual air-flow analysis was performed on the block field

at Rauher Kulm. For this analysis, fog generated by a fog machine (type Z-1000II, Antari

Lightning & Effects Ltd., Taoyuan City, Taiwan) was illuminated by a vertical laser-plane

(laser type DJ-Lase 400-B Blue, Stairville, Thomann GmbH, Burgebrach, Germany). The

experiment was conducted on the west side of Rauher Kulm, the same side where the STHs

had been located (Fig. 2.10). Two MTHs were used to determine Tair above and below the

block field, recording data at a temporal resolution of 5 s. They were cross-compared in situ

by being run next to each other for 1 min, then the values measured by the MTH above the

block field were adjusted to the MTH below the block field.

Figure 2.10.: Block field at Rauher Kulm with setup for the flow visualization experiment: Power
generator, fog machine, tube for fog locating, camera for documentation (from right to
left). The laser was located to the lower left outside of the image.

2.2.4. Observational schedule for mobile thermohygrometer and infrared camera

measurements

Handheld measurements took place in the early morning hours of four days: 05.05., 07.05.,

14.05. and 15.05.2019. On each of those days, mobile Tair measurements were taken at each

of the MTH measuring locations and IR camera images were taken at each camera location.

The order of the measurements was the following: T01 to T13, C1, T14 to T16, C2, T17, C3,

T18, C4, T19, C5 to C6. Afterwards, the BBCH category and frost damage of the beech buds

and leaves were determined. On the first measuring day, the order of the measurements was
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slightly different: T01 to T10, T19, T11 to T13, C1, T14 to T16, C2, T17, C3, T18, C4, C6.

On average, one measuring series from T01 to C6 took 2 h 45 min. Measurements at T20 took

place after bud categorizing.

2.3. Data processing

All data processing was done using RStudio Version 3.6.0.

2.3.1. Data correction

First, the STHs were cross-calibrated experimentally by being run directly next to each other.

In order to cover the complete outdoor Tair range, they were placed inside a fridge, inside a

freezer, inside an oven (once each) as well as at normal room Tair (four times), recording Tair

with a resolution of 5 s. At each location, one 10-min interval was selected, except for normal

room Tair, where four 10-min intervals were selected. Then, each STH’s deviation from the

mean of all STHs was calculated. Subsequently, a regression was fitted to the four deviation

values of each STH and used as a correction value for the field STH data (Fig. 2.11).

However, when applied to the field data, the correction proved to worsen the STHs’ accuracy.

Comparing the Tair values measured by neighboring STHs (F1 to F4, F7 and F8, respectively)

during three of the windiest nights (Fig. B.1) with mean wind speeds ranging from 3.8 to

4.8 m s−1 and maximum wind speeds between 5.1 and 8.7 m s−1 showed that the differences

between measured values increased when applying the experimental cross-calibration correction

(Fig. 2.12), as the longwave radiation under field conditions differs largely from experimental

conditions.

An analysis of the standard deviation σT of a 30-min moving window of neighboring STHs

during a selection of the 25 % windiest nighttime intervals (wind speed threshold: ≥4.0 m s−1

for Schneeberg and ≥2.4 m s−1 for Hüttstadl near Rauher Kulm) supported the visual analysis,

revealing an increase in σT with the experimental cross-calibration correction from 0.29 to

0.37 K for Schneeberg and from 0.16 to 0.28 K for Rauher Kulm.

Instead, an in-situ offset correction based upon nighttime periods with wind speeds ≥5.1 m s−1

at Schneeberg and ≥4.5 m s−1 at Hüttstadl, respectively, was applied. These values correspond

to the 5 % of windiest nighttime intervals (Fig. B.3 and B.1). For these intervals, the mechan-

ically induced turbulence is expected to eliminate near-surface air temperature differences, so

that neighboring STHs (F1 to F4 and F7 and F8, respectively) should measure the same po-

tential temperature Θ values. The mean of each STH as well as the mean of all STHs of one

location were calculated for these periods. Then, the difference in the mean of the individual

STHs to the mean per location was used as a cross-calibration value for an offset correction.

As a result, F5 and F6 could not be calibrated since no other STHs were located nearby.

All STHs measured Tair once every 10 min, but not at the same time, because they had an

arbitrary start time. Therefore, the data was interpolated to allow for Tair values at given time

steps (XX:00, XX:10, XX:20, XX:30, XX:40 and XX:50).

In order to compare the Tair measurements at the different measuring sites, Θ was used to take

different elevations a.s.l. into account (Eq. 2.2).
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Figure 2.11.: Air temperature Tair measured by stationary thermohygrometers (STHs) during cross-
calibration experiment in (a) fridge and freezer and (b) stove, with (c) derived correction
values per Tair. Blue bars indicate the 10-min time intervals used for calibration.
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Figure 2.12.: Air temperature Tair values measured by neighboring stationary thermohygrometers
(STHs) (F1 to F4, F7 and F8, respectively), (a), (c), (e) original versus (b), (d), (f) cor-
rected with experimental cross-calibration values during three of the most windy nights.
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Θ = Tair

(
p0
p

)κL
(2.2)

with p0 = 1000 hPa and κL = 2
7

However, since no pressure measurements were available, a simplified equation assuming a

constant Tair gradient had to be used (Eq. 2.3). Therefore, an analysis of all available STH

data as well as weather station data from Schneeberg and Bayreuth was performed (Fig. 2.13).

From the data, a mean Tair gradient γ of −6.3 K km−1 was chosen. All Θ values refer to a

reference elevation z0 of 871 m a.s.l., the mean elevation of all STHs, which is also the elevation

of the beech plantation at Schneeberg.

Θ = Tair + (z0 − z) · γ (2.3)

with z0 = 871 m and γ = −0.0063 K m−1

For the analyses, the MTH data was divided into a spatial or temporal mean and deviations

from the mean (Eq. 2.4).

value = mean + perturbation

temporal scale : X = X + X ′

spatial scale : X = 〈X〉 + X̂

(2.4)

On average, the MTH measurements took 2 h 45 min to complete, which aggravates direct

intercomparison because of the inherent Tair instationarity during the morning transition period

(defined as 03:20–05:50, see chapter 2.3.2). Any ∆Tair between the MTH measuring points

might therefore be due to the temporal rather than the spatial offset. To account for this, the

MTH data was normalized onto a single point in time. For each of the four nights when MTH

measurements were conducted, the time of lowest Tair was determined using the STH data

mean Tair value recorded by F1 to F4 (Fig. 2.14). Then, the difference between the mean of

the values recorded by F1 to F4 at the time of lowest Tair and every MTH measurement was

calculated and subtracted from the MTH data (Eq. 2.5).

TMTH corrected = TMTH − (〈TF1,F2,F3,F4〉 − 〈TF1,F2,F3,F4〉min) (2.5)

with 〈TF1,F2,F3,F4〉 = spatial mean of Tair measured by STHs at F1, F2, F3 and F4

and 〈TF1,F2,F3,F4〉min = minimum value of 〈TF1,F2,F3,F4〉 per night

In addition to its internal black field calibration option, the optris camera was calibrated with

a ∼2 cm thick aluminum plate that was coated with thermographic black paint (LabIR, Plzeň,

Czechia) with an ε of 0.95 in the IR spectrum. This calibration was performed at each measuring

location on each measuring day. Images of the aluminum plate were taken at a distance of 20–

30 cm from the IR camera. Since the camera was set to use an ε of 0.92, the Tsurface values

of the aluminum plate were subsequently re-calculated using the Stefan-Boltzmann equation

(Eq. 2.1) and an ε of 0.95. A measurement with the MTH Thermocouple type K temperature
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Figure 2.13.: Air temperature Tair in relation to measurement elevation above sea level, measured by
(a) stationary thermohygrometers (STHs) over the study period, (b) STHs at nighttime
during the study period, (c) weather stations (WS) over the study period and (d) weather
stations at nighttime during the study period.
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Figure 2.14.: Air temperature Tair measured by stationary thermohygrometers (STHs) at F1 to F4
and mean of measurements at F1 to F4 during the four nights during which hand-held
measurements took place: early morning hours of (a) 05.05.2019, (b) 07.05.2019, (c)
14.05.2019 and (d) 15.05.2019. Parentheses in plot legend describe the location of each
STH: S = Schneeberg, top = summit, a = above block field, b = below block field, o =
open to the sky, c = under canopy.
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sensor inserted into the plate simultaneously to an image of the plate with the IR camera

enabled a direct comparison of the measurement techniques.

The IR images consist of 640× 480 pixels each. Of each IR image of the aluminum plate, the

mean Tsurface of the center 100× 100 pixels was calculated (Eq. 2.6). From this value, the

temperature measured with the Thermocouple sensor inside the plate was subtracted. The

resulting ∆T value was used to calibrate the subsequent IR images of the trees and the block

field. Overall, the Thermocouple sensor measured higher temperatures than the IR camera

(Fig. 2.15).

Tsurface center =
1

100 · 100

370∑
x=271

290∑
y=191

Tpixelx,y (2.6)

●

−4.5 −4.0 −3.5 −3.0 −2.5 −2.0
TIR − TThermocouple (K)

Figure 2.15.: Temperature difference ∆T between infrared (IR) camera and mobile thermohygrometer
Thermocouple sensor measurements of aluminum plate. The bold line marks the median,
the box encompasses the 25th to 75th percentile, whiskers encompass the range of all data
except for outliers, dots are outliers.

In most of the images of the four beech trees at the summit of Schneeberg that were taken

with the IR camera, the trees are barely visible (Fig. B.4–B.7), which means they had the same

Tsurface as their surroundings. This finding applies especially for B1 and B2 (Fig. 2.16 a–b).

Since these two trees were very small, having not yet reached 2 m of height, their stems were only

marginally thicker than the branches and leaves of the surrounding blueberry bushes covering

the ground. Thus, they had similar cooling rates and reached similar Tsurface during the night.

The stem and branches of B3 and B4, on the other hand, were sometimes marginally warmer

or colder than the surrounding surfaces (Fig. 2.16 c–d), however without any clear pattern.

In general, it can therefore be assumed that the beeches’ stem and branch Tsurface is equal

to the mean image Tsurface after omitting image pixels containing sky temperatures, as those

contained much lower temperature values.

A comparison of Tsurface, calculated as the mean per IR image, and Tair at 2 m height above

ground near each of the beech trees showed that Tsurface was always higher than Tair (Fig. 2.17).

