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Abstract

The investigations in this study reveal that saitel shallow groundwater tables

contribute to the formation of a specific local ambclimate.

The climate in cities differs from that in surroumgl areas, as the natural energy and
moisture balances are influenced by the modifigthsas. Furthermore, urban soils are
highly variable within small spatial scales andtdéea anthropogenic alterations.
Whether this variability contributes to the fornaettiof the distinct local urban climate
at the micro scale was to be observed within thidys Focus lay on soil hydrology and
groundwater table depth and their contribution vapstranspiration. This issue was
approached by designing and operating a measuremeénork which provided long-
term data on urban pedological and meteorologiaedmpeters. It covered three distinct
land use types: the suburban types "green spade'hanising area”, located within two
districts with different mean groundwater table ttispand characteristic urban soil

properties, and the inner city type “sealed sufface

It is found for the years 2011 and 2012 that tmepteral evolution of water content
and soil water tension for the sites is very didtimelated to soil substrate, organic
matter content and groundwater table depth. ImpHadgferent vegetation types on the
soil water dynamics can be identified, while thiéuence of urban land use is not found
to be definite. The effect of intensive precipbatievents on soil water content and
tension varies in temporal endurance, infiltrateord percolation depth. Three types of
seasonal topsoil moisture trends are identified, inich a close relation to soil
characteristics is ascertained. On shorter timescaluring a three-week dry phase the
upper 40 cm of soils at the suburban district \aittheep groundwater table lose 35 % of
the plant-available water capacity, while at thalleliv groundwater table district this
amount decreases by only 10 %. This signifies grachof groundwater table depth on

the water content of the upper soil layers durow precipitation periods.

The observed average nocturnal urban heat islafd. 5K at the city core, +0.7 K

at the deep groundwater table suburban housingaréa+0.3 K at the nearby green



VIl

space. The effect is most prominent when wind speddw and sky is only partly
cloudy. In mean daytime air temperattoethe inner city sites positive differences arise
in the order of less than a fifth of the observeghtiime urban heat island effect. No
evidence for a significant impact of topsoil moistwn the nighttime urban heat island
is found. For the daytime span of air temperatdrécl17 % of its variance is found to

be explained by topsoil water content for selecedelvant days.

The magnitude of turbulent latent heat fluxes ab@weiburban district with housing
development shows major differences within the testgen period. The phenological
cycle is mirrored in the annual progression of évaporative fraction. Near-surface
flux measurements at a green space show a lessededimplitude and less scatter.
Differences in the share of latent heat fluxes lta évaporative fraction can, to some

part, be attributed to the surface characteristicsland use of source areas.



Zusammenfassung

Die Untersuchungen in dieser Arbeit zeigen, dassleBound geringer Grund-

wasserflurabstand zur Ausformung eines spezifistbieaalen Stadtklimas beitragen.

Das Klima in Stadten unterscheidet sich von derdein umliegenden Gebieten, da
die naturlichen Energie- und Feuchtebilanzen von dweodifizierten Oberflachen
beeinflusst werden. Dartber hinaus sind stadtiggébden kleinraumig stark unter-
schiedlich und weisen anthropogene Uberpragungén Glu diese Variabilitat zur
Formierung des lokal unterschiedlichen Stadtklimasder Mikroskala beitragt, war in
dieser Arbeit zu untersuchen. Der Fokus lag aufBbetenhydrologie und dem Grund-
wasserflurabstand sowie deren Beitrag zur Evapspieation. Diesem Thema wurde
sich mittels der Konzipierung und des Betriebs ®ilMdessnetzwerks angendhert,
welches Langzeitmessungen zu stadtischen boden&hedl und meteorologischen
Parametern lieferte. Es umfasste drei verschiedandhutzungstypen: die rand-
stadtischen Typen ,Grinflache* und ,Wohngebiet‘legen innerhalb zweier Stadtteile
mit unterschiedlichen Grundwasserflurabstanden staditcharakteristischen Boden-

eigenschaften, sowie den innerstadtischen Typ ipgeste Oberflache”.

Fur die Jahre 2011 und 2012 wird festgestellt, daszeitliche Verlauf von Wasser-
gehalt und Bodenwasserspannung fir die Standolnteusgerschiedlich ist, abhangig
von Bodensubstrat, Gehalt an organischer SubstadzQrundwassertiefe. Einfliisse
von verschiedenen Vegetationsarten auf den VedasfBodenwasserhaushalts kdnnen
beobachtet werden, wahrend eine Beeinflussung dsititische Landnutzung nicht
deutlich wird. Der Effekt von Starkregenereignisseih den Bodenwassergehalt und die
Wasserspannung variiert in zeitlicher Dauer, Irdtion und Tiefe der Perkolation. Drei
Arten von saisonalen Verlaufen der Oberbodenfeusetelen ermittelt, fir welche ein
enger Zusammenhang zu Bodencharakteristika festljesird. Fur einen kirzeren
Zeitraum, wéahrend einer dreiwdchigen Trockenphbasé&achtet, verlieren die oberen
40 cm der Boden im Stadtteil mit einem tiefen Gmuasserstand 35 % der

pflanzenverfigbaren Wasserkapazitat, wahrend didségil im Stadtteil mit einem



hohen Grundwasserstand nur um 10 % sinkt. Diestwai$ einen Einfluss von
Grundwasserflurabstand auf den Wassergehalt derembBodenbereiche wahrend
Phasen mit geringem Niederschlag hin.

Die beobachtete mittlere nachtliche stadtische Whanung betragt +1.7 K im
Stadtkern, +0.7 K im Wohngebiet des Stadtteilstrafen Grundwasser und +0.3 K auf
der nahegelegenen Grinflache. Der Effekt ist amtlidbsten, wenn die Wind-
geschwindigkeit gering und der Himmel nur teilweisewdlkt ist. An den inner-
stadtischen Standorten treten positive Abweichurdgmmittleren Tagestemperatur in
Hohe von weniger als einem Funftel des beobachtefiehtlichen Warmeinseleffekts
auf. Es findet sich kein Hinweis auf einen sigrafiken Einfluss von Oberbodenfeuchte
auf die nachtliche Warmeinsel. Fur die Spannweée ldufttemperatur wahrend des
Tages wird eine Erklarbarkeit ihrer Varianz durandDberbodenwassergehalt von 11

bis 17 % flr ausgewahlte relevante Tage gefunden.

Die GroRRenordnung der turbulenten latenten Warrasdll iiber einem rand-
stadtischen Gebiet mit Wohnbebauung zeigt innerhd#y Vegetationsperiode
wesentliche Unterschiede. Der phanologische Zykleis Vegetation spiegelt sich im
Jahresverlauf der Evaporative Fraction (Verdundantgil) wieder. Bodennahe
Flussmessungen auf einer Griunflache zeigen eineigererdeutlich ausgepragte
Amplitude und weniger Streuung. Unterschiede imelrder latenten Warmefliisse an
der Evaporative Fraction kénnen teilweise den Oenrencharakteristika und der

Landnutzung der Ursprungsgebiete zugeschriebenererd



1 Introduction

The heterogeneous surface of urban areas is aligluence and modify the local
atmospheric conditions by enhancing or attenuaheggreater atmospheric forcing. On
the relevance of urban land use for atmospheripgsties, profound knowledge has
been gained in the past decades (see e.g. Arnfi8@B). Modifications of the natural
surface lead to transformation of the radiativeritil and moisture characteristics of
the surface itself and the overlying atmospherigrigary layer at the micro and meso
scale (e.g. Delleur, 2003; Grimmond and Oke, 1986).a consequence, the natural
energy and moisture balances are influenced, lgadithe formation of a distinct urban
climate, its intensity depending on the severitytttd human impacts (Morris et al.,
2001). One of the best-known effects in this coniexthe urban heat island (UHI)
effect, the nocturnal urban-rural temperature défiee as described by Oke (1982). In
addition to research on the impact of urban susfattee number of studies focusing on
urban vegetation increased in the last years, mpaith the air temperature-reducing
effects of urban parks and unsealed vegetated amawearby surroundings and on
human comfort (e.g. Jansson et al., 2007; Lee ,2@09), or their impact depending on

the large-scale climate (e.g. Spronken-Smith ane, @R98).

In addition to vegetation transpiration effects,tevatransmission by soil and
exchange with the atmosphere through evaporatienimportant influencing and
modifying factors for the local climate in naturanhvironments (Brubaker and
Entekhabi, 1996; Seneviratne and Stdckli, 2008).simulations, the soil surface-
atmosphere interactions in terms of evapotranspiraivere found to significantly
influence ambient air temperature (e.g. JaegeiSameviratne, 2011). Thus, they can be
of importance within an urban environment as wal they presumably contribute to a
locally reduced warming of air temperature. In castt to natural undisturbed or
agriculturally used soils of rural areas, urbanissare highly variable within small
spatial scales, featuring anthropogenic land upecdy characteristics, e.g. different
bulk densities due to soil compaction, varying eoid of organic matter or coarse
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material in soils such as large gravel, or the oetice of construction waste (Pickett et
al., 2001).

However, these features are important controlliragtdrs for soil functions
(Burghardt, 1994) and, in combination with grountevananaging and surface water
discharge, for soil water dynamics. Model calcwlasi show that even slight differences
in soil characteristics like fraction of clay oelfil capacity result in local changes of the
near-surface meteorological parameters (e.g. AratedsRockel, 2009). It was shown in
simulations that groundwater acts as a sourcedibmater in near-surface layers when
the water depth lies within a critical zone. Furthere, surface energy flux partitioning,
latent heat fluxes respectively, are dependent munglwater table depth as well
(Maxwell and Kollet, 2008). However, neither thanwte impact of soil specific
properties, influencing water dynamics, nor grouatbwr level and capillary rise versus

percolation has been in the focus of researchrtmaruareas, yet.

In this study, the impact of soils and their prajsron the local urban climate is
observed. The prior aim is to gain deeper knowlenlye¢he processes and influencing
factors of the interactions between pedosphere atrdosphere in the urban
environment at the micro scale. For this purpose rtievance of soil hydrology on
local urban climate is to be estimated. The eféectess of soil as a storage and
transmitter for water is mainly depending on saibperties, local groundwater table,
land use and, as transpiration has a substant@aé 9n this effect, vegetation cover.
Thus, the local air temperature-reducing benefisafs through evapotranspiration is
certainly affected by its ratio of sealing on thmedand, and the water availability at the
surface on the other hand. To find out to whicherdtthese two parameters limit the
local climate effectiveness of soils within the ambenvironment, measurement data
derived from the project HUSCO (Hamburg Urban SYimate Observatory) is used.
The present knowledge on the relevance of soilsi#iocal urban climate is described
in Chapter 2, followed by an introduction into #tencept of the project HUSCO in this
context. A detailed description of the measuremmstivork itself and the methods

applied are provided in Chapter 3.



The targets of the study are approached in paatichy, first, quantifying the
heterogeneity of water dynamics in urban soils #r& range of their hydrological
characteristics as a function of soil propertigsugdwater table depth and urban land

use in Chapter 4. Particular attention will be paithe following questions:

= How variable are soil moisture contents and watnsibn at the studied urban

sites?

= What role do soil properties and urban land usg placontrolling soil water

dynamics?

= To which extent does the groundwater table deptre len impact on soil

moisture of the upper layers?

Second, the spatial variability of urban localtemperature and humidity in the city of
Hamburg will be analyzed in Chapter 5. A quantiima of the UHI in suburban areas
and the identification of the impact of topsoil stoire is aimed at and discussed in this
chapter. However, the closest relation betweenmsoikture and air temperature is due
to evapotranspiration, which is mainly active dgrotaytime. Thus, specific questions

to be answered are:

= How variable are the meteorological parameters amblurg in spatial terms,

as observed with the measurement network?

= How pronounced is the nocturnal urban heat isldfetteobserved within the
network? Which conditions have an impact on itensity? Which spatial

peculiarities can be made out?

= Do significant daytime temperature differences o@cuf yes, which
circumstances lead to their occurrence and whigbagting factors on their

intensity can be identified?
= |s soil moisture a significant impacting factor focal air temperature?

This analysis allows an assessment of the relevahtdee various influencing factors,
like e.g. soil moisture and surface sealing, onddigime temperature evolution and air

temperature anomalies in urban areas.
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These two separately considered urban charactstistamely soil hydrology and
local air temperature, are linked via turbulenttkees. These fluxes are controlled by
the availability of soil water and their divergeraféects the change in air temperature.
Chapter 6 provides a preliminary analysis of thexdk, as measured by two eddy
covariance systems, calculating turbulent fluxessemsible heat (i.e. change of air
temperature) and latent heat (i.e. evapotranspiratA question that will be discussed

on the results of this data evaluation is:

= Which trends of latent and sensible heat fluxestmmbserved at the annual

and the diurnal scale and by which parametershanegresumably induced?
In Chapter 7 a synthesis of the results providesipée answers to the question:

» To which extend do soil parameters and groundwtetele depth have an

impact on urban local climate?

The discussion of this issue and concluding remaiies provided, followed by an

outlook to further research aims and focuses inp@&na.