Musselman and Pomeroy (2017) state tree trunk Tsurface to be equal to Tair after sunset, and

especially since the beeches investigated in this thesis all have relatively thin trunks, it can be

assumed that Tsurface of the beeches and Tair coincided. The difference between Tsurface and

Tair was probably caused by a misestimation of ε, as the Tsurface calculation depends strongly

on the assumed ε (Eq. 2.1). For Tsurface and Tair to have no offset, ε would have to be 0.95.

Therefore, all Tsurface values recorded by the IR camera of the block field and the canopy under

assuming an ε of 0.92 were re-calculated with an ε of 0.95 for further analyses.

Additionally to an analysis of block field Tsurface (Appendix C), a rectangular subset of at

25



2. Methods

(a) B1, 07.05.2019 (b) B2, 14.05.2019

(c) B3, 14.05.2019 (d) B4, 07.05.2019

Figure 2.16.: Surface brightness temperature Tsurface of beech trees at Schneeberg summit and their
surroundings on selected days, assuming an emissivity of 0.92. White areas indicate
temperatures outside of the range of the color bar.
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Figure 2.17.: Surface brightness temperature Tsurface measured by infrared camera in comparison to air
temperature Tair at 2 m height above ground measured by the mobile thermohygrometer
near each of the beeches. Symbols refer to different beech trees with one comparison value
per measuring day. For B4, there are only three comparison values since no infrared image
was taken on the first measuring day.
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least 331 × 71 and up to 361 × 101 pixels containing canopy Tsurface was selected visually in

the images taken at camera location C1 for each day to compare above and below block field

canopy Tsurface (Fig. 2.18).

(a) C1 uphill (b) C1 downhill

Figure 2.18.: Infrared image taken at location C1 in (a) uphill and (b) downhill direction on 05.05.2019,
using an emissivity of 0.95. Color scale represents surface brightness temperature Tsurface
in °C, white rectangle marks the pixels used for calculating canopy Tsurface.

2.3.2. Data selection

The STHs were deployed in the field from April to July 2019. However, due to battery short-

ages and defective contacts, several of them stopped taking measurements much earlier. For

comparability reasons, the STH data used in this thesis only consists of the time period when

all eight STHs worked: from 30.04.2019 to 23.05.2019. This interval is also the time period

during which late frosts occurred (Fig. 2.19).

Six nights were selected as frost nights. Frost nights were defined as the nights for which at

least four out of the five STHs at Schneeberg recorded at least one 10-min Tair value below 0 °C

after the temperature correction was applied. These were also the coldest nights at Buchberg

and Rauher Kulm. The respective nights and the minimum Tair measured by each STH are

shown in Tab. 2.3.

Table 2.3.: Minimum air temperature measured by the stationary thermohygrometers at Schneeberg
during frost nights in degree Celsius.

night F1 F2 F3 F4 F5

04.-05.05.2019 -2.7 -2.7 -2.7 -2.3 -2.7
05.-06.05.2019 -2.6 -2.4 -3.3 -2.7 -2.8
06.-07.05.2019 -1.4 -1.9 -2.3 -1.3 -1.9
12.-13.05.2019 -1.1 -0.9 -1.3 -0.6 -0.4
13.-14.05.2019 -0.1 -0.3 -1.4 0.1 -0.7
14.-15.05.2019 -2.2 -2.1 -2.9 -1.5 -1.9

The time of sunrise and sunset was determined for F1 with the R function getSunlightTimes()

of R package suncalc (Thieurmel and Elmarhraoui, 2019). Sunrise was between 04:53 on 30.04.

and 04:18 on 23.05., while sunset was between 19:30 and 20:03, though location-specific times

of sunrise and sunset are expected to differ slightly due to topography. A transition period
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Figure 2.19.: Air temperature Tair measured by stationary thermohygrometers (STHs) during the ex-
periment. Grey bars indicate the times with Tair at Schneeberg (spatial mean of F1
to F5) below 0 °C. Parentheses in plot legend describe the location of each STH: S =
Schneeberg, B = Buchberg, K = Rauher Kulm, top = summit, a = above block field, b
= below block field, pl = plantation, o = open to the sky, c = under canopy.

was defined as the sunrise and sunset period ±1 h, therefore the morning transition was from

03:20–05:50 and evening transition from 18:30–21:00. All time designations refer to Central

European Time without daylight saving time.

2.3.3. Multiresolution decomposition

In order to analyze correlations between measuring locations and the amount of energy con-

tained at different time scales, a multiresolution decomposition (MRD) (Howell and Mahrt,

1997) was conducted on the STH and the weather station data using Matlab Version R2019b

and a software code written by Thomas (2011). The software decomposed the data orthogo-

nally into subrecords of dyadic width (2n). The original 10-min data set contained 144 data

points per 24 h, which was supposed to be the longest averaging interval. However, 144 cannot

be expressed as 2n with n being an integer, therefore the data set had to be resampled to a

temporal resolution of 11.25 min so that the 24 h interval contained 27 = 128 data points.

The MRD was performed for different subsets of the complete STH data set: all data, only

daytime, only nighttime, only morning transition, only evening transition and only frost nights.

Since the subsets consisted of a varying amount of data points, different amounts of averaging

windows were used (Tab. 2.4). Unlike for the other analyses, morning and evening transition

were defined as sunrise/sunset −1 h and +1.5 h, adding an extra half hour to the transition

period to reduce daytime to an exact 12 h interval, since this fitted the averaging windows. For

the complete data set, the beginning of a day was selected as the beginning of daytime (06:22)

to not cut the night in half.

The MRD computed unweighted averages for each of the subrecords with 2M−m different
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averaging windows of 2m data points each, with m = 0, ...,M . Here, m = 0 corresponds to the

original record resolution and m = M to the record mean. M is the highest MRD mode, with

M + 1 being the number of MRD modes.

With these results, spatial two-point correlation coefficients RT between any two stations i and

j (out of the weather station at Schneeberg and all the STHs) were computed for each of the

time scales (Eq. 2.7).

RT,ij =
T ′iT

′
j

σTiσTj
(2.7)

Furthermore, the mean spectrum density DT was calculated for each of the stations and each

of the time scales to determine the amount of energy contained at each scale (Eq. 2.8).

DT =
1

2M−m

2M−m∑
1

T 2
m (2.8)

The raw power spectra were then normalized by dividing by the variance σ2T and multiplying

by the frequency f .

Table 2.4.: Multiresolution decomposition settings used per subset for calculating spatial two-point
correlation coefficients and power spectra.

subset no. of
days

time of day length of subset no. of
modes

averaging windows

all data 22 06:22:00–06:10:45 23 h 48 min 45 s 8 11.25 min, 22.5 min,
45 min, 1.5 h, 3 h, 6 h,
12 h, 1 d

daytime 22 06:22:00–18:22:00 12 h 7 11.25 min, 22.5 min,
45 min, 1.5 h, 3 h, 6 h,
12 h

nighttime 22 21:33:15–03:10:45 5 h 37 min 30 s 6 11.25 min, 22.5 min,
45 min, 1.5 h, 3 h, 6 h

morning
transition

22 03:22:00–06:10:45 2 h 48 min 45 s 5 11.25 min, 22.5 min,
45 min, 1.5 h, 3 h

evening
transition

22 18:33:15–21:22:00 2 h 48 min 45 s 5 11.25 min, 22.5 min,
45 min, 1.5 h, 3 h

frost
nights

6 21:33:15–03:10:45 5 h 37 min 30 s 6 11.25 min, 22.5 min,
45 min, 1.5 h, 3 h, 6 h
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3. Results and discussion

3.1. Flow visualization experiment using artificial fog

Wind speeds during the flow visualization experiment using artificial fog were generally low. In

the beginning of the evening until 17:30, velocities were still relatively high with a maximum of

1.4 m s−1, whereas during the later phase of the evening after 17:30, wind speeds ranged mostly

from 0.1 m s−1 to 0.4 m s−1 (Fig. 3.1).
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Figure 3.1.: Horizontal wind speed at the center of the block field at Rauher Kulm on 30.10.2019.

Two MTHs placed at the block field, one at the top, the other at the bottom, showed that Tair

was consistently higher at the upper part of the block field than the lower part (Fig. 3.2 a),

with a ∆Tair of 0.5–2.5 K early in the evening until approximately 17:50, then increasing to a

difference of 1.0–3.0 K. A linear model quantified this ∆Tair increase to be 0.5 K h−1 during

the time of the experiment (Fig. 3.2 b).

The visual flow analysis of the released fog revealed a continuous uphill air draft around the

time of sunset, which took place at 16:55. The first downhill air flow appeared at 17:38, 43 min

after sunset. However, no continuous downhill flow developed thereafter; instead, the mostly

uphill flow only ever changed direction to a downward movement for short periods of time of

around 1 min duration (Fig. 3.3).

An inversion between the bottom and the top of the block field is to be expected as a result of

cold-air drainage across the block field (Popescu et al., 2017; Růžička et al., 2012). However,
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Figure 3.2.: (a) Air temperature Tair above and below the block field at Rauher Kulm on 30.10.2019
and (b) air temperature difference ∆Tair between upper and lower part of the block field.
The slope of the linear model (red line) is 0.5 K h−1, the p-value <2.2× 10−16.
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3.2. Continuous air temperature measurements

(a) Uphill flow, 19:06:52 h (Photo: C. Thomas) (b) Downhill flow, 19:07:24 h (Photo: C. Thomas)

Figure 3.3.: Laser-illuminated fog visualizing the air flow across the slope at Rauher Kulm on
30.10.2019. Pictures (a) and (b) were taken within half a minute of each other. White
arrows indicate the direction of fog flow.

despite an inversion being present at Rauher Kulm site, the observed scarcity of downhill air

flows suggests that other factors generated the inversion. As the experiment was performed

on the west side of Rauher Kulm, the upper part of the block field received sunlight directly

until sunset, whereas the lower part had been shaded by trees. This difference in direct-beam

exposition might have caused a much higher energy absorption in the upper blocks, leading to

higher Tair. On the day of the experiment, the large-scale synoptical situation was dominated

by westerly winds. Despite the low mean wind speeds of 1.0–1.9 m s−1 according to the nearest

weather station in Hüttstadl and only 0.3 m s−1 on average according to the MSA on the block

field, this was probably sufficient to push the air uphill, leading to only short cold-air drainage

periods when the westerly winds abated.