2 Soils in the urban climate system

2.1 Present research on soil-atmosphere interactions

The heterogeneous urban land use leads to distimatacteristics of the local
meteorological parameters near the surface. Weallvkneffects which are prominent
within the research field of urban climatology (Aetd, 2003), are the nocturnal urban
heat island effect (Oke, 1973) and the specifi@anratmospheric turbulence within the
urban canopy layer and the urban roughness laffectiag the exchanges of energy
and water (a review can be found in Roth, 2000es€hurban climatic effects result
from processes at different spatial scales, froncraglimatic scale within a few
centimeters to meso scale. Local site-specific ataristics and elements (e.g. trees,
buildings, and roads) control airflow and energylenge at the micro scale and
thereby build their own microclimate. Greater stuwmes and patterns, like parks or
districts, result in effects at more extensive losaales. In combination, these
characteristics contribute to the formation of asmescale climate, forming the

boundary layer of a whole city.

Within this interaction of parameters and procesHes single elements can either
intensify or attenuate the greater atmospheric itiond. Man-made buildings and
surfaces (asphalt, concrete, brick) are known taonlpdead to an increase of air
temperature during nighttime, owing to their hidrermal capacity (e.g. Henry and
Dicks, 1987). In contrast, open vegetated spacasbian areas, first and foremost green
spaces, contribute to a local reduction of air terajure. They do so by increasing the
evaporative fractioh(EF), i.e. the percentage of latent heat flux on thtaltheat flux
including sensible heat, due to higher water abditg at the surface and the
transpiration of plants (e.g. Givoni, 1991). Thaerent cooling effect of urban green
spaces and water bodies, mainly through evapotiratispm (ET), has been identified in

field studies, indicating a positive effect not ymiithin the structure itself but also for

! The term ,evaporative fraction includes both caments of the evapotranspiration, the evaporation a
well as the transpiration. Yet, in literature thetation ,evaporative” instead of the more complcht
“evapotranspirative” is common and thereby thisvamtion is used in this study as well.
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adjacent built-up areas (e.g. Lee et al., 2009; alpmet al., 1998). A high percentage
of green space measured by the total urban area ralbuces the general UHI
significantly (Kuttler, 2011).

Grimmond and Oke (1999) highlight the importanc&mdwledge on ET in cities for
several urban microclimatological and hydrologidakues, illustrating the clear
differences in its intensity according to land usmainly between downtown, light
industrial and residential areas - and land cowver fractions of the surface vegetated.
In accordance, Arnfield (2003) also emphasized, shadies on the water budgets in
urban areas of different types are needed becheasewill clarify the role of ET, in

particular its interaction with surface water aahility and micro scale advection.

Alongside with urban parks, also vegetated baclsjal@wvns and certainly open
water bodies contribute to an increased evaporai@hET, respectively. These urban
structures can therefore be assumed to also ateelneal air temperature. At a superior
level, the patchy structure of residential areasluding open vegetated and unsealed
areas, leads to a less pronounced heat island dffeag night time (e.g. Voogt, 2003)
as well, due to a higher percentage of area cauindp to an increased ET. Moreover,
according to a study of Grimmond and Oke (1999F8idential areas ET constitutes an
energy sink of 22-37 % of the daytime, and 28-46®the daily (24h) net all-wave
radiation, while in downtown and light industriakas this flux is much less important.
The study of Balogun et al. (2009), dealing witte thurface energy balance of
residential areas at the exurban fringe of Kansdg, ®SA, showed that newly
developed areas feature a latent heat flux mordasito rural areas than to city core
structures. For Melbourne, Australia, Coutts e{2007) found an impact of increasing
housing density on the energy balance, evaporatetion respectively, and especially
greater nocturnal differences. An oasis effectesidential areas in Tokyo, Japan, was
shown by Moriwaki and Kanda (2004) in terms of aareased latent heat flux during
summer months. However, the intensity of energyefuover areas with similar land
use can vary significantly: Over “homogeneous” sbhua residential areas Schmid et
al. (1991) found a variability of energy fluxes by to 25-40 % within scales of 100 to

1000 m. They ascribe this range of different swafanergy balances at large scales to



micro advective interactions between surface tyggesmall scales, e.g. increased ET

from irrigated suburban lawns.

While the general cooling efféctof green spaces and vegetated areas within the
urban environment is well researched, specific Kedge on the relevance of soils and
soil properties within this system is rare. Thisdespite soils, in their function as a
storage and transmitter for water, contribute tapewvation by providing water at the
surface as well as to vegetation transpirationupply/ing the roots of plants.

The intensity of mere evaporation from the soilfacte is controlled by factors
within the atmosphere on the one hand, and sodispgroperties on the other hand:
As e.g. Lemon (1956) and Idso et al. (1974) deedriin their studies on the stages of
evaporation, in the case of unlimited water supplyin the very near-surface soil the
atmospheric conditions control the evaporation.ratese conditions are mainly vapor
pressure of the air near the surface, as well asl welocity. But this situation, often
referred to as stage | after a precipitation evisntransient in most cases and followed
by stage Il and Ill. In these situations, soil prdpes increasingly control the rate of
evaporation, while the atmospheric conditions’ istpeemains valid. Additionally,
plant transpiration also depends to a major parsah water availability (Daly and
Porporato, 2005). One main determining soil speddctor regarding the evaporation
rate from the soil surface is the ratio of its s®al Like Pearlmutter et al. (2009)
showed in the open-air scaled urban surface (OASuR)el experiment, the daily total
latent heat flux increases consistently with inshe@ vegetated and unsealed fractions
of the surface. Studies on the impact on surfaaknggratios on ET (e.g. Wessolek and
Facklam, 1997) also point out, that ET rates ageiced with an increase in the ratio of
sealing. Thus, soils influence the local climat@iiban areas as well by means of higher
latent and lower sensible heat fluxes, their inteessdepending to some extend on the

ratio of unsealed soil surface.

2 As evapotranspiration is an energy intensive mscé leads to an air temperature reduction by
diminishing the energy amount transformed into g@adeat. In the following this relation is desigad
as a “cooling effect” of areas, soils or surfaces.
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As a second soil specific factor influencing theevalynamics and thereby the water
supply at the soil surface through capillary risecertainly the distribution of pores,
determined by solil texture, bulk density and organatter content (Burghardt, 1994).
Previous research on the effect of natural sogogeneities on the ET rates indicated
that the observed variability of soil moisture Hésg from these heterogeneities

seriously influences the regional ET (Wetzel andui@}) 1987).

A third factor conditioning the intensity of tharokte relevance of soils is the water
availability, the soil water content of the topsodspectively, determined by soil
physical properties (e.g. Kondo et al., 1990). dt dgiven either through stored
precipitation in the topsoil (Krakauer et al., 2DXdF provided by capillary rise of
groundwater (as described by e.g. Nachabe et @05)2 For agricultural rural areas,
groundwater capillary rise and evapotranspiratioomf soil surface has been
investigated in field work at a local and regiosahle (e.g. Logsdon et al., 2009; Yeh
and Famiglietti, 2009). In models it was shown thatundwater acts as a source for
soil water near the surface when the water depth within a critical zone (Maxwell
and Kaollet, 2008), i.e. the zone where water taldpth variations have a strong impact
on surface ET. The location of this zone is depaganainly on the soil texture: For
loam and loamy sand soil textures Maxwell and Kq&®08) simulated a critical zone
of about 2 m below surface. Soylu et al. (2011)inisiished the depth of critical zones
and the sensitivity of modeled ET to water tablg@tdeby soil textures, using soll
hydraulic parameter values from two different sesrcTheir results indicated a strong
influence of soil texture as well as of water taldepth on the groundwater
contributions to ET. For both soil parameter datasee thickest and deepest critical
zone was found for silt loam, the shallowest faychnd silty clay loam, with a range

from 0.5 m to 3.5 m for one dataset, and 3 to If/6mthe second one.

These field measurements and model simulationscatelithat groundwater may
supply water for surface water flux and ET in nat@nvironments. A spatial variability
in groundwater table depth can therefore additlgnadeate spatial differences in soil

moisture and thus in surface water fluxes as veet].(Chen and Hu, 2004). This in turn



allows the assumption that groundwater table dapthspatial variability of it lead to

distinct contributions to ET from the soil surfanaurban areas as well.

To sum up, water availability is an import factantrolling the rate of ET and
thereby directly influencing the air temperaturer@ase. This also applies in particular
to urban areas, entirely unsealed urban parks dsasigardens and backyards within
partly sealed residential areas. Thereby waterlahibiy signifies the potential for
surface evaporation as well as the water supplyl@nt transpiration. Model surveys
on the importance of topsoil moisture have verifted necessity of adequate water
supply to ensure cooling effectiveness of soilsuban parks (e.g. Goldbach and
Kuttler, 2013). In the special case of urban vagetareas, water availability, soil water
content respectively, can also be influenced bgation (Givoni, 1991).

The relevance of the research on soil impact oal lotban climate is manifold: As
many studies show, intra-urban air temperatureatiaris due to heterogeneous urban
land use influence the health and comfort of theabitants, as well as the energy
consumption and air quality (e.g. Eliasson and Ssen, 2003). In particular, the lower
air temperature within green spaces and vegetatedsais perceived as more
comfortable during hot summer periods, especidllgight, in comparison to densely
built-up inner city structures or suburbs with ahisealing ratio (e.g. Mayer and
Hoppe, 1987; Spronken-Smith and Oke, 1998). Thééereht effects of urban-land
use in general, and of open vegetated areas icydari are certainly relevant for
application in urban planning. The integration lxihate within town planning has been
an issue of concern for decades (e.g. Givoni, 18Kk, 1984), and different kinds of
greenery are prominent to be relevant due to thexieral cooling function (Matzarakis
et al., 1999) and therefore are regarded in refmemy planning. However, the special
relevance of soil properties, water availabilitytvim the topsoil, and in particular
groundwater table depth - as it is often loweredripan areas by water management -
contributing to this climatic effect of unsealedan soils, has not been under research,
yet. Furthermore, results increasing the knowlealy¢he importance of urban soils for
the local climate can contribute to decision-makiegarding urban soil protection (e.g.

Oechtering and Daumling, 2012).
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2.2 The HUSCO approach

The data used in this study was collected by thasmmement network of the
research project “Hamburg Urban Soil Climate Obatemy” (HUSCO). This project
aims at the experimental quantification of the twgeneity of the urban climate
depending on the impact of soils. It investigates ¢éxchange processes of water and
energy from urban soils to the near-surface atmargphnd vice versa. The effects on
urban micro and meso climate resulting from théseate controlling processes are to
be detected. Thereby, different urban structurabware considered, with regard to local
soil properties, groundwater table depth and las&l aharacteristics. In addition to the
detection of the local scale processes, the grem&teorological conditions and the

cumulative effect of the city structure itself aa&en into account.

HUSCO thereby examines some up to now barely ceresidaspects within the

urban climate research landscape:
= the impact of soils under different urban land osehe local climate,

= the observation of different groundwater table deph urban areas and their

impact on topsoil water content and availability,

= the fluxes of latent and sensible heat over diffeteban areas, residential and

green space, observed in long-term measurements.

Hence, HUSCO aligns into a row of other measuremetworks which focus on
adjacent research questions. The spatial variabildf soil moisture and
evapotranspiration is observed mainly in studiesagricultural and rural areas: The
surface soil moisture mapping project SGP97 anldviolps (Famiglietti et al., 1999)
found consistencies in differences in mean moistorgent and variations in soil type,
vegetation cover, and rainfall gradient. A wirelesssl moisture network in Eastern
Washington within the ARS Long-Term Agro-EcosystResearch Program (Robinson
et al., 2008) addresses the spatial variabilitg@f hydrology. Seasonal to interannual
variations of soil moisture at 60 stations acrostaioma State, USA, are measured
within the meteorological observing network OklateoiMesoNet (lliston et al., 2004).

The Environment and Climate Observing Network ECOdNevides information about
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soil physical parameters and soil moisture at té@ssn North Carolina, USA, since
1999 (Pan et al., 2012). Analysis of the highlyiatale soil water content progress at the
sites indicated that information on few specificl goroperties could provide an
understanding of differences at the sites. Theeldigdd experiment REMEDHUS in
Spain analyzed the temporal stability of soil maistfor a period of 36 months
(Martinez-Fernandez and Ceballos, 2003). Result$odf-five years of soil water
content measurements within the upper 1 m of 14dtiosis in the Ukraine are presented
by Robock et al. (2005). To collect the pedohydyalal data of numerous networks
and single stations worldwide, a data hosting itsdibr world wide in situ soil moisture
measurements was build up by the Vienna Universityechnology (Dorigo et al.,
2011), named “International Soil Moisture Netwo(K3MN).

The combination of soil measurements in meteorokdgnetworks is realized in
projects like COPS in Southwest Germany (Krausslet2010), showing that soil
texture controls the vertical soil moisture gradieelative to the near surface soil
moisture, and TRANSREGIO’s SoilNet in Western Gamgng&Bogena et al., 2009),
investigating the spatial variability of soil mais¢ at different depths with a wireless
soil moisture sensor network. Within the network ©érrestrial Environmental
Observatories (TERENO) in Germany, also the saijetation and atmosphere
feedbacks are monitored at multiple temporal amdisipscales (Zacharias et al., 2011).