3.2. Continuous air temperature measurements

3.2.1. Ensemble average nighttime temperatures

Nighttime temperatures from STHs were similar for locations F1 to F5 at the Schneeberg

summit (Fig. 3.4). The mean nighttime Tair at Schneeberg during the measuring period was

3.6 °C. In comparison, at Buchberg, the nighttime Tair was on average 5.9 °C and at Rauher

Kulm 6.7 °C (Fig. B.8).

The time of lowest Tair also differed between sites: While at Schneeberg, on average the air

was coldest at 04:38, at Rauher Kulm the time of lowest Tair was at 04:55 and at Buchberg

at 05:30, though the range of time intervals with lowest Tair was large. Schneeberg has the

highest elevation and therefore the earliest sunrise as well as the highest wind speeds (Fig. B.1).

Sunrise enhances positive, upward buoyancy and high wind speeds increase shear forces, which

both reduce dynamic stability. It is therefore likely that the nocturnal stable boundary layer

with low Tair close to the ground started to dissolve at Schneeberg first.

Θ at a reference elevation of 871 m, the mean elevation of all STHs, was lowest for F5 (Fig. B.9).

At the beginning of the night, Θ at Buchberg and Rauher Kulm was higher than Θ at Schnee-

berg, but decreased faster, reaching similar values toward the end of the night around 04:00–
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Figure 3.4.: Ensemble averages of (a) air temperature Tair and (b) potential temperature Θ per time of
day, measured by stationary thermohygrometers (STHs) from 30.04.2019–23.05.2019, with
Θ referring to a reference elevation of 871 m above sea level. Parentheses in plot legend
describe the location of each STH: S = Schneeberg, B = Buchberg, K = Rauher Kulm,
top = summit, a = above block field, b = below block field, pl = plantation, o = open to
the sky, c = under canopy.

05:00. At Rauher Kulm, this pattern might be caused by the dark basaltic rock which influences

the local energy balance, absorbing the majority of K ↓ due to its low albedo and converting

it into sensible heat. Both McGreevy (1985) and Irmak et al. (2017) found basalt to reach

1.8 K higher Tsurface and physiologically equivalent temperature, respectively, than the more

light-colored granite. These findings fit well with the basaltic rock at Rauher Kulm leading to

higher Θ than the granitic rock at Schneeberg during daytime. Additionally, the exposition of

the STHs differed between Rauher Kulm and Schneeberg: On Rauher Kulm, the measurements

were located on the west side of the mountain, leading to relatively high Θ until sunset, whereas

the STHs at Schneeberg were located on a southerly slope which was less sun-exposed in the

evening hours. The STH at Buchberg was situated under a thick beech canopy leading to larger

I ↓, keeping the understory from cooling down fast directly after sunset and leading to a higher

Θ at Buchberg than at Schneeberg at the beginning of the night until 22:00. Jordan and Smith

(1995) also state the presence of a thick canopy cover to impede freezing temperatures from

developing in the understory, because the canopy minimizes net radiation losses. However, Θ

was lower at Buchberg than at Schneeberg summit from 04:00 to 08:30, indicating the buildup

of a large-scale stable stratification throughout the night as expected according to Stull (2017,

chap. 18.3). While F5 at the plantation at Schneeberg was situated under beech canopy cover

similar to the STH location at Buchberg, the forest structure in the plantation was different

from the old-growth forest at Buchberg, with much younger and smaller trees.

In the early morning hours from 04:00 to 08:00, F1 showed the highest Θ of all STH locations,

probably due to its elevation and exposed position, where ground was warmed by sunlight
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3.2. Continuous air temperature measurements

first. Since the STHs were installed only 25–30 cm above the ground, an increase in ground,

grass or shrub Tsurface was recorded by the Tair sensors quickly. An impact of K ↓ onto the

Tair sensors has to be taken into account, enhancing the outlined effect. However, it can be

considered small due to the naturally ventilated double-walled radiation shields housing the

sensors.

Theoretically, differences in Tair gradients between STHs might also be caused by differences

in cloudiness between the three sites. Cloudiness was not recorded; instead, the Tair range

for each day was used as a proxy, since it can be assumed that the daytime high K ↓ in

combination with the nighttime large positive longwave radiation balance during days with

little to no cloud cover cause a large ∆Tair between daytime and nighttime. Even though

the Tair range between the STHs differed, those differences were not site-specific (Fig. 3.5),

excluding cloudiness differences as the main factor driving Θ differences.
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Figure 3.5.: Air temperature Tair range per date per stationary thermohygrometer (STH). Grey bars
indicate the times with Tair at Schneeberg (spatial mean of F1 to F5) below 0 °C. Paren-
theses in plot legend describe the location of each STH: S = Schneeberg, B = Buchberg,
K = Rauher Kulm, top = summit, a = above block field, b = below block field, pl =
plantation, o = open to the sky, c = under canopy.

When restricting the data set to the six frost nights, ∆Tair between Schneeberg and the two

other sites increased (Fig. 3.6 a and B.10).

Tair at F3, which was located above the block field in a small clearing, was consistently lower

than at the other STHs’ locations at Schneeberg. This pattern was also present for all nights,

but ∆Tair was larger during the frost nights. Apparently, the radiative cooling of the ground

was stronger near F3 than near F2 and F5, which were located under canopy, and stronger

than near F1 and F4, which were located next to heat-emitting rocks.

The differences in Θ between the sites also increased when restricting the data set to the frost

nights, except at the end of the night after 05:00 (Fig. 3.6 b).
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Figure 3.6.: Ensemble averages of (a) air temperature Tair and (b) potential temperature Θ per time
of day during the frost nights, with Θ referring to a reference elevation of 871 m above sea
level. Parentheses in plot legend describe the location of each stationary thermohygrome-
ter: S = Schneeberg, B = Buchberg, K = Rauher Kulm, top = summit, a = above block
field, b = below block field, pl = plantation, o = open to the sky, c = under canopy.

On 04.05.2019, a drastic Tair drop occurred between 09:30 and 12:00, first at Buchberg, followed

by Schneeberg shortly afterwards and by Rauher Kulm one hour later (Fig. 3.7), with Tair

dropping below 0 °C at Schneeberg. At this time of day, Tair should normally have increased

instead of decreased according to a normal diurnal cycle. This anomaly is a strong indication

for cold-air advection from north to south superimposed onto the diurnal cycle. The shortwave

downwelling radiation was still increasing during this period of time according to the weather

station at Schneeberg (Fig. B.2), excluding the possibility of the Tair drop to be only due to

cloud buildup.

A second Tair drop then occurred around 18:30 to 20:30, the time of sunset. At Schneeberg,

the time of lowest Tair was right after sunset at 20:00, though normally, Tair drops throughout

the night. Possibly, warm-air advection caused the subsequent rise in Tair. These findings show

that not only diurnal cycles of radiation and energy budgets but also large-scale advection can

play a vital role in the development of late-frost conditions at the measuring sites, and in this

case lead to freezing temperatures at some measuring locations at Schneeberg lasting for more

than 22 h.

3.2.2. Air temperature differences above versus below block field

During nighttime and morning transition (21:10 to 05:50), ∆Tair between the top and the

bottom of the block field varied from −3 K to +3 K (Fig. 3.8). As the data from the STH

locations below the block field (F4 at Schneeberg, F8 at Rauher Kulm) were subtracted from

the data from the STH locations above the block field (F2 and F3 at Schneeberg, F7 at Rauher
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Figure 3.7.: Time series of continuous air temperature Tair measurements on 04.05.2019 and 05.05.2019
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of each stationary thermohygrometer: S = Schneeberg, B = Buchberg, K = Rauher Kulm,
top = summit, a = above block field, b = below block field, pl = plantation, o = open to
the sky, c = under canopy.

Kulm), positive values indicate that it was warmer above the block field, while negative values

result from warmer air below the block field. The mean ∆Tair for nighttime and morning

transition throughout the measuring period was −0.1 K for F2–F4, −0.4 K for F3–F4 and

0.0 K for F7–F8. Therefore, in general, Tair was equal or higher below the block fields than

above.

This finding is contrary to what was expected in hypothesis II b) as well as contrary to the

findings of other studies investigating block fields (Harris and Pedersen, 1998; Popescu et al.,

2017; Růžička et al., 2012, 2015; Stiegler et al., 2014; Zacharda et al., 2007). Apparently,

cold-air drainage through the blocks leading to lower Tair below the block field was not the

main nightly process at the two block fields that were investigated in this study. Possibly, the

blocks store so much energy during the day that they remain a source of heat all throughout

the night. At Rauher Kulm, the absence of the expected Tair gradient might also be due

to the STHs’ location on the west side of the mountain, which was exposed to the generally

prevalent westerly winds, pushing the air uphill and effectively suppressing katabatic flows

(see chapter 3.1). Another possible reason for the unexpected results of this thesis is that the

investigated block fields are not large enough for the typical microclimate to develop, with

even the center of the block fields being in the edge effect zone. The block field at Schneeberg

had an area of only ∼0.5 ha. Even though the block field at Rauher Kulm, with an area of

∼3.0 ha, was larger, the slope was only 40 m in length. In comparison, the block fields studied

by Popescu et al. (2017) had an area of approximately 0.7 ha and 1.5 ha according to the map

in their publication, a photograph by Harris and Pedersen (1998) shows their studied block
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field to span over a complete mountain slope, and the area of the block fields in the studies of

Růžička et al. (2012), Růžička et al. (2015) and Zacharda et al. (2007) was determined using

Google Earth as 1.6 ha and 1.9 ha. It was not possible to determine the size of the block field

studied by Stiegler et al. (2014), as large parts of their study area were covered by a treeless

bog.
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Figure 3.8.: Time series of air temperature differences ∆Tair between top (F2, F3, F7) and bottom
(F4, F8) of block fields during night and morning transition (21:10 to 05:50). Grey bars
indicate the times with Tair at Schneeberg (spatial mean of F1 to F5) below 0 °C.