To observe the variability of atmospheric paranseteithin urban areas, numerous
meteorological networks exist throughout the woltaated within diverse types and
sizes of cities, from small towns to megacitiese Timain focuses of these observations,
however, differ at the spatial and temporal scalvell as in the considered parameters
itself. The results obtained from urban meteoraabinetworks operated in the
temperate latitudes can be a valuable supplementadfi the HUSCO network
measurements: The Oklahoma City Micronet operdbestdtions, spanning a land use
gradient from rural to urban with high spatial teored density (Basara et al., 2011).
Basel's urban boundary layer project BUBBLE, inigstes the boundary layer
structure in the City of Basel, Switzerland, oveffedent surface types, including

turbulence measurements (Rotach et al., 2005). &hdxturbulence measurements have
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been realized e.g. within the project ESCOMPTE @¢msely built-up site in Marseille,
France, for a limited time during summer (Grimmaetdal., 2004), as well as at four
urban locations £6dz, Poland for a single summentm¢Offerle et al., 2006a) and a
single month for a two year period (Offerle et @D06b). A detailed overview on the
progress in measuring and observing the urban atineos can be found in Arnfield
(2003) and Grimmond (2006) .

The measurement network HUSCO aims at contributmghis so far gained
knowledge, broadening the insights on soil-atmosphateractions in the urban
environment according to land use and soil hydrckigproperties. This issue is
addressed by running an urban meteorological addipgical measurement network. It
provides high-temporal-resolution data on water andrgy budgets of diverse soils
under different urban land use and with contrasgmngundwater levels as well as on

meteorological conditions of corresponding urbaessi

The research sites of the project are locatedercity of Hamburg, Germany. This
city is located in northern Germany (53”88 10° O E), situated on the river Elbe
110 km southeast of the North Sea coast. With 1ll®minhabitants it is the second
largest German city, covering an area of 755.Kfme climate is dominated by marine
meteorological effects, characterized by a modeaatdemperature amplitude, mild
winters and moderately warm summers, and high wspdeds (von Storch and
Claussen, 2010). One main point that can be exammélamburg especially well is
the impact of groundwater table depth on the doilesphere interaction: Hamburg’s
location in the North German Plain and its averatjude of 6 m above sea level allow
very shallow groundwater tables, mainly within tharshlands near the river Elbe, but
also in areas with peat supplied by tributary sveBesides also areas with a deeper
groundwater table, dominant in geest areas fronstBene moraines and sandurs,

constitute considerable percentage of the city.area

Additionally, the city area features many differemban structures (e.g. Bechtel and
Daneke, 2012), ranging from densely built-up incigr modern core to extensive green
space areas and water bodies. Human settlementsaarsgort infrastructure account

for 60 % of the total area, 25 % are under agnealtuse, while the remaining 15 % are
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near-natural areas, e.g. forests, water bodiesd&wdsal areas, as part of the settlement,
constitute 21.3 % (data valid for 2010, StatistesclAmt fir Hamburg und Schleswig-
Holstein, 2011). A diverse composition of buildingegarding height, density,
arrangement, as well as material of facades carolmed at the different housing
districts (Lafrenz, 2001). Furthermore, Hamburgnswn as the “green city” as 7.1 %
of its area are green spaces and recreation ageaiss{isches Amt fir Hamburg und
Schleswig-Holstein, 2011). These diverse structupeslify Hamburg accessorily for
the observation of urban land use impacts on tl#iap/ariability of local climate. A
typology of the urban surfaces in Hamburg, follogvitne Local Climate Zone (LCZ)
classification scheme, a system of thermally homoge urban structures introduced
by Stewart and Oke (2012), can be found in Bechtel Daneke (2012). This LCZ
classification indicates, that outside of the deimser city areas (“modern core” and
“old core” class), wide spaces are covered with apmology matching the “regular
housing” LCZ class, with many inclusions of “parkhd “garden” class areas. This
characteristic structure lead to the selectionhef HUSCO measurement sites, as it is
described in Chapter 3.1.
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3 Measurement Sites, Material and Methods

3.1 Concept of the measurement network and site deserip

With the start-up of the project HUSCO, the measwa network concept and
design had to be developed. Regarding the aimiseopttoject, the following questions

had to be covered with the setup to best effect:

» Which qualitative and quantitative impact does #od hydrology have on

local climate, with regard to urban land use?
= Which effect do distinct soil properties have?

» Does the groundwater table depth of a district Haeal climate relevance?

And if so, to which extent?

To tackle these issues, a combination of meteolabgand pedological
measurement stations was chosen: For the deteofioime local climate effects,
particularly the heterogeneity of temperature andmidity in urban areas,
meteorological stations, called “MeteoStations” revplanned to be set up to analyze
the core atmospheric parameters. To record theepses and seasonal variations of the
soil water balance and soil thermal propertiescated “SoilStations”, equipped with
pedological sensors in different depths, were ceede Complementing these
measurements, eddy covariance systems were platmequantify the climate-
controlling processes, like turbulent fluxes of gyyeand water. An integration of
existing meteorological measurement stations wasnad to supply information on the
greater climatic conditions, on the atmosphericdttions outside of Hamburg, as well
as on parameters that could not be covered, eyl gpeeds at greater heights and

cloud coverage.

These three types of measurement stations prowvitedramework conditions to
develop a network setup concept that covered asy roérihe mentioned topics as
possible. The approach selected was intended ter cgaveral issues by combining
specific characteristics of the urban areas anditag) respectively, at the sites instead
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of setting up different station for each topic. $hthe location of the HUSCO sites and
measurement stations was selected based on toevifall criteria. First, the types of
urban development, i.e. local land use, surfacec®ize and spacing of buildings and
vegetation stock, that would be considered, weseh. After the evaluation of land
use data provided by the Behérde fir Stadtentwigklund Umwelt (BSU) concerning
building densities, surface coverage and sealingosia three types of urban
development were chosen to be monitored. They eaaldssified into the categories
“inner city sealed surface” (modern core / old caoceording to Bechtel and Daneke,
2012), “single housing development” (regular hogsiand “urban green space” (field).
These categories have large shares on the cityasceaéherefore can be considered as
three distinct typical urban land use types for Harg. By choosing sites within the
inner city featuring an entirely sealed surfaceg #ituation of virtually no soil-
atmosphere interaction was given with a sealing @t more than 90 % in average in
this area. Entirely to the contrary the categorurfan green spaces practically features
no surface sealing (less than 5% at average)wiallp an undisturbed exchange
between soil and overlying atmosphere and an éniiegetation coverage. The single
housing development areas constitute an intermeeditiegory with an average sealed
surface of about 50 %, one to two-storey buildiagsl patchy vegetation, especially
within the backyards. With these three categoribsoad range of surface sealing ratios

and urban development types typical for Hambugpigered.

For the locations of the categories “housing” ampleén space”, two suburban
districts were selected according to their mearralvgroundwater level, derived from
geological information (Appendix Figure A.1l) proed by Behorde fur Stadtent-
wicklung und Umwelt (2010a). To ensure comparabibf the groundwater impact
observations the main criteria for the districtsswheir resemblance in structure, i.e.
size and vegetation of the green space and chasticte of the housing area. These
districts thus had to be similar in the proportimisthe two land use types, but one
district needed to feature a shallow (< 2.5 m betowiace), the other one a deep mean
groundwater table depth (> 5 m below surface). kit analysis of the urban land

use classes in Hamburg and the mean groundwater dapth, evaluating data with a
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geographical information system (GIS), led to a&s@bn of seven possible districts.
On-site visits ultimately verified the best suildistricts. The concept that evolved
from this selection progress provides for six dé#f# measurement locations within
three districts. The nomenclature of the statiahuides information on their urban land
use type and regional groundwater mean water tigéh: C stands for inner city, SGD
stands for shallow mean groundwater district, D@Ddeep mean groundwater district.
The suffixes indicate the location within the digB8: G stands for stations within green
spaces, H for stations within housing areas .Th&ridi with a shallow mean
groundwater table per definition (SGD) is Hambuagigenhorn, the one with a deep
mean groundwater table (DGD) Hamburg-Stellingene Thner city sites (C) are
located at Hamburg-Neustadt and Hamburg-Hafen€iguge 3.1).
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Figure 3.1 Urban land use in Hamburg (Freie und Hansestadildeg, 2010c) and location of
observed districts. SGD = shallow groundwater tatistrict, DGD = deep groundwater table
district, C = inner city.
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Figure 3.2 Concept of the HUSCO measurement network setupimihree categories of urban
land use and two districts with distinct mean gohwater table depth.

* MeteoStation . eddy covariance system

Based on this concept of the measurement netwadulp sthe exact site locations of
the MeteoStations, SoilStations and eddy covariagstems within these districts were
chosen (Figure 3.2). The MeteoStations’ location @ be representative for the
surrounding area. In addition they had to fulfél many of the criteria as possible for
obtaining representative meteorological observatian urban sites, listed by Oke
(2004), e.g. the location at the site and measunerheight of the sensors. Each
suburban area thus owns one MeteoStation withireangspace area and a second one
in the backyard of a single family house, the siesembling in spatial structure and
vegetation, as well as being representative famdisdegrees of surface sealing (5 % at
green space sites, 50 % at housing developmeris)inher city stations were chosen
within business districts featuring a mean surfeealing ratio of 90 %. In addition to
the scientific requirements that had to be fuldillseveral administrative, logistic and
applicatory circumstances had to be regarded wdhtmsing the final setup location,
e.g. approval of the land owners, energy supplgessibility and security from
vandalism. The selected MeteoStation locationgémh land use type resemble well in
their site specific properties as surface and \&get, surrounding and degree of
surface sealing (Table 3.1). The deployment locatibthe MeteoStations is illustrated
in Appendix Figure A.2 including information on tearface sealing ratios of Hamburg.
The MeteoStation C_1 was mounted in June 2010stidgons in SGD and DGD in
September 2010. MeteoStation C_2 was put into tiparan August 2011.
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Table 3.1MeteoStations within HUSCO: nomenclature, and sjitecific properties.

degree of

— . surface / . ._local climate
district site land use ; surrounding  surface sealing 4
vegetation at distric? zone
sealed asphalt buildings old core /
> c1 surface 90 % compact
S T (counyarq) ONrete (Tro9swreys midrise _
o sealed - modern core /
= asphalt buildings
c 0,
- C2 sur_face concrete (> 5 storeys) 90 % co_mp_act
(parking lot) midrise
high . . )
c SGD_G urban green pasture adjacgnt wood with 5 0 field / low
T @ space deciduous trees plants
OF grass
= = single family house,
o5 single row of bushes, regular
g9 SGD_H housing lawn compost pile, 50 % housing /
w 2 development adjacent wood with open low rise
deciduous trees
urban green high adjacent row of field / low
S0 DGD_G S age pasture single trees 5% lants
sg Pace . grass | Giom prans .
oS single single family house: reqular
83 g single deciduous u
5 2 DGD_H housing lawn 50 % housing /
o - trees, row of bushes,

development open low rise

small garden shed

For the location of the SoilStations additionatenia had to be considered. As the
pedosphere intrinsically is a heterogeneous sphiae, representativeness of the
measurements had to be increased by a greater nwhineeasurement stations. At
each district six sites were selected accordingirttan land use characteristics and
regarding their prevailing soil texture: Four sitsthe green spaces, vegetated with
high pasture grass, short grass or deciduous @medstwo sites within the backyards of
single-family houses. This increased quantity adgbegical stations allows retrieving
information about the small scale variability oéthkoil water balance within the areas.
To ensure representativeness of the SoilStatiawdilgs, prior to the final selection of
their location a consideration to geological andgbegical information provided by

BSU was given. Additionally, a field investigatiamcluding a pedological mapping of

® The degree was estimated according to maps pabigdéreie und Hansestadt Hamburg (2008).
* according to Stewart and Oke (200Stewart and Oke (2012), compared with results fBzohtel and
Daneke (2012).
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the green spaces at selected points along transastsarried out (Appendix Figure A.3
and Figure A.4). For the exact choice of the SatiShs’ location, additional
restrictions applied, given by the need to consjpiping lines, the results from the
investigations of bomb disposal teams, as wellhasntecessity for protection against
vandalism. A complete pedological description, d&ta recorded at time of installation,
is provided in Appendix B. The nomenclature of 8@lStations includes, in analogy to
the MeteoStations, information on their regionalamegroundwater table depth and
urban land use type: SGD and DGD name the meamdveater table, the suffixes
G1-4 stand for profiles at green spaces, H1 andaddrofiles within housing areas.
The installation of the SoilStations was perfornmetNovember 2010 (G1, G2 and H1)
and March 2011 (G3, G4 and H2).