Nighttime and morning transition ∆Tair between top and bottom of the block fields also de-

pended on the wind speed at the site (Fig. 3.9). For Schneeberg, wind speed measurements

from the weather station on the roof of the former military building were used for the analysis,

while for Rauher Kulm, the wind data recorded by the nearest weather station in Hüttstadl

was used. The STH difference at Rauher Kulm shows a medium strong trend, whereas the

differences at Schneeberg only show weak trends, even though all trends are significant to the

0.001 level of the p-value. ∆Tair at Schneeberg was mostly negative for wind speeds <2.5 m s−1,

meaning that it was warmer below the block field, whereas for wind speeds between 2.5 and

4.5 m s−1, ∆Tair exhibited similar positive and negative values in range and abundance. At

wind speeds >6.0 m s−1, ∆Tair was close to 0 K. Apparently, low wind speeds favored statically

unstable atmospheric conditions at this site. The effects of wind speed on block field Tair gradi-

ents is as yet poorly researched, since studies that take wind speed into account at all focus on

its effects on the snow cover (Davesne et al., 2017) or on air movements through snow funnels

(Popescu et al., 2017). Only Harris and Pedersen (1998) mention the importance of wind speed

for air exchange in-between the blocks, but did not include any wind measurements into their
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3.2. Continuous air temperature measurements

study themselves. Under weak-wind conditions, sensible heat is not as efficiently transported

away from the surface due to a lack of turbulent mixing (Noilhan and Mahfouf, 1996), which

might lead to the air near F4 heating up more strongly than near F2 and F3, because location

F4 was directly between the blocks at the foot of the block field and the blocks stayed warmer

than the surrounding forest throughout the night (see chapter 3.4).

0 2 4 6 8
Wind speed  (m s−1)

∆T
ai

r (
K

)

−
3

−
2

−
1

0
+

1
+

2
+

3 ∆Tair > 0: warmer above the block field

∆Tair < 0: warmer below the block field

●●●● ●●● ●●●
●

●
●●●

●
●●

●

●

●

●●●●●
●

●●

●

●
● ●●●●●● ●●
●● ● ●●●●

●
●

●●
● ●

●●●
●
●

●
●●●●●●

●●
●
●●●

●
●● ●●

●
●

●
●●

●
●●●●●

●
●●●●● ●● ●●●● ● ●●●●●

●

●
●

●
●

●
●

●
●

●
●

● ●●●
●

●●● ●●●
●

●●● ●●●●●● ●● ● ●●●
●●

●●
●

●●●● ●●●
●●

●●

●●
● ●

●
●

●
●●●●●

●
●

●
●

●
●

●
●

●

●
●●
●●● ●● ●●●●●●● ●●●● ●●●●●●

●
●●●●

●
●

●

●
●

●
●● ●●●
●

●
● ●●●●●●

●
●●

●
●● ●●●● ●● ● ●

●●●●●
● ●●●

●
●
●

● ●●●●●●●●
●●●

●●
●●

● ●
● ●

●●●
●
●

●●
●
●

●●
●

●
● ●

●● ●
●

●
●

●
● ●●●

●●●●● ●
●

●● ●●● ●●
●●

●●●

● ●●●
●●●●●●●

●● ●
●● ●● ●●

●
●●

●●●
● ●●●●●●● ●●

●●●●
● ●●
● ● ●●●

● ● ● ● ● ●●● ● ●● ●
●● ●

●●●●
●● ●● ●●●●●

●● ●
●●●

●● ●●●● ●● ● ●●●●● ●●
●●

●

●

●
●●

●●
●

●
●

●
●

●
●
●

●
●●●

●
●

●

●

●● ●●

●

●

●

●● ●●●●● ●●
● ●●●●● ●

●
●●●●

●●
● ● ●●

●●● ●● ●●● ●● ●●
●

●●
●

● ●●
●●
●

●● ●●●
●● ●● ● ●

●●
● ● ●●● ●●●●●●

●
●

●●●
●● ●

●● ●
●

●●●
●●●● ●●

● ●●●
● ●●

● ●
●

● ●●
● ●

●
●

●●●
●

●●●●●●●
●

●●●
●

●
●

●●

●
● ●

●
●

●
●

●●
●

●

●●●

●●
●

●
●
●●● ●

●

●

●
●

●●
●

●
●

●
●●

●●
●

●● ●●●

●
●

● ●
●

●

●
●● ●

●
● ● ●●

●
●●

●●
●● ●●

●
●●●●●

●●
●●●

●● ●●
● ● ●

●● ●
●

●
● ●● ●

●●
●

●

●

●
●

●
●●●

●●● ● ●●● ●
●●●

●●● ●●●
● ●

●●●● ●●●●
●● ●●

● ●● ●● ●● ●● ● ●●
●●●●●● ●

●● ●
● ● ●●

●●
●

●
●

●
● ●●

●●●
●●●

● ●●●●●●● ●● ●● ●
● ●●●●

●● ●●●●● ● ●●●
●●

●●●●●●●●●
●● ●

●●●●
●
●

● ●●●
●

●●●
●●

●
●
●●●

●● ●●●●
●

●
●

● ●

●
●

●
●●●●●

●

●
●

●●

●
●●

●
●●●● ●●

●
● ●●●●

●
●

●●

●
●

●●
●●

●●●●●
●●●
●
● ●

●●● ●
●●
●

●●
●

●
●

●

●
●

●

●●
●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●
●

●
● ●

●●
●
●

●
● ●●

●
● ●●

●
●●
●

● ●
●

● ●●●●
●

●●● ●●●●●
● ●●● ●●

●
●

●● ●● ●
● ●●

●●●●● ●●●●● ● ●●● ● ●●●
●●

●●● ●
● ●●

●●
● ● ●●

● ●● ●●● ●●
●● ●● ●●●● ●

●
●

●● ●● ●● ● ●●●
● ●

●●
●

●●●●●
●

●
●●

●●●●
●

●●●
●●● ●

●● ●
● ●● ●

● ●● ●●●
●

●●●
●● ●

●
●

●
●●
●

●

●
●

●

F2−F4
F3−F4
F7−F8

Figure 3.9.: Air temperature differences ∆Tair between top (F2, F3, F7) and bottom (F4, F8) of block
fields in relation to wind speed at Schneeberg weather station (F2–F4, F3–F4) and at
Hüttstadl weather station (F7–F8) during night and morning transition (21:10 to 05:50).

At Rauher Kulm, on the other hand, Tair above the block field was up to 3.0 K higher than

below during conditions with wind speeds <2.0 m s−1 and on average higher below the block

field at times with wind speeds >2.0 m s−1. The expected inversion across the block field thus

mostly happened at very low wind speeds, which are probably necessary for local cold-air

katabatic flows to develop. However, the flow visualization experiment using artificial fog (see

chapter 3.1) showed that an inversion can also be present even though the majority of air

flows is in uphill direction due to synoptic advection. Additionally, F7 above the block field at

Rauher Kulm was situated under a forest canopy, whereas F8 below the block field was located

directly at the border between forest and block field. Thus, differences in wind exposure as well

as surface radiation budgets might have caused the measured inversion without actual cold-air

drainage happening across the block field. An influence of K ↓ onto the sensors is unlikely to

have caused measurement errors in this case, as only nighttime and morning transition data

was used for this analysis and both STHs at Rauher Kulm were stationed on its western slope.
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3. Results and discussion

3.3. Multiresolution decomposition

3.3.1. Spatial two-point correlation coefficients

Spatial two-point correlation coefficients RT , computed for different subsets of the data set

(Tab. 2.4), highlight similarities and differences between the stations’ Tair measurements on dif-

ferent time scales and increase consistently with increasing averaging period: For the 11.25 min

scale and the complete data set, the mean RT of all stations with all other stations was 0.50,

whereas for the 24 h scale, the mean RT was 0.99.

When restricting the results to RT of the weather station at Schneeberg in comparison to all

the STHs, it is shown that across all data subsets, the weather station correlated the most with

F1, which was also located nearest to the weather station concerning both spatial distance and

elevation (Fig. 3.10). However, RT did not decrease continuously with decreasing elevation.

For both daytime and nighttime data, the weather station correlated more strongly with F4

below the block field at Schneeberg than with F2 and F3 above the block field at Schneeberg,

which have a smaller separation distance to the weather station (Fig. 3.10 b–c). This effect

appeared across all time scales and was especially pronounced for nighttime data of all nights

of the measuring period.

It is probable that this pattern results from dissimilarities in the surroundings of F2 and F3 to

the weather station. F2 was located under forest canopy and surrounded by densely growing

European blueberry (Vaccinium myrtillus L.). During daytime, the trees sometimes provided

shade depending on the exact location of the trees and the sun, while the sunlight, when it did

reach the blueberry cover, lead to intense heating of the air in the height above ground where

the STH was located. During nighttime, when weak-wind conditions prevail, the canopy cover

decoupled the air in the understory from the atmosphere above the canopy (Freundorfer et al.,

2019). In combination with the canopy’s influence on the longwave radiation budget (Jordan

and Smith, 1995), Tair influencing processes near F2 vary greatly from those at the weather

station. F3 was also surrounded by trees, but located in a small clearing. While the reduced

canopy cover would suggest a greater RT with the weather station, which was completely

vegetation-free, the RT with F3 was even smaller than with F2 during nighttime. This small RT

is probably due to the shape of the clearing, which consisted of a small depression in the ground.

Especially during cold conditions and in absence of ground-warming sunlight, microtopographic

heterogeneities like depressions can lead to cold-air pooling close to the ground. This cold-air

pooling causes small-scale stable atmospheric conditions which are decoupled from larger-scale

atmospheric processes (Ashcroft and Gollan, 2013). The results fit well with those of Thomas

(2011), who also found a strong influence of understory density and local terrain on the observed

temporal and spatial variability of Tair and wind.

During frost nights, the weather station Tair measurements correlated the least with F3 and

with F6 at Buchberg (Fig. 3.10 f), underlining the effect of cold-air pooling near F3 and the

effect of a dense canopy cover above F6.

The transition periods showed the most contrasting behavior: While RT was highest during

the evening transition, it was lowest during the morning transition (Fig. 3.10 d–e). On the

1.5 h scale, RT between the weather station and F5 even reached negative values, meaning

40
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Figure 3.10.: Spatial two-point correlation coefficients RT obtained by multiresolution decomposition
of Schneeberg weather station’s air temperature measurements with each of the stationary
thermohygrometers. Different temporal scales are presented in different colors. RT below
the black line situated at 1 − 1

e indicates significant decorrelation. Six different subsets
were analyzed: (a) all data (22 d, 06:22:00 to 06:10:45), (b) only daytime (22 d, 06:22:00
to 18:22:00), (c) only nighttime (22 d, 21:33:15 to 03:10:45), (d) only morning transitions
(22 d, 03:22:00 to 06:10:45), (e) only evening transitions (22 d, 18:33:15 to 21:22:00), (f)
only frost nights (6 d, 21:33:15 to 03:10:45). WS refers to Schneeberg weather station.
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3. Results and discussion

they anti-correlated. Probably, the microtopographic differences between the locations lead to

location-specific temperature dynamics, decorrelating the signals. Additionally, the sunlight

exposition might have played a role. As F5 was located on the northern slope of Schneeberg,

it was probably still cooling down while the sunlight already reached the weather station,

warming up the air at the summit.

A direct comparison of above and below block field STH measurements with RT computed

for F2, F3, F4, F7 and F8 in comparison to every other station’s location instead of only in

comparison to the weather station at a 6 h time scale showed that differences in RT were larger

for daytime data than for the complete data set, nighttime data and frost night data (Fig. 3.11).

Morning and evening transition were not analyzed because they only encompassed 3 h each.

The 6 h scale was chosen to minimize effects of the spatial distance between sites.

F4 and F8, the STH locations below the block fields, had very similar RT with each of the

other stations during the day. At nighttime, the STHs located at the same site had similar RT

to each of the other stations (Fig. 3.11 c). The subset of the frost nights showed unexpected

behavior: F3 above the block field at Schneeberg and F8 below the block field at Rauher Kulm

had similar RT with every other station, while F2, F4 and F7 exhibited a pattern similar to

each other (Fig. 3.11 d). Since all of the nighttime RT values were close to 1, the analysis of

the complete data set was almost equal to the analysis of the daytime subset (Fig. 3.11 a–b).

Apparently, the effect of the block field or other topographic elements on Tair development

was larger during the day, while at night, the distance in space and/or elevation was the more

important factor. This finding is contrary to the expected process of cold-air drainage and the

buildup of an inversion across the block field. Cold-air drainage would lead to similar nighttime

behavior of STHs in similar positions relative to the block field. However, the nighttime RT

values fit the observed Tair gradients across the block fields, which indicate a lack of inversion

occurrences especially at Schneeberg (see chapter 3.2.2). The high similarity of RT of F4 and

F8 in comparison to every other station during daytime can be explained with both of these

STH locations being situated in direct vicinity of the blocks, which should lead to them rapidly

recording the effect of sunlight on the Tsurface of the rocks, heating up the air nearby under

conditions with high K ↓ (Fig. B.2), whereas the other STH locations were situated several

meters away from the block field edge and covered by forest canopy to varying degrees. The

unexpected patterns in the frost night subset might well be an artifact of the small data set.

3.3.2. Power spectra

Power spectra, which were computed to analyze the amount of energy contained in each time

scale (Fig. 3.12), being equivalent to the amount of temporal variability of Tair, showed that the

mean spectrum density DT decreased with increasing frequency f with a slope of approximately

−5/3. A −5/3 slope is expected for the micro-turbulence in the inertial subrange according

to the −5/3 decay law (Kolmogorov, 1941a,b, Foken, 2017, chap. 1.4.3). However, the period

lengths analyzed mostly lie within the mesoscale influenced by the diurnal cycle. Here, a

spectral peak is expected for period lengths of ∼6 h (Roedel and Wagner, 2017, chap. 6.3.3).

This peak was detected for daytime data gathered by the STHs (Fig. 3.12 b). Furthermore,

for daytime, evening transition and the complete data set, the weather station at Schneeberg
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Figure 3.11.: Spatial two-point correlation coefficients RT obtained by multiresolution decomposition
of five stationary thermohygrometers (STHs)’ air temperature measurements in compari-
son to every other station at the 6 h time scale. Blue lines represent STHs at Schneeberg,
orange lines represent STHs at Rauher Kulm. Empty, upwards pointing triangles indicate
STHs located above the block field, filled, downwards pointing triangles indicate STHs
located below the block field. RT below the black line situated at 1− 1

e indicates signif-
icant decorrelation. Four different subsets were analyzed: (a) all data (22 d, 06:22:00 to
06:10:45), (b) only daytime (22 d, 06:22:00 to 18:22:00), (c) only nighttime (22 d, 21:33:15
to 03:10:45), (d) only frost nights (6 d, 21:33:15 to 03:10:45). Parentheses in plot leg-
end describe the location of each STH: S = Schneeberg, K = Rauher Kulm, a = above
block field, b = below block field, o = open to the sky, c = under canopy. WS refers to
Schneeberg weather station.
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3. Results and discussion

exhibited a distinctly lower DT across all frequencies (Fig. 3.12 a, b, e). This lack in Tair

variance might have several reasons: For one, the weather station’s measurement technology

is less prone to longwave radiation errors than the STHs. For another, the building on whose

roof the weather station was located has a large heat storage capacity, weakening the temporal

Tair variability. Lastly, the weather station was located in a very exposed position with high

wind speeds leading to strong turbulent mixing, which also reduced the temporal variability

of Tair at the investigated time scales. In general, DT was largest during the day, where the

differences between the stations also were largest (Fig. 3.12 b). During nighttime, DT was lower

and almost the same for all stations (Fig. 3.12 c). The generally lower DT at night implies

stronger atmospheric mixing during the day than at night, which fits the common process

of a stable nocturnal boundary layer with minimum turbulence. As DT for all stations was

similar at night, the nocturnal processes of stabilization of stratification and cessation of wind-

inducing air density differences affected all stations equally, irrelevant of site, vegetation cover

and position in relation to the block field. It was unclear whether the summit of Schneeberg

would be affected by a low-level jet during the night, with high wind speeds above the friction-

reducing stable surface layer. Serafimovich et al. (2017) detected occasional low-level jets at

the nearby Waldstein research site in the Fichtelgebirge mountains and Loos (2016) found low-

level jets to develop above the valley north of Schneeberg. Holden (2016) found no significant

changes in wind direction and speed within the lowest 200 m above the Schneeberg summit,

which indicates the absence of low-level jets above Schneeberg. This finding fits the results of

the power spectrum analysis showing that the weather station at Schneeberg summit had a

very similar variance to the other stations, meaning that it was probably not influenced by a

low-level jet.

After normalizing the spectra by dividing by the variance σ2T and multiplying by the frequency

f , all subsets except for the evening transition exhibited a spectral peak, situated at 1.5 h

(nighttime, morning transition) and 6 h (daytime), respectively (Fig. 3.13). Only for higher

frequencies, which means shorter period lengths, than 1.5 h, the spectra showed a decay of ap-

proximately −2/3 with increasing frequency as expected for normalized spectra for the inertial

subrange (Kolmogorov, 1941a,b, Foken, 2017, chap. 2.5). Since sub-canopy turbulence depends

on shear generation of above-canopy turbulence which is transported downwards (Vickers and

Thomas, 2013), the different energy decay during the evening transition might be due to the me-

chanically induced turbulence by shear forces which prevail during this time of day with highly

variable and fast-changing wind directions and speeds in different heights, which matches find-

ings by Fernando et al. (2013) and Chen et al. (2017). The high variability during the frost

nights indicates microclimatic deviations between STHs.
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Figure 3.12.: Power spectra of air temperature obtained by multiresolution decomposition showing the
mean spectrum density DT per period length. Different temporal stations are presented
in different colors. Six different subsets were analyzed: (a) all data (22 d, 06:22:00 to
06:10:45), (b) only daytime (22 d, 06:22:00 to 18:22:00), (c) only nighttime (22 d, 21:33:15
to 03:10:45), (d) only morning transitions (22 d, 03:22:00 to 06:10:45), (e) only evening
transitions (22 d, 18:33:15 to 21:22:00), (f) only frost nights (6 d, 21:33:15 to 03:10:45).
Parentheses in plot legend describe the location of each STH: S = Schneeberg, B =
Buchberg, K = Rauher Kulm, top = summit, a = above block field, b = below block
field, pl = plantation, o = open to the sky, c = under canopy. WS refers to Schneeberg
weather station.
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Figure 3.13.: Power spectra of air temperature obtained by multiresolution decomposition showing the
mean spectrum density DT per period length, normalized by dividing by the variance σ2

T

and multiplying by the frequency f . Different temporal stations are presented in different
colors. Six different subsets were analyzed: (a) all data (22 d, 06:22:00 to 06:10:45), (b)
only daytime (22 d, 06:22:00 to 18:22:00), (c) only nighttime (22 d, 21:33:15 to 03:10:45),
(d) only morning transitions (22 d, 03:22:00 to 06:10:45), (e) only evening transitions
(22 d, 18:33:15 to 21:22:00), (f) only frost nights (6 d, 21:33:15 to 03:10:45). Parentheses
in plot legend describe the location of each STH: S = Schneeberg, B = Buchberg, K
= Rauher Kulm, top = summit, a = above block field, b = below block field, pl =
plantation, o = open to the sky, c = under canopy. WS refers to Schneeberg weather
station.
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3.4. Hand-held air temperature measurements

On each of the four days where hand-held Tair measurements were conducted, the mean Tair

recorded by the MTH at 20 cm was higher than or equal to Tair at 2 m height, indicating there

was no nighttime surface-based inversion (Tab. 3.1). The mean ∆Tair between the 20 cm and

the 2 m height measurements ranged from 0.0 K on 14.05.2019 to 0.3 K on 05.05.2019. After

calculating the mean of the 10 measurements per height above ground, day and location, a

Shapiro-Wilk normality test showed that the data subsets of each day and measuring height

were normally distributed. Therefore, a paired, two-sided t-test was performed on the data of

the two measuring heights. It revealed that for three of the four nights, the differences between

the measuring heights were significant to the 0.05 level of the p-value, while on 14.05.2019,

there was no significant difference.