The SoilStation sites are characterized as follgWable 3.2): At the deep
groundwater district DGD the prevailing soil texdsrare loamy sand and sand, in
northern areas also peat covered with sand. Astations, construction waste is present
to different degrees. Two green space stations@bD[@re located beneath the canopy
of trees, the two other stations on open grassl#ithin the housing areas the soll
surface is vegetated with short grass. At the ehaljroundwater district SGD more
sandy substrates appear within the housing ardas.giieen spaces are dominated by
peat, often covered with a sand layer which wasymably added anthropogenically.
One green space SoilStation is located within aekstd trees, as the other stations are
covered with high pasture grass and short gragectsely. Within the housing area
short grass vegetation is present. High organicenabntents within the upper 40 cm
of soil were found at two green space sites, caratly with high groundwater table
(< 0.4 m) as detected during field work. The twbhestgreen space stations feature a
groundwater table depth of 0.9 and 1.2 m, respelgtiFor additional information on
the location of the SoilStations at the two dissiicincluding information on the
prevailing soil textures, as given by informaticoyaded by BSU, see Appendix Figure
A.5 and Figure A.6.
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Table 3.2 SoilStations within HUSCO: nomenclature, and s#gecific properties. Approximate
groundwater table depth as detected during fieldkwao November 2010 and March 2011 (water
surface influx of water).

profile approx. dominani WRB organic type of  constructior
district water table  soil soil matter  vegetation/  wasté
and depth  texture group’ content observed (depth)
land use (5cm  rooting depth
depth)
SGD G1 04m peat / Histic 30 % high pasture no
o loamy Gleysol grass £ 40 cm
s © sand
g § SGD G2 04m peat / Eutric 17 % no grass, no
T 7 loamy  Histosol deciduous
z S sand trees /> 40 cm
% q‘é, SGD _G3 12m sand Gleyic 6 % short grass / no
5 Regosol >155cm
S SGD_G4 09m loamy  Gleyic 8 % high pasture no
E ] sand _ Regosol grassROcm
% ag SGD H1 >16m sand Terric 10 % short grass / yes (0.5m)
= g Anthrosol > 155 cm
@ % SGD H2 >16m loamy Terric 8 % short grass / no
3 sand  Anthrosol 155 cm
<
DGD G1 1.6m sandy  Stagni- 12 % high pasture yes (0.3m)
loam Gleyic grass B5 cm
Cambisol
DGD G2 >16m loamy Terric 7% row of yes (1.1m)
sand  Anthrosol deciduous
Q [0
e o trees, ground-
c 38 cover plants /
a 2 > 110 cm
g § DGD G3 >16m loam Stagnic 8 % stock of  yes (0.7m)
2 o Regosol deciduous
5 trees, ground-
? cover plants /
© 45 cm
S DGD G4 >16m sand Lamellic 7% short grass / yes (0.4m)
o Luvisol 40 cm
3 s DGD H1I >16m loamy  Gleyic 4% short grass / yes (0.4m)
= sand  Cambisol 70 cm
© DGD_H2 >16m sand/ Stagni- 11% short grass / yes (0.6m)
2] sandy Terric 15cm
° clay  Anthrosol
loam

® Reference soil groups of the World Reference Bu¢RB) for soil resources (IUSS Working Group
WRB, 2006).
® relevant amounts of construction waste observed%y
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The measurement of turbulent fluxes of energy aatermusing the eddy covariance
technique were planned to merge and link the in&tion provided by the
MeteoStations and SoilStations. Therefore the emyariance systems needed to be
deployed at strategically favorable locations (maps provided in Appendix Figure
A.7 and Figure A.8). Several scientific and techhiequirements regarding the setup
of flux measurements within urban boundary layex, the location within the constant
flux layer but far enough above individual surfagements (Schmid, 1997), had to be
taken into account. Thus, an appropriate heigimafe than two times the height of the
roughness elements and a location downwind of riy fabmogeneous land use (e.g.
Grimmond and Oke, 1999) needed to be ensured fegrated flux measurements of
the whole districts. At the shallow groundwatertrlt$ SGD, a setup matching these
conditions could be realized in August 2011, maunthe measurement system onto a
mobile phone mast at 30 m height above ground. Simeounding trees have an
approximate height of 10 to 15 m and the singleskewnearby are up to two storeys
high. An estimation of the source areas of thedtumeasured with an eddy covariance
system mounted this way resulted in a flux sourea @rediction based on the footprint
calculation method by Kljun et al. (2004). Depemdon the wind direction, the source
area of the recorded fluxes is either lying westlvair the mast, providing information
emerging from the housing area, or lying eastwarth vits origin in a more
heterogeneous area featuring higher buildings dsasethe green space area of this
district. However, at the deep groundwater dis@icimilar instrumentation at greater
heights could not be realized. As an alternatihe, measurement of fluxes directly
above the green space surface appeared to be apfropo provide valuable
information on the exchange processes between asull atmosphere as well. A
complementary eddy covariance system was therd&ptoyed at the DGD green space
in September 2011, considering local conditions gudelines provided by Campbell
Sci. Inc. (2006b). Here, the source area of theeBurecorded by the system is nearly

homogeneous grassland with high pasture grassatexyet

In addition to the HUSCO measurements, data ofratieteorological stations is

used for the analysis of the network data. Thréereace sites provide data for the
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meteorological analyses carried out within thisdgtuThe rural reference station is
situated 43 km east of Hamburg, operated by then@emMeteorological Service (in the
following designated as station WD_G). It featuras mainly agricultural and
undisturbed surrounding. In previous studies th&ien proved to be a reasonable
reference for observation on the climate of Hamb(8ghlinzen et al., 2009). In
addition, data of two other meteorological statiomsre used: one operated by the
German Meteorological Service (designated as WD pfyyviding data on cloud
coverage, the other one by the Meteorological timstiof the University of Hamburg
(labeled as WM), providing data on wind speed imiBeight (Table 3.3).

Table 3.3 Reference stations with location and measurednpeteas used for data evaluation in this
study. T, = air temperaturegH = relative humidityFF = wind speed in 10 m heighidD = wind direction

in 10 m heighthm = total cloud coverage [eighthslp = hours of sunshine [hRR= precipitation sum,
Ts = surface temperature.

latitude / height (abovi parameters used

reference station initial longitude sea level) (interval)

Ta rH, FF, DD
11m (10 minutes)
nm, so (1 hour)

Hamburg-Fuhlsbdttel DE 53°38'24"N /
(German Meteorological Service) "~ — 9°58'58"E

Grambek WD G 53°34’10"N / 27'm T, rH
(German Meteorological Service) ™ —— 10°40'57"E (10 minutes)
Weather Mast Hamburg-
: : 53°31"9"N / Ta rH, RR T, FF,
Billwerder (Meteorological WM 10°06'10°E 0.3m DD (1 minute)

Institute, University of Hamburg)

With this concept of the HUSCO measurement netwibx main issues and
guestions of the present study can be addressashnfparison of the variability of
meteorological parameters between different lares us possible via an inner-district
comparison, where the greater climatic effects lmarmssumed to be alike. The impact
of different groundwater tables can be comparedhleycontrast of mean groundwater
tables of the two suburban districts. And as areex¢ example for sites without natural
surfaces, the inner city sites provide meteorolagicformation. In addition, reference
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stations outside Hamburg are included into the datduation, giving information on
the atmospheric parameters of nearly rural sitesnflementary to the measurements
of atmospheric and pedological parameters, fluxsmeaments above one urban district
and within the green space provide information ba &xchange processes at two
different scales - integrated over an entire disas well as near surface.

3.2 Measurement techniques

All MeteoStations (Figure 3.3) were equipped withnsors for measuring air
temperature, relative humidity, surface temperatwmd speed and direction, and
precipitation (Table 3.4). The sensors at the sudnusites were attached to a tripod. At
inner city sites they were mounted at a solid meddl attached to a street lamp. One
station in each district was additionally equippeidh a barometric pressure sensor.
Data of all sensors were collected continuouslyryeveinute since September 2010
using CR1000 data loggers (Campbell Scientific ,I®09c). Power supply was
provided by rechargeable batteries charged by palael power.

T

Figure 3.3MeteoStations at C_1, DGD_G and SGD_H (from left).
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Table 3.4Meteorological measurement sensors used in HUSCO.

mounting delivering

measurement instrument model accuracy hei reference
eight  company
temperature
air and relative Vaisala +0.2°C (20°C), Campbell Campbell
temperature  humidity HMP45C +0.3°C (0°C/ 2m Scientific, Scientific Inc.
(Ta) probe, 40°C) Ltd. (2009Db)
shielded
relative E:nrgprggmr: Vaisala +2% (0%-90% RH) Campbell Campbell
humidity humidity ~ HMP45C +3% (90%-100% 2 m Scientific, Scientific Inc.
(rH) RH) (at 20°C) Ltd. (2009b)
probe
. two .
wind speed / dimensional Gill 2310 Campbell Campbell
direction sonic Instrument: +2% /+3° 3 m Scientific, Scientific Inc.
(FF, DD) WindSonic Ltd. (2010c¢)
anemometer
surface mfra-rfd 121 Campbell Campbell
temperature terrr?prgtr)a?ure IR120 +0.2°C 1'6m0 Scientific, Scientific
(Ty sensor ' Ltd. Ltd. (2011)

precipitationtlppmg bucke Young 2% up to 25 mm/h 1.1 to Campbell ~ Campbell

raingauge, Scientific, Scientific
(RR unheated 52203 3% upto50 mm/h 1.7 m Ltd. Ltd. (2010)
barometric barometric R Campbell Campbell
pressure pressure CS106 +oig£{,n (bogé%gzc) 2;:,2 Scientific, Scientific Inc.
P) sensor - ' Ltd. (2009a)

The SoilStations (Figure 3.4) were instrumentechwdevices for soil water and
temperature monitoring. Depending on their locatithre stations were equipped with
different types of sensors, either with separatdh@s measuring soil temperature and
volumetric water contenMWOQO), or a combined probe for both parameters (Tat8g 3
At SoilStations located next to the MeteoStatidhermistor temperature probes for soil
temperature and water content reflectometers\@fC were used, while the other
SoilStations were equipped with sensors which meaboth temperature andWC
(combined probe with a thermistor and an oscilla@asuring dielectric permittivity).

All SoilStations were equipped with the same tem&ter probes to measure soil water

tension SW1).
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Table 3.5Soil measurement sensors used in HUSCO.

Measurement Sensor type Data logger Delivering company Reference profiles
volumetric CS616 water Campbell Campbell Campbell SGD_G1,SGD_G2,
water content CR1000 Scientific Ltd., Scientific SGD_H1
content reflectometer Bremen Germany Inc. DGD_G1,DGD_G2,
(VWQ (2006a) DGD_H1
soil T107 Campbell Campbell Campbell SGD_G1,SGD_G2,
temperature thermistor CR1000 Scientific Ltd. Scientific SGD_H1
(Tsoit) Bremen Germany Inc. DGD_G1,DGD_G2,
(2010b) DGD_H1
volumetric Decagon ECH,O UMS GmbH Decagon SGD_G3,SGD_G4,
water 5TM EM50 Munich, Germany Devices SGD_H2
content / soll Inc. (2010) DGD_G3,DGD_G4,
temperature DGD_H2
(combined)
soil water T4e Campbell UMS GmbH UMS all soil profiles
tension tensiometer CR1000/ Munich, Germany GmbH
(SW) Delta-T (2009)
DL6-te

Figure 3.4 SoilStations and soil profiles at DGD_G1, SGD_@&#l ®8GD_H2 (from left).

The sensors were installed in the undisturbedpsoiile at 5, 10, 40, 80 and 160 cm
depths below the surface (unless limited by shalipaundwater table or regulatory
restrictions). Data collection was carried out awatically by data loggers with a
measurement interval of 30 minutes (Table 3.5)stisth in March 2011. The
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investigation time of this study includes data fréh April to 31 October 2012 for
VWC and SWT topsoil moisture data in Chapter 4.2 additionatigludes data from
November 2011 and 2012. All station setups inclu@edgedological description
(Appendix B, considering Ad-hoc-Arbeitsgruppe Bode2005) and sampling of
disturbed and undisturbed soil samples for subsdgdaboratory analysis. Laboratory
analyses of the soil samples were carried out doupito standard procedures (Table
3.6). The core physical soil properties were deiteech and the saturated hydraulic
conductivity was estimated according to Renget.g2809) for all SoilStation profiles
(Table 4.2 and Table 4.3), including the availalvlter capacity AWQ and the field
capacity. For additional information on the anayssults of the disturbed samples see
Appendix Table B.1 and Table B.2.

Table 3.6Methods and instruments used for soil sample ktboy analyses.

parameter method instrument instruction

Klute and Dirksen

bulk density f,)  undisturbed core method (1986)

. . . : Hartge and Horn
drainage branch ofgravimetric technique of a (2009), Richards

retention curve porous pIate apparatus (1948)

AccuPyc Il 1340,
particle density helium pycnometer Micromeritics Instrument
Corporation, Norcross, GA

sieving /sedimentation
method in accordance with
the Kéhn analysis method

Sedimat 4-12, UGT GmbH, DIN-ISO11277
Mincheberg, Germany (2002)

particle size
distribution

. laboratory analyzer for the vario MAX CNS, Elementar DIN-1ISO10694
organic matter

determination of carbon, Analysensysteme GmbH, (1996)
content / total C ;
nitrogen and sulfur Hanau, Germany
pH determination of pH DIN-(IZSOC())ég)BQO
electrical determination of the DIN-ISO11265
conductivity P =C (1994)
conductivity

" The organic matter content was calculated by piyitig the organic carbon content by the facto24,7
(Scheffer, 2002).
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The eddy covariance systems (Figure 3.5, Table ®&asure sensible heat flux,

momentum flux and the fluxes of water and LClaietween the atmosphere and the

earth’s surface. They consist of a fast responseitiimensional sonic anemometer, a

fast response gas analyzer and a slow responsargierature/relative humidity sensor.

The high frequency measurement data was recorded BR3000 datalogger. All

components of these systems were provided by Cdmpbientific, Inc. as an open

path eddy covariance system. In addition, Kipp &&o pyranometers sampled data on

solar radiation.

Table 3.7Eddy covariance system sensors used in HUSCO.