Table 3.1.: Mean air temperature Tair per day and measuring height recorded by the mobile thermo-
hygrometer, p-value of Shapiro-Wilk normality test and p-value of paired, two-sided t-test.

night
mean Tair
(°C) at
20 cm

mean Tair
(°C) at
200 cm

p-value
Shapiro-Wilk
(20 cm)

p-value
Shapiro-Wilk
(200 cm)

p-value t-
test

05.05.2019 −1.8 −2.1 0.70 0.66 4.22× 10−6

07.05.2019 −0.2 −0.3 0.27 0.63 0.02
14.05.2019 0.6 0.6 0.15 0.13 0.92
15.05.2019 −1.1 −1.2 0.47 0.97 0.04

3.4.1. Mean of all days

The hand-held Tair measurements, which allowed for a higher spatial resolution than the tem-

porally continuous measurements, showed that the warmest part of the measuring site during

the frost nights was usually the block field (Fig. 3.14), contrary to hypothesis II a). This finding

shows that the large heat-storage capacity of the blocks has a stronger impact on Tair than

the absence of a canopy that would provide higher I ↓ than the bare night sky. Jordan and

Smith (1995), on the other hand, state sky exposure to be the main factor influencing frost

occurrence, though they did not use a block field for a comparison to a forested area.

In general, it was warmer below the block field than above, in accordance with the temporally

continuous Tair measurements (see chapter 3.2.2) and contrary to hypothesis II b). Therefore,

there was usually no inversion between above- and below-block field areas during the frost

nights. Studies investigating block fields usually find colder air downslope of the block field,

not above (Harris and Pedersen, 1998; Popescu et al., 2017; Růžička et al., 2012, 2015; Stiegler

et al., 2014; Zacharda et al., 2007).

The lowest Tair occurred at the three beech trees number 1 to 3 above the block field. While

at 20 cm height above ground the low Tair might have been due to the blueberry cover, these

measuring locations were also the coldest at 2 m height. It was assumed that the few beech

trees which grow at the site would be situated at the warmest parts of the site, hence the

lack of beeches in the rest of the forest surrounding the block field. However, the result that

Tair was lowest near the beeches contradicts this assumption. Thus, it is highly probable that
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3. Results and discussion

beeches would be able to grow everywhere in this area, which is of high importance for future

forest management.

The current absence of beeches at the rest of the study site is therefore not due to unfavorable

conditions; instead, a mere coincidence of a few beech-nuts reaching the forest above the block

field seems to be the cause of the present distribution of beeches at the site.
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Figure 3.14.: Temporal mean of spatial perturbations and standard deviation σ of spatial perturbations
of air temperature Tair of the four measuring days at (a) 20 cm and (b) 2 m height above
ground at Schneeberg. (Base map: © 2021 Google, © 2021 GeoBasis-DE/BKG)

3.4.2. Data for each day

For a better understanding of the variation in Tair perturbations from day to day, the per-

turbations were analyzed for each single measuring day (Fig. 3.15), showing that the largest

perturbations occurred on 05.05.2019 with +1.4 K to −0.8 K deviation from the mean at 20 cm

height above ground (Fig. 3.15 a) and +0.8 K to −0.9 K deviation at 2 m height (Fig. 3.15 b).

The smallest perturbations occurred on 07.05.2019 with +0.6 K to −0.4 K deviation from the

mean at 20 cm height above ground (Fig. 3.15 c) and +0.3 K to −0.4 K deviation at 2 m height

(Fig. 3.15 d). The standard deviation σT of the 10 measurements per location was usually

smallest for the uppermost measurement locations (T07 to T10, T16 to T18; Fig. 2.2) and

largest for the westernmost locations (T13 to T15) and the locations on the block field (T03

to T06).

An inversion only occurred on 14.05.2019, when the air at the measuring locations above the

block field (T07 to T10) was slightly warmer than at those below (T01 to T02), though the

locations of the beech trees (T16 to T19) were still the coldest (Fig. 3.15 e–f). However, the

block field was still the warmest part of the site on this day (T03 to T06). On 07.05.2019, the

block field was not warmer than the surrounding area, though. This day was also the day with

the least spatial ∆Tair between measuring locations. Interestingly, neither were wind speeds

on this day particularly high (Fig. B.1), which would have induced strong turbulent mixing,
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3.4. Hand-held air temperature measurements

nor was the day before the measuring night particularly cloudy (Fig. B.2), which might have

explained the lack of heat stored by the blocks. On the other three measuring days, the warming

effect of the block field was much more pronounced for the 20 cm measurements than the 2 m

measurements. The vertical Tair gradient at T03 to T06 suggests that the air above the block

field was warmed by the heat-storing blocks.

T16 to T18, where three of the four beech trees were located, were among the coldest measuring

locations every single day, indicating that the mean Tair value of the four measuring days being

the lowest at these locations as seen in Fig. 3.14 was not due an extreme outlier.

3.4.3. Difference between the measuring heights

On 05.05.2019, ∆Tair between the 2 m and the 20 cm height measurements was ≤0.0 K for

every measuring location, meaning that the stratification in the 2 m above ground was neutral

to statically unstable. On all other days, there were varying numbers of measuring locations

with positive ∆Tair (Fig. 3.16 b–d). Especially the uppermost locations (T08 to T10) exhibited

a statically stable stratification on each of the measuring days except for the first. Possibly,

the uninhibited surface radiative cooling of the flat, grassy surface near Schneeberg summit

created a small-scale inversion, whereas the rest of the measuring locations either had reduced

radiative net losses due to longwave radiation coming in from the canopy or air heated by the

warm blocks.

The largest amount of measuring locations with a statically stable stratification in the 2 m

above ground occurred on 14.05.2019, the same day where the locations above the block field

were warmer than below the block field (Fig. 3.15 e–f). According to the weather station at

Schneeberg, wind speed was very low during this night, leading to a lack of turbulent mixing

and providing perfect conditions for the development of an inversion layer close to the ground.

Of the four measuring locations on the block field, the uppermost one (T06) stood out as having

the strongest negative ∆Tair between the two measuring heights, especially on 14.05.2019 and

15.05.2019 (Fig. 3.16 c–d). T06 was the most sheltered measuring location on the block field,

with large blocks surrounding it on all sides and apparently heating the air inside the small

hollow they created. Thus, there was a larger difference to the air at 2 m height than at

locations T03 to T05, which were more exposed.
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Figure 3.15.: Spatial air temperature Tair perturbations per day and measuring height, gained by
subtracting the mean Tair of both heights per day (05.05.2019: −2.3 °C, 07.05.2019:
−1.6 °C, 14.05.2019: 0.3 °C, 15.05.2019: −1.7 °C) from the mean of the 10 measurements
per location to allow for comparison of the two heights. The standard deviation σT
was also calculated using the 10 measurements per location. Max and min refer to the
maximum and minimum perturbation from the mean per day and measuring height.
(Base map: © 2021 Google, © 2021 GeoBasis-DE/BKG)
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3.5. Canopy surface temperature

Longwave radiation is of high importance to plant tissue (Jones and Rotenberg, 2001). There-

fore, the Tair measurements were accompanied by Tsurface measurements taken with an IR

camera.

On average, the forest canopy Tsurface was higher below the block field than above (Fig. 3.17),

as was Tair (see chapter 3.4). A possible explanation is that since the rocks are generally

warmer than the forest (see chapter 3.4), they emit more longwave radiation which heats up

the forest edge. The angle between the block field slope and the forest edge below is <90°,

whereas the angle with the uphill forest edge is >90°. Therefore, the lower forest edge receives

more of the I ↑. Only on 07.05.2019, Tsurface of the canopy above the block field was higher,

whereas Tair was higher above the block field only on 14.05.2019 (Fig. 3.15). Therefore, the

heating effect of the block field cannot explain all the differences in forest Tair. Instead, a

complex interplay between I ↑ and various other factors influence the local stratification of the

atmosphere: Clouds increase I ↓, reducing the positive nighttime longwave radiation balance;

high wind speed or direction differences between layers generate shear and enhance turbulent

mixing, increasing the sensible heat flux; and the large-scale synoptical situation drives air flow

across the block field (see chapter 3.1).
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Figure 3.17.: Relation between above block field and below block field canopy surface brightness tem-
perature Tsurface. Each point represents one day. The error bars contain the 0.05 and
0.95 quantiles of pixel values.
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3.6. Beech development

3.6.1. Bud growth

Three of the beech trees had buds that had not yet started bursting at the beginning of

May 2019. A linear model of the length measurements of these buds between 30.04.2019 and

15.05.2019 revealed that the buds grew on average 0.57 mm d−1. The measurements showed

bud length to stay the same or even decrease shortly after frost events (Fig. 3.18). Since bud

length decreasing is unlikely, this finding is most probably due to measurement errors. Bud

length of beech number 7 increased with a similar rate to beeches number 2 and 3 despite being

located in the plantation rather than at the summit. The similar growth rate suggests that the

beeches from the two measuring locations can be treated as a single sample.
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Figure 3.18.: Bud length development during the first half of May 2019. Even though five branch tips
per tree were selected, represented here are only the buds in the phenological stages of
the Biologische Bundesanstalt, Bundessortenamt und Chemische Indsturie in categories
00–03 and 07 (before buds showed green tips or leaves unfolded). Beeches number 1, 5
and 6 did not have any buds in these phenological stages at the time of measurement.
Grey bars indicate the times with air temperature at Schneeberg (spatial mean of F1 to
F5) below 0 °C.

3.6.2. Phenology

On 05.05.2019, the first day of late frost, the leaves of trees number 1 at Schneeberg summit

and number 5 and 6 in the plantation had at least partly unfolded their leaves (Fig. 3.19).

On the last day of late frost, 15.05.2019, additionally tree number 7 at the plantation had

started spreading its leaves. Trees number 2 and 3 near the block field were still just beginning

to break their buds. Urban et al. (2015) recorded a 21-year average of 8 d between the first

leaves in a stand being partially unfolded and all leaves in the stand being partially unfolded;

furthermore, they state the interval between 0 % and 100 % of leaf area in the stand to be 28 d.