Measurement Sensor type Delivering company Reference
three-dimensional sonic CSAT3 Campbell Campbell
anemometer Scientific Ltd., Scientific Inc.
Bremen Germany (2010a)
open path infrared gas LI-7500(A) Campbell LI-COR Inc.
analyzer Scientific Ltd. (2004)
Bremen Germany
temperature and humidity HMP45C Campbell Campbell
probe Scientific Ltd., Scientific Inc.
Bremen Germany (2009b)
Pyranometer (ventilated) CMP11 Kipp & Zonen, Delft  Kipp & Zonen
(2010)

Figure 3.5Eddy covariance systems at SGD (left) and DGDh{Jig
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3.3 Data correction

An appropriate quality of the measurement datarpgdcevaluation was ensured by
an automated as well as manual quality control IE&o8). Implausible values and
leaps as well as data collected during maintenarar& at the stations were removed
from the series of measurements. All sensors usédnwhe measurement network
have been calibrated by the manufacturer, providmgppropriate accuracy. However,
within networks a main issue is the comparabiligtieen the observations at the
different stations. The measurement values provigethe probes therefore need to be

as accurate as possible.

Table 3.8Criteria of the raw data quality control. If criterare valid, data is disregarded for evaluation.
T, = air temperaturerH = relative humidity,RR = precipitation sum [mm]Ts = surface temperature,
P = barometric pressur¥WC= volumetric water content [%EWT= soil water tension [hPa]g.; = soil
temperature) = change of absolute parameter value.

station parameter criterion Ay, criterion 2: value
MeteoStation T, > 5 K/min
rH > 20 %/min >100% or<0%
RR > 10 mm/min <0 mm
Ts > 20 K/min
P > 10 mbar/min > 1100 mbar or < 900 mbar
SoilStation VWC > 10 %/10 min >100% or<0%
SWT > 400 hPa/30 min
Tsoil > 2.5 K/10 min
eddy covariance system H > 300 W n¥/30 min
LE > 300 W ni/30 min
T, > 5 K/min

a) MeteoStations

To ensure comparability of the air temperature mesasents at the MeteoStations,
data on air temperature was height corrected WwghuiS standard atmosphere (Dutton,
1986) to 0 m above sea level for all MeteoStatiand reference stations. No further

correction of the meteorological measurement das performed.
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b) SoilStations

At the SoilStations, different types of sensorsevgsed due to practical reasons. The
used water content probes CS616 (Campbell Sciemtifi.) are sensitive to changes in
soil temperature (Seyfried and Murdock, 2001). €fme, a temperature-correction
was carried out in accordance with the user masallibration equation (Campbell
Scientific Inc., 2006a). According to the manufaetu the water content sensors
ECH,O by Decagon are only weakly sensitive to tempeeatiuctuations and do not
need a temperature correction (Campbell, 2001)eiGitudies found a slight sensitivity
for soil temperatures above 20 °C (Czarnomski et 2005) or stated little or no
noticeable temperature sensitivity below 15 cm mesment depth or under a full
vegetative canopy (Cobos and Campbell, 2007). Téwtrecal conductivity of all soils
observed was significantly lower than 1 dS.riThus, no specific calibration for site-
specific salinity was necessary according to pasearch findings (e.g. Starr and
Palineanu, 2002).

However, as reported in the literature (Campbed)12 Czarnomski et al., 2005;
Ventura et al., 2010), considerable differencesvbeh soil moisture readings of the
two sensor types operated {@WC measurements have been observed. To achieve an
improvement in the comparability of the measurentaig, the two sensor types were
parallel instrumented at one site (DGD_G1). Her@6 5, T107 and EGID 5TM were
installed at the five measurement depths with al@@utm horizontal distances from
each other. The temperature measurements, colldatedy the vegetation period 2011,
show good conformity between the different sengpe$ as depicted in Figure 3.6. The
slight deviations between the data of the sengmstyat 5 cm depth are to be expected
due to the typical natural inhomogeneities withie humus rich upper soil layers. The
coefficients of determination®or linear regression functions between the temipee
values measured by the sensor types are higherQleghat all depths within this
timeframe selected for calibration calculations.eT$lopes of the linear regression
functions lie between 0.98 and 1.03, and the ief@raanges between -0.28 °C to
-0.71 °C, which lies within the measurement accpm@c5TM sensors. Thus, no need

for calibration was seen.
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Figure 3.6 Relation of soil temperature measurements at lghriastrumented SoilStation DGD_G1
(x-axis: ECHO 5TM, y-axis: Campbell T107) for the five measuestindepths.
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Figure 3.7 Relation of volumetric water contenvV\WQ measurements at parallel instrumented
SoilStation DGD_G1 (x-axis: uncorrected E{LH 5TM, y-axis: Campbell CS616) for the five
measurement depths.
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Yet theVWC measurements deviate much stronger between tsersgpes within this
period (Figure 3.7): the smallest Rr linear regression function is 0.69, slope eslu

are up to 3.16 and intercepts lie between -4.7 &6-39.4 %.

Findings of previous studies and comparisons betwdéerent water content
sensors (Campbell, 2001; Czarnomski et al., 200&eMach et al., 2012; Ventura et
al., 2010) indicate that a field-specific caliboatiis necessary, especially when data of
different sensor types are compared. To get awhieh sensor provides more realistic
soil water content, first a validation of total watontent in the upper soil layers, i.e. 5
and 10 cm depth, through water balance calculaticoma field data was carried out.
Therefore, the difference between the precipitasam during two heavy rain events
was compared to the measured increase of wateerdontthin the upper 10 cm of the

soil column during the following two days (Tabl®}3.

The AVWGgp, in the upper 10 cm was defined as a weighted néane measured
VWC of the upper (0- 7.5 cmAVWG.,) and the second sensor (7.5- 10.0 cm,
AVWGocny):

AVWG,, = 075[AVWG,,, + 025[AVWC,, (Equation 1)
The measuredWC of the ECHO 5TM sensors deviate stronger from the expected
water content than the values provided by the CS616 sensors after eveatnwith
known amount of precipitation. While at stations with CS&Gkhsors the mean
difference between precipitation sum and increase in volumetric water conhtdre
upper 10 cm is 9.3 mm for the rain event in August and 2.5imdanuary, for the
ECH,O probes the differences result in 13.9 mm and 12.5 mm, respgctAela
consequence, it was assumed that the £CHTM data needed to be corrected to fit the
data of the CS616 sensors. The correction is based on arlgeassion of the data of

the parallel instrumented soil profile.
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The linear regression R 0.90) between the 5TM and the CS616 data, using a joint

dataset of all depths (Figure 3.8a), provided the correction fumnctio

y = 152[x (Equation 2)

with y = VWC ECH,O 5TM corrected and = VWC ECH,O 5TM original reading.
Equation (2) was used to correct all data collected by the,@CFH M sensors. No
offset was added because this would lead to implausible wsr{<ld 0 %) and negative
values of VWC in the corrected data. For example, an alternative linear regression
function would provide an intercept value of -22.5 %. Thus, @lsifinear regression
function without the intercept term is appropriate. A standardizecectomn for all
SoilStations instrumented with EGBI 5TM was feasible here, because soil textures of
these HUSCO soil profiles are mainly sand or loamy sand. Therdfene are
comparable with each other, as studies and information on the diffeiarzadgration
depending on soil substrate show: Campbell et al. (2009dfoondifferences for a
calibration of ECHO probes between sand and silt loam, and the CS616 probes’

accuracy is given by the manufacturer for sandy loam and coarser textaregb@ll
Scientific Inc., 2006a).
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Figure 3.8 Relation of volumetric water content\(WQ measurement data at parallel instrumented
SoilStation profile DGD_G1, joint data of all measment depthsa) uncorrected datdn) with a factor
of 1.52 corrected EC}D 5TM data.
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Table 3.9 Soil moisture variance within two days after heamgin events. Difference between
precipitation sum> RR [mm] at the MeteoStation next to the SoilStatiamd weightedAVWG,, =
0.75AVWG, + 0.25AVWG g [mm], for CS616 sensor data and EXCHS5TM data (before and after
correction).VWC =volumetric water content.

before correction after correction
variable 11.08.11 04.01.12 11.08.12 04.01.12 11.08.12 04.01.12
CS616 ECHO 5TM
SGD _G1 SGD_G3
2 RR 21.9 18.0 21.9 18.0 21.9 18.0
AVWGy, 6.9 27.1 4.6 6.3 10.9 13.0
2 RR- AVWG, 15.0 9.1 17.4 11.7 11.0 3.0
SGD H1 SGD G4
2RR 21.9 18.0 21.9 18.0 21.9 18.0
AVWGy, 6.9 9.3 9.5 6.5 22.6 15.6
2’ RR- AVWG, 15.0 8.7 12.4 11.5 -0.7 2.5
DGD G1 SGD _H2
2RR 194 22.2 21.9 21.9
AVWGgp, 15.8 19.8 6.9 16.4
2’ RR- AVWG, 3.6 2.4 15.1 4.9
DGD_G2 DGD_G1 parallel
2RR 194 22.2 194 22.2 194 22.2
AVWGp, 14.7 14.7 7.1 7.9 17.0 18.9
2 RR- AVWG, 4.8 7.5 12.3 14.3 2.4 3.3
DGD_H1 DGD _G3
2RR 18.4 15.4 194 19.4
AVWGy, 104 12.4 6.9 16.5
2 RR- AVWGy, 8.0 3.0 12.5 3.0

The water budget calculations after heavy rain events (Table 3.9) arkcaighy
better with the correction applied, with average deviations from pieeipitation
amount of only 4.1 mm and 2.9 mm, respectively. Also dbeelations between the
measurement data of the sensor types at the parallel instrumentéal (biigiire 3.8b)

and the water retention curve fits show distinctly better agreerattatghis correction.

To measure soil water tension at all SoilStations, tensiometes used. The used
sensor type provides a measuring range of +1000 hPa (presst88) toPa (tensiofi)
However, higher tensions at the SoilStations occurred, resuttingssingSWT data
during these stages. The data loss between 0 and 850 In€lation to the measured
data is individually different for each SoilStation and measurenhepiih (Table 3.10).

® To simplify matters, in the followingWTdata are stated as absolute values, because resgials
negative pressure.
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To the most part the percentage of missing data within the/égetation periods 2011
and 2012 is little (< 5 %). However, the depths of somepsoiiles are prone to have
higher SWTvalues and thus tensiometers reached their measurement range more often.
Of the 53 monitored measurement depths only seven show daés lok more than
20 %, distributed amongst three profiles in DGD district. fhemeasurement depths
10 to 20 % of the data was not collected. An immediate refillinpese tensiometers,
which is necessary to ensure their subsequent functionaiity,not always feasible.
Also missing data resulted from temporary sensor failure. Tdhats, gaps occurred

which needed to be closed within the measurement range.

To fill these data gaps @WT within the measurement range up to -850 hPa the
measured field retention data of each depth interval were fitted to tiadei-van
Genuchten hydraulic model function (van Genuchten, 1980). It desdtie nonlinear
relations in soil and porous media between the normalized dinmgssovater content

(®) and soil water tensioBWTas:

0-6
O = ! Equation 3
6-g (Eq )
O = 1 " (Equation 4)
1+ (a h)"

with 6, 6, andés are the actuaVWGC residualVWC and saturateWC, his theSWT
a, m andn are soil specific hydraulic parameters. DataSMW'Twas converted to a

logarithmic value prior to the calculation of the nonlinear fit.

As the water retention curves of the field data at DGD_H1 exemplaoky $Figure
3.9), best conformity between the measured field datd &€ andSWTand the water
retention curve resulting from fitting the Mualem-van Genuchten hjidramodel
function is found in lower depths (40 cm and deeper). Gap-fillihgSWT data
(highlighted) was necessary mainly in the upper areas (5 and ldwen}o the
increased ratio of exceeding the measurement range of the tensiometerfiteth

water retention curves for all twelve SoilStations are provided peAgix C.
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Figure 3.9 Water retention curves of field data of 2011 aittgd (van Genuchten, 1980) curve for the
DGD_H1 profile, including reconstructed soil watension S§W7) data. Reconstructed data is depicted
as blue data point¥,WC= volumetric water content, wp = permanent wijtipoint, fc = field capacity.

As a measure for the goodness-of-fit of the Mualem-van Genuchteautigdmodel
curve, the root-mean-square error factemndg was calculated (Table 3.10), taking into
consideration that the hydraulic curve is plotted as a logaritfumiction. The factor
Frmse IS derived as the exponential function of the root-mean-square errotatedicu
from the residuals around the fit. A perfect match between measureandafia would
result in anF,nse Of 1. The higher the factor, the larger is the deviation haef t
measurement from the fit. It is well apparent that the best matehes<{ 1.5) between
measurement and fit are found for lower depths, mainly 40 cm or dé¥jgem the
upper layers at 10 cm depth and above, to the most pdftthes larger compared to
the values within the single soil profiles. It even attainselaf 2 or higher at four
sites. A reasonable explanation for this effect is the high orgaaitenctontent within
the upper soil layers, providing high water retention in gdnewhich leads to
pronounced hysteresis effects. Only DGD_G3 and DGD_H2 exthiege highFmse
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values also for depths of 80 cm and below. Here, the remarkalblybhlg densities in
these depths lead to almost no observed variation3\@ in the field. Apart from the
organic matter content a dependence ofRfhe. on soil texture, substrate or land use is

not obvious here.

Table 3.10Percentage (%) of gap-filled soil water tensi8W\l) data and root-mean-square error factor

(Fims9. Gap-fill was conducted for missing values betv@eand 850 hPa, percentage given relative to
the total amount of measurement data for vegetgienods 2011 and 2012. Root-mean-square error
factor ms9 Of the Mualem-van-Genuchten hydraulic model fifield measurements 2011.

depth SGD_ G1 SGD G2 SGD G3 SGD G4 SGD H1  SGD_H2

% Frmse % Frmse % Frmse % Frmse % Frmse % Frmse
5cm 04 182 04 181 37 167 184 170 03 225 945581
10 cm 04 174 04 184 36 147 144 163 03 144 8.6641
40 cm 04 19 04 18 33 123 33 114 03 131 53351
80 cm 33 145 33 138 03 151 40 125
160 cm 03 134 40 110

depth DGD G1 DGD G2 DGD G3 DGD G4 DGD H1 DGD_H2

% Frmse % Frmse % Frmse % Frmse % Frmse % Frmse

5cm 31 166 298 211 201 210 82 172 21 173 27183

10cm 29 187 156 1.98 205 1.60 13.0 154 50 2.67 72152

40cm 195 1.92 395 1.32 158 200 57 146 7.8 142 9895

80cm 05 1.25 39.2 144 85 1.83 57 115 00 127 13314
160cm 0.1 1.66 07 113 126 219 57 132 00 1.25

c) Eddy covariance system

The eddy covariance system collected high frequency data (20 Hz)red- th
dimensional wind and # measurements, and slow frequency data (every 5 seconds)
of air temperature, humidity and solar irradiance. This raw data wasspeatwith the
LI-COR software Eddy Pro 3.0 to obtain 30 minutes averagéa on fluxes of sensible
and latent heat. The basic data processing includes all necessacticorsteps, e.g.
coordinate rotation, de-spiking, time delay removal and WPirecton (Webb-
Pearman-Leuning correction, as introduced in Webb et al., 198@®ddition to the
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calculated fluxes it provided statistical information, qualitag and estimated
footprints (LI-COR Inc., 2012).

The eddy covariance method is used to calculate turbulent flokéstent heat (i.e.
evapotranspiration ET) and sensible heat (i.e. change of air tempéFgtulteis only
valid if certain major assumptions are made (see e.g. Burba and And2p8a@i, For
example, density fluctuations and the mean vertical flow are assuagiidilble. The
terrain is assumed to be horizontal and uniformed, and as meastgeharnpoint are
assumed to represent the upwind area of interest, the wind diraatiospeed needs to
be taken into account for the data interpretation of the fluxes'’ceoarea. Wind
directions from areas that are not suitable for the measurement teshasgihey do not
comply with the conditions, must not be interpreted. Apartmfrehat, also
predominantly low winds do not provide valuable data (Burbafardkrson, 2007), as
the fluxes’ source area is very close to measurement station and lbpstte
measurement construction. Data of wind speeds below™Ltivesefore is not regarded
as well. Thus, the collected data provides only informationifoitdd area and time,
namely when the conditions match the requirements on the oridinxafs. For the
installations within the HUSCO network, the two eddy covasasystems provided
information on fluxes from areas with very distinct surface charatitsyiand spatial
extend. At the SGD district’'s eddy covariance system, mounteckat geight and thus
owning a wide footprint, two different source areas can be defDedng easterly air
flow (80° to 180°) the footprint lay within a mixed langeuarea of detached houses and
green space (named SGD_ECL1 in the following), while with prexailvesterly air
flow (230° to 330°) the source area was located within the hgusiea (SGD_EC?2).
For a map of the footprints, including information on the pedegg of fluxes
originating from these areas compare Appendix Figure A.7. AD@® district site,
the eddy covariance system at 2.5 m height above the ground coveosdparably
small source area, yet more homogenous in its land use (ham2dHE}. Here, with

westerly air flow from 180° to 360° the source of the fluxes waatéwl on the grass

° The term ,flux“ is used in this study as a synonfonthe more precise term ,flux density*, as, ® b
strictly accurate, the eddy covariance techniqueutates the density of fluxes in Watt per squaeten
[W m™]. However, the term “flux” is commonly used indititure.
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land (see Appendix Figure A.8). Depending on the source area’s loeatibthe wind
speed, the percentage of the valuable measurement data on the wettddalata varies
for the two operated eddy covariance systems (Table 3.11). At S@iatdastotal of
72 % of the data is useful, distributed to 25 % for the evalnaif the heterogeneous
area and 47 % for the consideration of the housing area. At DGBarétly of the data
can be used to interpret fluxes originating from the green spaedpdhe constrained
wind directions. Only in westerly direction of the measuremenbpst#iie green space
area is wide enough to match the requirements for applying the @adyiance
technique at 2.5 m height. For the evaluation of the eddy covarraeasurements, in
addition to the quality control during the raw data processimty data from the

valuable wind directions was used.

Table 3.11Percentage of valuable data on total collected @ta derived from eddy covariance
method measurements.

district name valuable wind wrong wind low wind ideal
direction direction speed (<1 mY conditions
SGD_EC1 80° - 180 73 % 2% 25 %
(green space)
SGD 230° - 330°
SGD_EC2 . 51 % 2% 47 %
(housing area)
DGD DGD_EC 1807 - 360 43 % 26 % 31 %

(open grassland)

As latent and sensible heat flux intensities predominantly depertde amount of
solar radiation, different approaches to evaluate and interpret data camomdsn ¢b
make measurements from different seasons and meteorological sgudisdier
comparable. One common method is the calculation of the Boweniratithe ratio of
sensible heafH) to latent heatL(E). It is useful for many analyses concerning the
energy conversion into latent heat (e.g. Stull, 1988). Howevkeenwabsolute flux
values are small, Bowen ratios becomes unbounded, potentiallpdeadambiguous
and misleading interpretations. Another quotient which regardstiasabsolute values

by normalizing the ratio is the evaporative fracti&fr). It is a relative measure for the
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contributions of turbulent latent heat fluxes to the available grarghe land surface,
i.e. the net radiations’ energy that is not conducted downwatolgha ground as soll
heat flux. It is defined as:

LE
H+LE

= (Equation 5)
Thereby it reaches values within the range of 0 (no partitiomitoglatent heat fluxes)

to 1 (available energy is completely converted into latent headjuX heEF thus is a
diagnostic of the surface energy balance that is self-preserved or todstarg
daytime by isolating surface control, i.e. soil moisture aegetation, from radiation
and turbulent factors (Gentine et al., 2011). Thus, it is the gdearof choice for the
evaluation of the eddy covariance measurement data within the pregbntréowever,
with very small absolute fluxes tieF can also be calculated, yet not meaningful to
interpret and prone to large errors due to limited measurement accurdoy eddy
covariance system sensors. To avoid misinterpretationkfigerived from latent and
sensible heat fluxes larger than the measurement accuracy were taken in
consideration. According to Mauder et al. (2006) the uncertainty enntkasured
turbulent heat fluxes amounts to at least 10 Wan5 % for sensible heat flust and to
20 W i or 10 % for latent heat fluLE. Fluxes below these thresholds are not
regarded for the calculation &F within the data evaluation of the present study. For
the calculation of daily averages of the fluxes only days are iedltitat provided data
for all 30 minute intervals between 10:00 and 15:00 CET. Tdieulation of daily
averages oEF is a good way to relate it to the less fluctuating soil wetatents at
average without the risk of over interpreting temporal peculiarittéshware inherent in
the hourly or 30 minute data. Using the averBgas feasible because it shows a strong
linear relation to the middakF, as found by e.g. Farah et al. (2004) and Nichols and
Cuenca (1993).
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4 Variability of urban soils and soil water dynamics

The soil profiles studied within HUSCO differ distinctly froraah other in substrate,
soil physical properties and organic matter content (see Chapterr3&ténls). Thus,
considerable differences among their water budget and dynamics capeloteex Their
characteristics are described and discussed in this chapter in retatidmb land use
and groundwater table depth. After a detailed description and slisousf the
variability during the vegetation period 2011 for the whole prdfibapter 4.1) and in
particular for their topsoil moisture trends (Chapter 4.2), a compawasthre vegetation
period of 2012 is made in Chapter 4.3. A discussion of thetsesith regard to the
possible impact of urban soil hydrology differences on locahatie is given in
Chapter 4.4.

4.1 Spatial and temporal variability of soil moisturedavater tension in
the year 2011
Measurements 0¥ WC and SWTwithin the vegetation period of 2011 are given for

selected sites in Figure 4.1 and Figure 4.2 respectively.tithés period (01 April to
31 October 2011) was characterized by a mean air temperature of 14.AXG(m:
30.2 °C, minimum -0.9 °C, average observations at MeteoSsateord a total amount
of precipitation of 378 mm (measured at reference WM, Figure 4.1a.otdeatnount
of precipitation during the vegetation period was very similar atatlied sites (x7 %),
whereas high daily deviations occurred due to the spatial injemedty of
precipitation. While spring was exceptionally dry (39.9 mmaltduring April and May,
with a 30 year mean for Hamburg of 100 mm at WD_F), the secandop the
vegetation period was comparatively wet. The differences in temporaltienobf the
VWC profiles between sites, both during the course of the spadipd and within
shorter periods (a few days), are clearly identifiable (Figure 4nlpatticular, rare
events like heavy rainfall or long periods of low precipitation arectfd in the/yWC

of the upper soil layers and, in some cases, even in greates.depth
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Figure 4.1 Precipitation at reference station WM (a, uppev)rand 2D time-
depth evolution of volumetric water conteWQ at eight exemplary soil
profiles in 2011 (linear interpolation between maasment depths).
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Figure 4.2 Precipitation at reference station WM (a, uppev)rand 2D time-
depth evolution of soil water tensio8W1) at eight exemplary soil profiles in
2011 (linear interpolation between measurement hd@ptValues of SWT
estimated to be > 850 hPa are depicted in the daakcolor, white spaces
indicate non-gap-filled missing data.
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Characteristic soil-hydrological features for the vegetation periodendmperate
latitudes are a high initiAfWCin spring due to residual water from winter precipitation
(snow and ice melt), a comparably dry summer season and rewettsal in fall
(lliston et al., 2004). Even though 2011 was an untypjeal in terms of the temporal
distribution of precipitation, this sinusoidal annual cyclecbhénge inVWC can be
identified at most of the HUSCO stations (Figure 4.1). Hakea shift of maximum
drying towards early summer months (May/June) is evident,edabg a dry spring
period with a sequence of three weeks without precipitation (12 #sp@2 May 2011)
and followed by single days with intensive rainfall (up tonifd per day, Figure 4.1a).
This period allows to illustrate the hydrological characteristitshe soil profiles
particularly well and thus to draw conclusions on their poteaffatts on local climate.
Therefore a special focus lies on this three-week dry phase and the reéatigase in
VWC of the available water capacitkWC within the following analysis of the

measurements (Table 4.1).

Table 4.1 Decrease of volumetric water conteaVVQ during dry phase (12 April to 03 May 2011),
available water capacithAfvVQ within the upper 40 cm of soil, and relative cpaij%] of the decrease on
the AWC

upper40cm  SGD G1 SGD G2 SGD G3 SGD G4 SGD H1 SGD H2

AVWC[mm] 12.04 2.03 14.3 41.3 12,5 13.9
AWC[mm] 151.8 156.9 107.4 128.0 103.0 87.5
relative change [%] 7.9 1.3 13.3 32.3 12.1 15.9

DGD G1 DGD G2 DGD G3 DGD G4 DGD H1 DGD H2

AVWC[mm] 37.4 33.09 27.6 30.3 28.5 -
AWC[mm] 100.5 85.8 92.4 80.6 83.2 78.6
relative change [%] 37.2 38.5 29.8 37.5 34.3 -

a) Green spaces with shallow groundwater table

The SoilStations at the green spaces within the district featarstgpllow average
groundwater table (SGD_G1, Figure 4.1b, as well as SGD_GzZhoatn) show high

VWC values throughout the whole investigation period. Here, the Ishallow
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groundwater table depth (approximately 40 cm below surface) is eoegito be the
dominant controlling factor on soil water dynamics. The wataterd of the upper soil
at this site is controlled by this near-surface groundwater levelelsas by the high
content of organic matter (> 10 % content of carbon), which datesra high pore
volume (> 65 %, Table 4.2) and very low bulk density @chi®). This combination of
characteristics leads to high rates in potential capillary rise¢hef groundwater,
estimated at 2.5 to 5 mm per day (according to Ad-hoc-Arbeitpgridmden, 2005).
Additionally the high organic content allows for prolongedewxdtolding, as visible in

the high field capacity of more than 50 %.