Their measurements took place in a 45-year-old European beech forest in the Czech Republic.
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Marchand et al. (2020) state the inter-individual variability of beech bud burst to be 13 d at

two sites in Belgium and the variability to correlate most strongly with the timing of cessation

of wood formation in the previous autumn. Similarly, Menzel et al. (2015) give a range of

12 d for the timing of leaf unfolding among beech trees in the Bavarian Forest national park,

Germany. The beeches investigated in this thesis varied more in their timing of leaf-out, at

least where leaf unfolding is concerned (the variability in the timing of bud burst could not be

analyzed because observations only started when four of the six beeches had already started

bud burst). While on 30.04.2019, only beech number 5 had partly spread apart its leaves

(BBCH category 10), two weeks later only beeches number 1 and 6 as well as one of the five

investigated branches of beech number 7 had reached the same or more advanced phenological

stages. Since the beeches at both the summit and at the plantation exhibited similar variability

in leaf-out, the differences in tree phenology do not stem from the summit versus plantation

location but are the normal variance within a single sample. This finding is also in accordance

with Heide (1993), who found four different ecotypes from provenances between 47° N and

59° N in latitude and 10–600 m a.s.l. in altitude to respond very similarly to day length for the

timing of bud burst.
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Figure 3.19.: Phenological stage of beech buds at each of the measuring days. The Biologische Bunde-
sanstalt, Bundessortenamt und Chemische Indsturie (BBCH) scales represent the follow-
ing phenological stages: BBCH code 00–03: winter dormancy, beginning of bud swelling,
end of bud swelling, BBCH code 07: beginning of bud breaking, BBCH code 09: buds
show green tips, BBCH code 10: first leaves spread apart, BBCH code 11: first leaves
unfolded. Beeches number 1 to 3 were located at the summit of Schneeberg near the
block field, trees number 5 to 7 were located on the northern slope of Schneeberg in a
beech plantation.

3.6.3. Frost damage

When comparing the frost damage each beech suffered to the phenological stage the trees were

in at the last day of frost, it is apparent that only the leaves which had already completely
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3.6. Beech development

unfolded (BBCH category 11) received substantial damage (Fig. 3.20). The terminal buds

which were in BBCH categories 7–10 had a maximum of 5 % damaged leaf tissue. Beech

number 1, which was located at the summit of Schneeberg, received much more frost damage

than beeches number 5 and 6 at the plantation, even though Tair at the plantation was similar

to the summit (see chapter 3.2.1). The minimum Tair at the summit was −2.7 °C, with Tair

<− 2.0 °C lasting for 5.5 h; whereas the minimum Tair at the plantation was −2.8 °C, with Tair

<− 2.0 °C for the same time period.
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Figure 3.20.: Frost damage of beech leaves in July in relation to bud phenology on 15.05.2019, the last
day of frost. The Biologische Bundesanstalt, Bundessortenamt und Chemische Indsturie
(BBCH) scales represent the following phenological stages: BBCH code 00–03: winter
dormancy, beginning of bud swelling, end of bud swelling, BBCH code 07: beginning of
bud breaking, BBCH code 09: buds show green tips, BBCH code 10: first leaves spread
apart, BBCH code 11: first leaves unfolded. Beeches number 1 to 3 were located at
the summit of Schneeberg near the block field, trees number 5 to 7 were located on the
northern slope of Schneeberg in a beech plantation.

Hofmann and Bruelheide (2015) found the Tair at which 50 % of the maximum frost damage was

reached to be −10.2 °C for freshly opened beech buds, while Vitasse et al. (2014) state the same

effect to be reached at −6.8 °C. The difference might be caused by Vitasse et al. (2014) studying

buds in BBCH category 10–11, whereas Hofmann and Bruelheide (2015) analyzed buds in

BBCH category 9–10. This difference in critical Tair in combination with leaf development fits

the findings of this thesis which show that the more unfolded leaves are, the more damage they

sustain at the same Tair. However, other factors between the studies also differed: Hofmann and

Bruelheide (2015) selected samples near Halle (Saale), Germany, at ∼90 m a.s.l. and applied

freezing temperatures for 45 min, while Vitasse et al. (2014) sampled trees in Switzerland at

570–580 m a.s.l. and froze them for 4 h. Till (1956), on the other hand, states 50 % of the

leaf tissue of beeches he sampled near Göttingen, Germany, at altitudes of 240–360 m a.s.l. to

already be damaged at Tair of only −3.0 °C for a time period of 2 h. The amount of damage
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sustained by the leaf tissue thus depends not only on the minimum Tair the tissue is exposed

to, but is also affected by other factors such as duration of the frost event and seed origin, as

individuals from different provenances might have adapted to their climate of origin (Kramer,

1994). While the beech trees in the plantation at Schneeberg were planted, the beeches at

the summit most likely germinated in place and their seed origin is unknown. Furthermore,

microclimatic factors like air moisture, wind exposure, I ↓ and canopy cover have not been

taken into consideration in the laboratory experiments of Hofmann and Bruelheide (2015), Till

(1956) and Vitasse et al. (2014). The complex interplay of all of these variables impedes a

definite answer as to why the beeches studies in this thesis showed varying amounts of frost

damage.

Additionally to the frost damage, the beeches at the plantation were infested with woolly beech

aphids (Phyllaphis fagi L.), a common insect in beech nurseries and natural regeneration areas

(Gora et al., 1994). Ph. fagi feeds on phloem sap, leading to leaf discoloration, desiccation and

downwards curling as well as necroses and premature leaf loss (Gora et al., 1994; Iversen and

Harding, 2007a,b; Kot and Kmieć, 2012). Possibly, some of the leaf damage attributed to late

frost in beeches number 5 to 7 at the plantation actually stems from the aphid infection.

The beeches at Buchberg had already fully unfolded their leaves when measurements started.

Despite Tair dropping to −0.7 °C during the night of 04.-05.05.2019, no apparent frost damage

was visible at the beeches at Buchberg. Since older leaves are more frost-resistant than newly

sprouted leaves (Menzel et al., 2015) and Tair was still well above the mildest critical frost

threshold found to damage beech leaves in other studies (Till, 1956), this mild frost event

probably had no impact on the leaf tissue.

3.7. Synthesis

According to hypothesis I a), the Tair differences between measuring locations at Schneeberg

site should have been larger than the differences between sites during night, which was clearly

not the case as seen in chapter 3.2.1. Only the Tair differences between the Schneeberg summit

area and the Schneeberg beech plantation ∼200 m of elevation lower were within the range of

Tair differences between measuring locations within the summit area.

Hypothesis I b) was that Tair at the Schneeberg summit, at least in some locations, is not

lower than at the coldest locations at beech-covered reference sites. While Tair at Buchberg

and Rauher Kulm was always higher than at the complete Schneeberg summit area during the

relevant time intervals with freezing temperatures, Tair in the beech plantation at Schneeberg

was lower than at the warmest parts of the summit area, supporting this hypothesis (see

chapter 3.2.1).

Hypothesis II a) was that the block field cools down further than forested areas during the

night, which was refuted by the Tair data (see chapter 3.4). Apparently, the amount of energy

stored by the blocks during the day, especially due to the size of the blocks and the position

on the southern slope, lead to high nighttime Tair despite the net longwave radiation loss due

to the missing canopy cover.

Hypothesis II b) was the establishment of an inverse Tair gradient across the block field at

night, which was disproven both for Schneeberg and during time intervals with wind speeds
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>2.0 m s−1 also for Rauher Kulm (see chapter 3.2.2 and 3.4). The atmospheric processes of

cold-air drainage, ascending warm air, and cold-air pooling downslope typical for block fields

could not be found at the two block fields investigated in this thesis. A thin snow cover

was present on the first of the measuring days, but too interrupted to facilitate a chimney

effect as described by Wakonigg (1996). Neither was there strong enough wind to blow the

snow from the boulder surfaces and lead to a thermal bridge (Davesne et al., 2017). Since no

measurements inside the voids between the blocks were taken, no definite statements about the

possible development of a Balch effect (Balch, 1900, chap. II) with cold-air pooling beneath the

blocks versus a rapid adjustment of the void Tair to Tair above the boulders as found by Harris

and Pedersen (1998) can be made. However, the Tair and Tsurface data suggest that it was

warmer between the blocks than in the surrounding near-surface air. These unexpected findings

mismatching previous studies of block field micrometeorology might be due to the shape and

the small size of the block fields investigated in this thesis. With 0.5 ha at Schneeberg and

3 ha but a slope length of only 40 m at Rauher Kulm, both block fields were likely too small

for the atmospheric processes typical for block fields to develop. Additionally, the blocks at

Schneeberg were much larger than the ones in the study sites of Harris and Pedersen (1998),

where they had a diameter of only ∼25 cm, and of Růžička et al. (2012), Růžička et al. (2015)

and Zacharda et al. (2007), which had a diameter of 40–80 cm. These smaller blocks might cool

down faster than the ones at Schneeberg due to their larger surface to volume ratio, influencing

the Tair development at the study site.

The site at Buchberg did not show any kind of interesting Tair regimes. It behaved similarly

to Rauher Kulm, though nighttime Tair at Buchberg was usually 0.5 K to 1.0 K below that of

Rauher Kulm despite the similar elevation. This thesis could therefore not identify any limiting

factors to beech rejuvenation at Buchberg site.
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The main question of this thesis was whether microtopographic special sites like block fields

influence the micrometeorological conditions of their surroundings in a way that enables the

growth of European beech outside of its usual physiological habitat range, which is limited by

late frosts at high altitudes. If so, those beech establishments could be a first step to diversifying

the tree species composition, leading to a decreased risk for forest management of calamities

and wood loss.

Meteorological as well as phenological data were gathered in the Fichtelgebirge mountains in

Germany, with most measurements taking place at Schneeberg, the highest elevation in the

area, to address these questions.

It was found that the air temperature at the summit of Schneeberg does not differ vastly from

the temperature at lower parts of the mountain which are covered in beech forest, even in

nights were late frosts occurred. The block field proved to be the warmest part of the summit

area, while the air under the canopy was cooler. The locations of four beech trees that had

germinated in the summit area by chance were consistently the coldest parts of the site. Thus,

the beech trees’ presence was not due to a microclimate generated by the block field, with

chimney-effect induced warm-air locations above the block field favoring beech growth. It

is therefore likely that beech would be able to inhabit the complete summit area except for

the block field itself and, on a larger scale, all of Fichtelgebirge mountains, except for sites

where other factors than late frost are limiting. Both at the summit and in lower regions of

Schneeberg mountain, some of the beech trees had started unfolding their leaves by the time

of late frosts, while others had not. Of those in advanced phenological stages, the beech at the

summit received more frost damage than beeches at lower elevations, but all of the saplings

survived, indicating that sapling mortality due to late frost is not a limiting factor for beech

establishment in this mountain range.