Table 4.2 Laboratory analysis results for undisturbed sainples at SGD. kf = saturated hydraulic
conductivity estimated according to Renger et 2000), AWC = available water capacity, fc = field
capacity.

profile depth porevolume AWC  fc soil bulk density kft!
[cm] [%] [%] [%] texture® [g cm? [cm dY]
SGD_G1 5 69.5 28.9 55.1 SI3 0.7 -
10 70.4 40.3 58.6 SI2 0.7 -
40 65.8 39.8 55.5 Us 0.8 45
SGD_G2 5 69.4 40.6 62.6 Su3 0.7 -
10 65.8 24.7 54.3 SI2 0.8 -
40 73.0 55.5 66.5 Su4 0.6 -
SGD_G3 5 58.4 34.3 41.6 mSgs 1.1 -
10 45.4 30.7 37.4 mSgs 1.4 312
40 40.5 18.6 22.3 gSms 1.6 315
80 38.9 22.8 26.4 gSms 1.6 315
SGD_G4 5 58.9 35.4 45.8 SI2 1.0 -
10 56.8 29.8 40.9 Su?2 1.1 -
40 47.7 32.8 39.9 mSgs 1.3 375
80 41.2 23.2 25.0 gSms 1.6 315
SGD_H1 5 54.7 23.4 35.7 Su2 1.1 > 185
10 56.0 24.8 34.1 mSfs 1.1 > 375
40 54.7 28.1 41.1 Su2 1.1 -
80 38.9 6.2 9.8 Su2 1.6 85
160 37.2 8.1 8.7 mSgs 1.7 150
SGD_H2 5 55.5 28.9 42.3 Su2 1.1 -
10 55.4 23.0 35.1 Su2 1.1 > 185
40 56.2 17.1 25.0 Su2 1.1 > 185
80 38.3 12.7 15.7 Su?2 1.6 85
160 42.0 18.8 20.8 mSgs 15 250

19 50il texture according to Ad-hoc-Arbeitsgruppe Bod2005)
1« «jndicates no specification
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Nevertheless, a slightly sinusoidal cycle can be identifietigngrofile as well, with
an initial water content of 70 % in April, which represents alnsastiration, and the
lowestVWCin 40 cm depth with 55 %¥WCin August. Consequentl§WTremains at
low levels (<200 hPa) throughout the study period (Figu2b)4 The lack of
precipitation in spring leads to a slow but steady decrease getiexally highvWC at
greater depths. Within the selected three-week dry phase in AgrMag (Table 4.1),
a total decrease of 12 mm water (SGD_G1), respectively 2 mm (SGD_(#H#) the
upper 40 cm is measured. Considering thatAWéC of the soil column down to this
depth is > 150 mm at both profiles, this loss of water edaatsthan 10 % of the total
available water. Meanwhil&§WTin 40 cm depth increases only very slightly (8.6 hPa).
Thus, a considerably drying does not occur at these sites.

Measurements at the nearby site SGD_G3 (Figure 4.1c) reveal a difeckme.
This site is located in 500 m distance from SGD_G1, alsbinwd short grass green
space area, but it features a soil texture of pure sand with nasr&®% macro pores,
less organic matter content (only up to 3 % total carbon condmilt)a deeper mean
groundwater table (1.2 m below surface). The inM8/C here is substantially lower
(< 30 %) and spring drying of soil reaches down to 40 cnthdefth a decrease of 13 %
of AWC for the upper 40 cm (Table 4.1). This drying is also visibl@n increasing
SWT (Figure 4.2c). Down to this depth the effects of precipitatiod smbsequent
drying periods can be clearly identified. Water percolation proceeds fatiedepth
but water remains within the soil column for shorter periodsnué (Figure 4.1c)SWT
reaches increased values after periods with little precipitation. Isati layer below
40 cm depth, rain water percolation does not lead to a considénatdase olVWGC
nor to a change iSWT The subsoil (below 40 cm depth), featuring a higher bulk
density compared to layers above (1.0 to 1.4 § amthe upper layers, 1.6 g ¢hin
80 cm depth, Table 4.2), remains at almost const&MC (40-45 %) and only
moderately varyingSWT during the whole season. The soil water dynamics at the
nearby located site SGD_G4 is comparable due to rather similaphgsical
characteristics, with only a 6 to 8 % higher percentage of silRéxdess macro pores

in the upper 10 cm. A slightly deeper water percolation andra mtensive drying in
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spring can be observed, most likely due to high root water epgbgkpasture grass
vegetation (not shown). These findings depict that at these pitefpitation has a
greater short-term impact dANCof the upper soil than the high groundwater table due
to substrate characteristics. Thus, an incomplete refilling diaars down to 40 cm
depth by capillary rise of groundwater can be attributed to thessites (Figure 4.2c).
This effect is considered to be promoted by the pore size distibat the site
SGD_G4 with 17 to 25 % medium sized pores within thgeud0 cm, and to a reduced
extend at the site SGD_G3 with 6 to 20 % medium-sized pores.

b) Green spaces with deep groundwater table

The temporal variability oVWC and SWT within the deep groundwater district’s
green space follows the general annual course described above. S&IP&E G1 is
characterized by a soil profile of mostly sandy loam, a decreasingvphmme with
increasing depth, a humus rich topsoil layer (6.2 % total cacbotent) and coverage
with high pasture grass. Here, an intensive spring drying ofipiper 40 cm can be
observed, indicated by ¥WC decrease (Figure 4.1d). ConcurrenBVT increases
throughout the profile down to 80 cm, exceeding the measureraage (850 hPa
tension) of the tensiometers in early May (Figure 4.2d). Withimee weeks of no
precipitation, a loss of 37 mm of water occurs within the ugpezm, equaling 37 % of
the available water capaciBWC (Table 4.1). Until the end of June the impact of this
reduced precipitation is detectable down to the lowest measuremgtit (L60 cm).
Summer precipitation percolates in deep soil layers startingidrAogust so that a
refilling of the profile below 40 cm measurement depths is detectiadeisummer and
fall. The 30 m apart located profile DGD_G2 (not shown) showsndas temporal
evolution with higher remaininyWC in 80 cm depth. The decrease\0NC at both
stations proceeds to greater depths during summer and eanyhiddl the upper layers
(5 and 10 cm) are rewetted by intensive summer precipitation evémgseffect is, to
this extent, only detectable at the profiles DGD_G1 and DGD(i6€ latter not
shown). Probably, this pronounced reductioV@Cin deeper soil layers is caused by
a combination of intensive percolation due to a high saturatdbiyc conductivity of

more than 100 cmin the inferior layers (80 cm) at DGD_G2 and the sandy soil
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texture in 160 cm at DGD_G1 (Table 4.3), respectively, as webdasuptake by grass

and tree vegetation, and a missing refilling by percolation water tihe layers above.

The profile DGD_G3 (Figure 4.1e), located in a slightly elevatec aearby,
features a loamy sand texture with a high percentage of construtiste (15-20 %)
within the upper half meter, high bulk density (1.8 g%rfiable 4.3) below this layer
and a vegetation of deciduous trees and ground-cover plants.oiltpsodile also very
noticeably depicts the reduction YAVC starting in spring. Within the three-week dry
phase in April, VWC of the upper 40 cm is reduced by 30 % of AWC (Table 4.1).
The depth of around 40 cm shows major drying starting in faiagswith only slight
temporary gains after intensive precipitation events. The incre&&/otip to 850 hPa
(detection threshold) or more (Figure 4.2e) indicates intensjmegiat this time. Upper
soil layers show fluctuations &®WCwith higher frequency and a less distinct decrease
in the course of the year. However, root water uptake in generaltisibigde at this
site DGD_G3. The reduction &WC by water uptake by deciduous trees and ground-
cover plants at 40 cm depth is more distinct with increagitensity in the course of
the vegetation period, compared to the other sites (Figure Bé&mw the observed
rooting depth of 50 cm at this site - presumably due to naort&in waste below 50 cm
depth and a high content of loamy substrate roots do row gieeper but more
horizontally than vertically (Appendix B)VWCremains almost at constant values with
only a minor annual decline (44 % down to 39 %). An interggpinfenomenon can be
observed starting in September 2011: Below 40 cm d&®MWIC decreases slowly
associated with a simultaneous increas8\WTup to 700 hPa in depths below 80 cm.
This seems to result from slow percolation in these depths, lgenausots were found

in these layers.
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Table 4.3 Laboratory analysis results for undisturbed soihgles at DGD. kf = saturated hydraulic
conductivity estimated according to Renger et 2009), AWC = available water capacity, fc = field

capacity.
profile depth  porevolume AWC fc soil bulk density kf™
[cm] [%] [%]  [%]  texturé? [g cm? [cm d7]
DGD_G1 5 68.2 35.1 48.2 SI3 0.8 -
10 54.¢ 28.¢€ 46.€ SI3 1.1 > 10C
40 37.8 16.1 36.9 Ls4 1.6 32
80 30.9 8.7 27.8 SI3 1.8 30
16C 27.¢ 24.C 26.(C mSfe 1.€ -
DGD_G2 5 54.¢ 29.¢ 43.1 SI3 1.2 > 10C
10 41.4 21.2 33.t SI3 1.t 7C
40 43.9 17.5 29.9 SI3 1.4 85
80 51.0 20.6 33.6 SI3 1.2 > 100
16C 27.5 13.t 22.7 SI3 1.¢ 3C
DGD_G3 5 58.4 31.¢ 46.¢€ SI2 1.1 -
10 57.1 29.Z 42.2 SI3 1.1 -
40 39.0 11.5 30.9 SI3 1.6 55
80 32.¢ 3.€ 23.€ Ls4 1.8 17
DGD_G4 5 59.: 30.C 39.C mSg 1.C -
10 56.2 19.6 26.8 SI3 1.1 > 100
40 42.1 15.¢ 21.1 gSm: 1.t 38C
80 40.6 11.1 134 mSfs 1.6 200
16C 477 16.C 18.C mSfe 1.4 31z
DGD_H1 5 47.7 24.1 36.¢€ Suz 14 18t
10 48.8 21.7 34.0 SI2 1.3 160
40 45.¢ 18.1 27.€ SI2 14 13C
80 40.0 12.0 18.5 Su2 1.6 95
16C 36.5 5.7 34.C Ls3 1.7 2C
DGD_H2 5 53.4 24.¢ 42.C mSfs 1.1 > 37¢
10 54.: 23.k 40.C mSfe 1.1 -
40 36.5 12.6 25.9 SI2 1.7 50
80 32.7 1.6 32.4 Lts 1.8 <5
16C 48.1 28.¢ 33.2 Suz 1.4 15E

One conclusion that can be drawn from these observations at the gpaess

(sections 4.1a and b) is that at these sites the groundwaterdegiile and thus the

capillary rise in the unsaturated zone, is most likely to kenthjor controlling factor

for soil hydrology and for the water dynamics within the solumn. At sites with

permanently shallow groundwater table of about 40 cm depth onlyrraw frequency

fluctuations of VWC and SWT can be identified within the entire soil profile.

Measurement data at nearby sites with lower groundwater table (0.2 no) indicates

12 50il texture according to Ad-hoc-Arbeitsgruppe Bod2005)

13 «_u

indicates no specification
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an insufficient refilling to the upper layers during phases \itile precipitation, while
SWT remains at low values in greater depth and during periods with aregul
precipitation. However, at sites with a groundwater table beléwnl(the instrumented
depth), the variation in soil water content depends predominantBoil texture. The
observation indicate that the SGD district green spaces showseaskeaf only about
10 % of AWC within the upper 40 cm whereas at the DGD district sitesta®®@&o of
AWCare lost through evapotranspiration and percolation.

c) Housing areas

Within the housing areas, the soil substrates at the Sadi$tain general feature
coarse particle sizes, which are associated with higher saturated roydosnductivities
of commonly more than 100 cni‘dn the upper soil layers (Table 3.2 and Table 4.2).
Thus, VWC values (Figure 4.1f-i) are lower in general and less variable in @bsolu
values as well as relative tAWC (Table 4.2) throughout the measurement period.
Percolation appears to take place more rapidly and with only simerteffect onvwWC
at deeper layers.

At the housing area sites in the shallow groundwater level-di&id H1 and
SGD_H2, soil water dynamics are considerably different to the ngaeley space sites
(section 4.1a), as well as in comparison with each other. In cortraprevious
findings, here the dominant controlling factor on soil water dyosuis most likely the
soil texture and substrate. Direct effects of groundwater level uitions are
diminished by a drawdown of the groundwater table from drainageunesaat this

housing area (Table 3.2, information from personal communication).

The backyard’s soil profile SGD_H1, featuring an entirely samilytaxture, a low
bulk density due to high organic matter content up to 40 cnthdapd short grass
vegetation, depict¥ WC within the range of 10 % to 30 % in the upper soil (5 and
10 cm depth) throughout the vegetation period (Figure 4.1f). Ggrying is visible in
a VWC decrease for depths down to 80 cm, with a loss of about a2A2%VC during
the three week dry period in April (Table 4.1). ConcurrerfWTincreases steadily
during the dry phase, penetrating into depth (Figure 4.2fus,Tin this profile the
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drying of near surface layers is, in addition to evapotranspiratiafluenced by
percolation. Only heavy summer rainfall events result in shod-tigaks of moisture in
the upper soil with relative increases of up to 15 % within adays. The saturated
hydraulic conductivities of > 185 cm'dand the pore volume of about 55 % in the upper
layers (Table 4.2) indicate rapid infiltration and percolation oewaltithin hours after

intensive precipitation events in this sandy substrate.

At the second backyard soil profile in this district (SGD_H2Zuke 4.1g) the upper
soil layers consist of loamy sand (5 % clay down to 10 crifjomni coarse particles, e.g.
construction waste or gravel. Thus, soil moisture from precipitagmains within the
soil column for an extended time and is therefore detectable dow0 ¢ton depth,
showing a retarded decrease \WWC after precipitation events. Deeper soil layers
consist of sandy material and remain at a MWC level throughout the year, even
though a slight increase in late summer is measured, presumallyesasilt of prior

continuous high precipitation over several days and slow @i@olof soil water.