Considering the block field did not act as a cold-air drainage site and thus did not have the

anticipated effects on the surrounding trees, it would have been interesting to have data from

further into the forest to get a broader understanding of local temperature gradients irrespective

of the block field. From a micrometeorological point of view, a detailed study of the block field’s

radiation and energy budgets would be of interest, with measurements not only taking place

across the surface of the field, but also into the depths between the blocks. From an ecological

point of view, arising questions are whether the beech trees that suffered from frost damage

will adapt and build more robust leaves in the following years, and whether frost damage

significantly decreases wood increment in these altitudes. Furthermore, the statistical validity

of the findings was limited by the small sample size of beech trees, a fact that was due to

only four beech individuals having sprouted in this area so far. These questions could not

be investigated in this thesis, since they would have gone beyond the temporal and technical
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scope, and might therefore be addressed in future studies.

The results of this thesis show that European beech is currently not late-frost limited at the

summit of Schneeberg, and therefore most likely neither at other parts of Fichtelgebirge moun-

tains. Thus, it is possible to initiate major changes in the silviculture of higher-elevation

forests, increasing the percentage of European beech and decreasing the amount of Norway

spruce, leading to more diverse, stress-resistant and climate-change tolerating forests. By the

end of the century, our understanding of forestry in mid-range mountains might be vastly

different from previous perspectives.
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Růžička, V., Zacharda, M., Němcová, L., Šmilauer, P., and Nekola, J. C.: Periglacial microcli-

mate in low-altitude scree slopes supports relict biodiversity, Journal of Natural History, 46,

2145–2157, https://doi.org/10.1080/00222933.2012.707248, 2012.
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A. Measuring sites

Figure A.1.: Picture of Schneeberg measuring site with micro sonic anemometer (marked by white
arrow) and supporting equipment (17.07.2019).
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A. Measuring sites

Figure A.2.: Picture of Schneeberg beech plantation (14.05.2019).
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Figure A.3.: Picture of Buchberg measuring site (30.04.2019).

Figure A.4.: Picture of Rauher Kulm measuring site (19.01.2019).
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A. Measuring sites

(a) F1, 30.04.2019 (b) F2, 18.04.2019 (Photo: C. Thomas)

(c) F3, 18.04.2019 (Photo: C. Thomas) (d) F4, 18.04.2019 (Photo: C. Thomas)

(e) F5, 05.05.2019 (f) F6, 30.04.2019

(g) F7, 04.05.2019 (h) F8, 04.05.2019

Figure A.5.: Pictures of all stationary thermohygrometer measuring locations.
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(a) T01, 06.07.2019 (b) T02, 06.07.2019

(c) T03, 06.07.2019 (d) T04, 06.07.2019

(e) T05, 06.07.2019 (f) T06, 06.07.2019

(g) T07, 06.07.2019 (h) T08, 06.07.2019

Figure A.6.: Pictures of mobile thermohygrometer measuring locations T01 to T08.
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A. Measuring sites

(a) T09, 06.07.2019 (b) T10, 06.07.2019

(c) T11, 06.07.2019 (d) T12, 06.07.2019

(e) T13, 06.07.2019 (f) T14, 06.07.2019

(g) T15, 06.07.2019 (h) T16, B1, 15.05.2019

Figure A.7.: Pictures of mobile thermohygrometer measuring locations T09 to T16 and beech B1.
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(a) T17, B2, 15.05.2019 (b) T18, B3, 15.05.2019

(c) T19, B4, 15.05.2019 (d) T20, weather station, 09.06.2019

Figure A.8.: Pictures of mobile thermohygrometer measuring locations T17 to T20, beeches B2 to B4
and Schneeberg weather station.
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B. Additional figures
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Figure B.1.: Wind speed measured by weather stations with 25 % and 5 % of windiest intervals of
nighttime (21:00–03:20) data highlighted. The wind speed was recorded (a) at Schneeberg,
with grey bars indicating the times with air temperature Tair at Schneeberg (spatial mean
of F1 to F5) below 0 °C and (b) at Hüttstadl near Rauher Kulm, with grey bars indicating
the times with Tair at Rauher Kulm (spatial mean of F7 and F8) below 0 °C.
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Figure B.2.: Global radiation at Schneeberg weather station during the time of the experiment. Grey
bars indicate the times with air temperature at Schneeberg (spatial mean of F1 to F5)
below 0 °C.
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Figure B.3.: Standard deviation σ of (a) F1 to F4 and (b) F7 and F8 half-hourly stationary thermo-
hygrometer air temperature Tair data per wind speed during nighttime with 25th and 5th

percentile.
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(a) B1, 05.05.2019 (b) B2, 05.05.2019

(c) B3, 05.05.2019

Figure B.4.: Surface brightness temperature Tsurface of beech trees at Schneeberg summit and their
surroundings on 05.05.2019, assuming an emissivity of 0.92. White areas indicate temper-
atures outside of the range of the color bar.

(a) B1, 07.05.2019 (b) B2, 07.05.2019

(c) B3, 07.05.2019 (d) B4, 07.05.2019

Figure B.5.: Surface brightness temperature Tsurface of beech trees at Schneeberg summit and their
surroundings on 07.05.2019, assuming an emissivity of 0.92. White areas indicate temper-
atures outside of the range of the color bar.
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(a) B1, 14.05.2019 (b) B2, 14.05.2019

(c) B3, 14.05.2019 (d) B4, 14.05.2019

Figure B.6.: Surface brightness temperature Tsurface of beech trees at Schneeberg summit and their
surroundings on 14.05.2019, assuming an emissivity of 0.92. White areas indicate temper-
atures outside of the range of the color bar.

(a) B1, 15.05.2019 (b) B2, 15.05.2019

(c) B3, 15.05.2019 (d) B4, 15.05.2019

Figure B.7.: Surface brightness temperature Tsurface of beech trees at Schneeberg summit and their
surroundings on 15.05.2019, assuming an emissivity of 0.92. White areas indicate temper-
atures outside of the range of the color bar.
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(d) frost nights
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Schneeberg Buchberg Rauher Kulm

Figure B.8.: Boxplots of air temperature Tair per stationary thermohygrometer (STH) and subset: (a)
complete data set from 30.04.2019–23.05.2019, (b) only daytime values (05:50–18:30), (c)
only nighttime values (21:00–03:20), (d) only frost night values (see Tab. 2.3). Parentheses
in axis labels describe the location of each STH: S = Schneeberg, B = Buchberg, K
= Rauher Kulm, top = summit, a = above block field, b = below block field, pl =
plantation, o = open to the sky, c = under canopy. The bold line marks the median, the
box encompasses the 25th to 75th percentile, whiskers encompass the range of all data
except for outliers, dots are outliers.
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(d) frost nights
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Figure B.9.: Boxplots of potential temperature Θ at a reference elevation of 871 m above sea level per
stationary thermohygrometer (STH) and subset: (a) complete data set from 30.04.2019–
23.05.2019, (b) only daytime values (05:50–18:30), (c) only nighttime values (21:00–03:20),
(d) only frost night values (see Tab. 2.3). Parentheses in axis labels describe the location
of each STH: S = Schneeberg, B = Buchberg, K = Rauher Kulm, top = summit, a =
above block field, b = below block field, pl = plantation, o = open to the sky, c = under
canopy. The bold line marks the median, the box encompasses the 25th to 75th percentile,
whiskers encompass the range of all data except for outliers, dots are outliers.
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(d) 12.−13.05.2019
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(f) 14.−15.05.2019

F1 (S,top,o) F2 (S,a,c) F3 (S,a,o) F4 (S,b,o)

F5 (S,pl,c) F6 (B,top,c) F7 (K,a,c) F8 (K,b,c)

Figure B.10.: Air temperature Tair measurements of stationary thermohygrometers (STHs) during the
six frost nights. Parentheses in plot legend describe the location of each STH: S =
Schneeberg, B = Buchberg, K = Rauher Kulm, top = summit, a = above block field, b
= below block field, pl = plantation, o = open to the sky, c = under canopy.
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C. Block field surface temperature

Tsurface of the block field in relation to the forest canopy varied (Fig. C.1). On 05.05.2019

and 14.05.2019, the block field was much warmer than the surrounding forest, whereas on

07.05.2019, Tsurface was similar to the forest. On 15.05.2019, Tsurface of the block field was

very heterogeneous according to the IR camera, with the skyward pointing edges of the blocks

very cold and the spaces in between the blocks very warm. The small anthropogenic block heap

directly at the summit of Schneeberg where F1 was located was warmer than the surrounding

grass on the first measuring day, of similar Tsurface on 07.05.2019 and very heterogeneous on

the last two measuring days (Fig. C.2).

On the first two measuring days, the IR camera measured sky temperatures higher than

−10.0 °C, indicating cloudy conditions, whereas on the last two measuring days, the sky tem-

perature was around −20.0 °C to −40.0 °C, meaning that the sky was clear. While the sky

temperatures in relation to the Tsurface differences between block field and canopy seem to

indicate that under clear-sky conditions like on 15.05.2019, the blocks cool down more strongly

than the forest, it is more likely that the low block Tsurface measured by the IR camera on this

day is an artifact of the underlying physics. The reflectivity of longwave radiation is angular

dependent (Cole, 1976), therefore the blocks, depending on the angle toward the sky and the

IR camera, reflect the sky temperature toward the camera at varying degrees. The effect of the

distortion is the larger the colder the sky is, therefore it is largest for the last two measuring

days. However, for the shallow angle between the camera and the block field in combination

with the crystalline structure of the rock surface, which provides a spectrum of scattering

angles, the magnitude of this measurement error should not be very large.
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C. Block field surface temperature

(a) C1 upwards, 05.05.2019 (b) C1 downwards, 05.05.2019

(c) C1 upwards, 07.05.2019 (d) C1 downwards, 07.05.2019

(e) C1 upwards, 14.05.2019 (f) C1 downwards, 14.05.2019

(g) C1 upwards, 15.05.2019 (h) C1 downwards, 15.05.2019

Figure C.1.: Surface brightness temperature Tsurface of the block field and the forest edge above (left)
and below (right) on each measuring day, images taken at infrared camera location C1
using an emissivity of 0.95. White areas indicate temperatures outside of the range of the
color bar.
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(a) C6, 05.05.2019 (b) C6, 07.05.2019

(c) C6, 14.05.2019 (d) C6, 15.05.2019

Figure C.2.: Surface brightness temperature Tsurface of the small anthropogenic block heap at Schnee-
berg summit on each measuring day, images taken at infrared camera location C6 using
an emissivity of 0.95. White areas indicate temperatures outside of the range of the color
bar.
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