The two profiles within the housing area in the district wittleep groundwater table
(DGD_H1 and DGD_H?2) also differ clearly from each other, although ddcanly
150 m apart from each other. The loamy sand profile DGD_H1 (Fidutk) is
characterized by a loWWC in general (< 16 %) and especially at the depths 40 and
80 cm throughout the whole studied period. Despite the fitiltuation of absolute
water contenWVWGC SWTclearly varies in these depths from spring (up to 300 hPa in
40 cm /100 hPa in 80 cm depth) to early summer (> 8500 hPa) and in early August
(> 850 /500 hPa) (Figure 4.2h). During the dry phase in AMIlyC within the upper
40 cm is reduced by nearly 35 % AWC (Table 4.1), and&WTincreases significantly.
Subsequently, the water supplied by precipitation in early muoes not lead to a
significant rise ofVWC deeper than 10 cm depth. While at 80 cm and baloMC
remains at nearly constant levels, in late summer and fall sigrievofpsrcolation are

found inSWTmeasurements (Figure 4.2h).

At the second backyard’s soil profile (DGD_H2, Figure 4.1i) sa@ter dynamics
expose distinct characteristics. This profile features a sandy solirédextith

construction waste up to 50 cm depth, covered by a soil \aye high organic matter
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content (bulk densities < 1.2 g€mand high saturated hydraulic conductivity
> 375 cm d, Table 4.2) and a sandy clay loam with a high percentage of ngtave|
below.VWCremains at nearly constant levels throughout the measurement geailbd
depths. Only heavy precipitation events (> 15 mm rain sum) tead short-time
increase ofVWC records, which are even detected at the lower measurement depths
with aVWCincrease of up to 10 % in 80 cm and 4 % in 160 cm depthinipact of
these events on soil moisture within the upper layers ig ightly more intense with
about 15 % increases. After this distinct rise/¥C nearly initial values are obtained
after a comparably short period of about five days. Likew®&T alterations are
observed only within the upper 10 cm and very slight onesadowlO cm (Figure 4.2i).
The sandy clay loam layer in about 80 cm depth of DGD_H2 migh bulk densities
(1.8 g cn®) and a very low saturated hydraulic conductivity of < 5 ¢h(Table 4.2)
seems to constitute the upper limit of an impermeable layes [Baids to nearly

constant values iIWWCandSWTthroughout the measurement period.

To conclude, the housing area’s soil profile water dynamics sedra tofluenced
mainly by soil substrate and specific soil layering, apart fgpoundwater management.
It is noteworthy that, however, in analogy to the green sp&es diecrease of water in
the upper 40 cm during the three-week dry phase in April €Tdl) a comparable
percentual decrease ofWC on the AWC is found according to the prevailing
groundwater table depth within the housing areas: At the 8(Sict backyards a
decrease of only about 15 % AWC is found, wherea¥WC at the DGD district site

shows a diminishing of about 35 %AWC as well.

4.2 Variability of topsoil moisture in the year 2011

Regarding the climate effectiveness of soils, the water availabilttyeatoil surface
is one important factor by controlling evaporation, alongsidevihger availability
within the rooting depth which determines vegetation transpiraiprocesses.
Therefore, topsoil moisture, here this term is defined a¥We within the upper five
centimeters of the soil profile, is discussed in detail ifaHewing. Local precipitation

is the main input factor for topsoil water contents, and its peigol& controlled by
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soil properties and of course the intensity of root water uptakieat depth and below
due to the gradient of hydrostatic tension. As the mean prea@pitathount is almost
similar at all stations, the role of texture and substrate for cbngdiopsoil water
dynamics is analyzed by the observation of seasonal trend#&/@and is discussed in
relation to vegetation structures. Figure 4.3 depicts the vatjabilmeanvWCin 5 cm
depth for spring, summer and fall 2011 for each station. The obsseasdns featured
the following precipitation sums (observations at WD_F, falhdiatluding November):
spring (AM) 40 mm, summer (JJA) 287 mm, fall (SON) 88 mm.

Three different regimes of season&WC dynamics can be identified, which are
independent from vegetation coverage. The first type (label “1” inr€ig.3) shows a
rise in mearVWC from spring to fall 2011. This is the dominant type withidSCO
SoilStations, prominent at soil profiles with sandy to loaagd topsoil substrates. This
increase is caused by untypical high summer precipitation r&2841of the 30-year-
average at WD_F) during this investigation period. Characteristibifotype of topsoil
water regime is the location of measured fisld/Cs within the lower range of the
VWC determined by laboratory analyses (Figure 4.3, grey bars). Ty@séd topsoil
moisture trends are observed independent from vegetation, since shert lughs

pasture grass as well as deciduous tree vegetation appear at thesdilssl p

The second type (label “2”) of seasonal trends can be described as -dyperyerm.
Spring and falVWGs are at a comparable level, while sumMgyC differs. Type 2a
comprises two sites with very high content of organic mattemagrdundwater table in
about 40 cm depth. Their level ¥WWCis the highest measured within the HUSCO sites
during the whole period. However, under summer conditions n@asoil VWC is
significantly lowered. Conversely, the type 2b site DGD_H@wsha relative increase
in summer months’ meadWC and a subsequent decrease in fall. Probably this trend
type is caused by the high water holding capacity of the salayloam substrate
below the organic upper layer. Type 2 trends arose under tree canaeyl as under
grass covering. The sites have in common, that their meanViidids are within the
upper range of the pore volume close to the saturated water cénterdfile DGD_G3

shows a decrease in me¥iVC for the studied period, and therefore it is labeled as
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type “3”. This soil features a high content of loamy and claly-goil substrate, but it
distinguished itself from the other profiles with loamy substrhtets location beneath
a tight canopy of oak trees and the ground-coverage of herbs (F&)leHere, a
constant interception loss during rainfall events is most liktelyhave prevented a
refilling of topsoil water by summer precipitation, as it iselved at other SoilStations
of the HUSCO monitoring network. Studies on interception lisserved a loss of
29.3 % of gross rainfall for leafed canopy (deciduous trees in sunfherst et al.,
2008), or season-long loss of 18.8 % with single eventsngriyd % to 89.0 % (Price
and Carlyle-Moses, 2003).
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Figure 4.3 Seasonal variability of mean topsoil volumetrictevacontent YWQ (5 cm depth) at
soil profiles in 2011. The standard deviation ligsirated as thin bars, grey boxes indicate tha spa
betweend, (residual volumetric water content) ard (saturated volumetric water content)
provided by laboratory analyses. Numbers abovédne name the type of seasonal trend.

Considering the standard deviation of the mean sea8W& spring and summer
water contents show a greater spread at most of the profiles, whiteeailurements
has a smaller range at all profiles of type 1. The housing areaepraiiow less

fluctuation in all seasons, compared to green space soils. Thisnstemce is most
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likely resulting from the rather sandy substrate found at thereéd backyards and the
short grass vegetation, while profiles with high grass vegatatiogGD_G1 and
SGD_G4) feature a wider range.

From this analysis, the potential range of topsoil water conteithin urban areas
becomes well apparent. For all seasons the solil profiles SGD_G3&DdG?2 feature
the highest mealWWC of all observed sites with a maximum of 68\2/C while at
SGD_H1 the lowest topsoil moisture contents are observed Y1Bé&nace, a difference
of up to 56 % in meaWWC is observed within a spatial distance of less than 1 km
(mean fallvVWCat SGD_G1 compared to SGD_H1).

Apart from the analysis of the seasonal trends, in Figure 4.6r&ceiming of the
comparison of laboratory analyses and field measurements is apparette Fsites
SGD_G1 and SGD_G2 the values\dCin spring, and for the latter in fall as well, are
higher than the determined saturated water conégmlsrived from laboratory analyses.
For these two sites, the field measurements show values abogevéing)s for long
periods throughout the data series, about 2 % mean deviationplo 12 % for the
oo" percentile. This mismatch of field and laboratory values was fonnskveral
studies as well: For silt loam Wessolek et al. (1994) obserdediation of about -4 %
of the estimated)s from the maximum ofVWC measured in-situ. Pachepsky et al.
(2001) specify the average difference between field and laboratory watentoas -
0.6 % but found deviations of up to -10 % for samples wiarad content of less than
50 %. The analyses of Cornelis et al. (2001) revealed a differesivecdn field
observations and predicted saturated water content from soil samhpe%do +5 %.
The explanations hypothesized are the combination of entrapped thg field soll,
alterations in bulk density in the laboratory samples (Morgaal.et2001), spatial
variability, hysteresis (Pachepsky et al., 2001), or the number gflsar(Cornelis et
al., 2001). For the present studies deviation, the high mrgamtent of the two soil
profiles presumably leads to hysteresis effects and alterations butk density of the

undisturbed soil core samples, resulting in this disagreement.
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4.3 Comparison of soil water dynamics in 2011 to datad12

The vegetation period of 2011 and 2012 differ from each other inr thei
meteorological characteristics. Table 4.4 shows the mean seasared galthey were
observed at WD _F for the seasons of the vegetation period 202DaRds well as the

annual and 30 year averages.

2011 appeared to have been an unusual year in terms of precipaiatidrours of
sunshine averaged over the whole vegetation period and eversonfarethe individual
seasons. Spring and fall were exceptionally dry and sunnye wbhihmer months had
higher rainfall compared to the 30 year mean. In contrast, 28ided towards the
average in seasonal values of precipitation and temperature. Thatatecipver the
vegetation period though is slightly increased compared t@@hgear average (6 %
more). Comparing the two years with each other, 2011 featuredr@farpronounced
seasonal variation in precipitation than 2012 while the air tesiyoe amplitude was
slightly less distinctive. 2011 was 1K warmer and featuredutal0 % less
precipitation during the vegetation period, and, even weightess than half the
amount of rain in spring and fall respectively. Also the distion of the precipitation
throughout the year differs: While the 30-year-average of détisprecipitation comes
to 191 days, in 2011 only 172 days with rain were reco(tie®o less than the 30-year
average), and on the contrary 2012 featured 215 rainy days (1&&p.m

Thus, it can be assumed that these meteorological differences haveideradohs
impact on soil hydrology. Therefore distinct temporal progressethansoil water
dynamics at the SoilStations themselves could be expected ananpbdglalso the
effects on the spatial variability would be pronounced differetlgomparison of the
temporal evolution oWVWC (Figure 4.1 to Figure 4.4) at the SoilStations, an&\MT
respectively (Figure 4.2 to Figure 4.5), however, does not confiren iituitive
conclusion that soil water dynamics of 2012 are less distiitbt smaller amplitudes
and higher water contents and lower water tensions, respectivggneral. Again, it is
rather depending on the single soil profiles’ characteristics and dywater table

depths how much the soil water dynamics of 2012 differ from tlee onthe prior year.
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Table 4.4 Meteorological parameters during vegetation pexi@d11 and 2012 and 30-year-average
(1981-2010), averaged for seasons. Spring (AM),rsam(JJA) and fall (SON) and mean value for the
whole vegetation period (01 April - 31 October). $8tvations at WD_FT, = air temperature,
RR= precipitation sum, so = hours of sunshine.

season time T4 [°C] RR[mm] so [h]
spring 2011 10.0 40 646
2012 9.5 108 473
30 year 10.8 100 391
summer 2011 16.9 287 513
2012 16.6 249 558
30 year 17.1 235 620
fall 2011 10.4 88 329
2012 9.8 171 288
30 year 9.7 204 307
vegetation period 2011 14.5 408 1280
2012 135 485 1149
30 year 13.8 469 1264

The typical sinusoidal cycle ofWC change, as it was identified for 2011 at all
stations, although with distinct intensities, is apparen0i2 as well: During the
summer months a defined drying of the upper soil layers, incpkatithe layers within
the rooting depth, is visible, followed by a rewetting froni sarface towards lower
depths in fall. Due to a lack of longer periods without pre&ijgh, the dry phase
effects of April/May 2011 are not replicated at any time in thgetegion period of
2012. In general, the same range/d¥Cvalues is found at all sites compared to 2011,
with a slight tendency to higher water contents in average.diffexences of mean
VWC and maximunVWCin 2012 compared to 2011 are given in Table 4.5. Within the
layers down to 40 cm depth the maAvCin 2012 is higher or comparable for the most
soil profiles, except DGD_G3, which is discussed below. @niyferior layers of the
profiles within the housing areas meawCis slightly diminished. The maximumMwC

are more variable at the green space sites, yet showing increasedw#haeasost part.
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Figure 4.4 Precipitation at reference station WM (a, uppev)rand 2D time-
depth evolution of volumetric water conteWQ at eight exemplary soil
profiles in 2012 (linear interpolation between maasment depths).
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Figure 4.5 Precipitation at reference station WM (a, upper)rand 2D time-
depth evolution of soil water tensio8\W/1) at eight exemplary soil profiles in
2012 (linear interpolation between measurement hd@ptValues ofSWT
estimated to be > 850 hPa are depicted in the datkcolor, white spaces
indicate non-gap-filled missing data.
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Table 4.5 Deviation of maximum and meaWVCin 2012 compared to 2011 for all SoilStations and
depths AVWGear = VWGo12- VWGg19) in percent [%].

AVWC, e 5cm 10 cm 40 cm 80 cm 160 cm
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a) Green spaces with shallow groundwater table

At SGD_G1, with an estimated groundwater depth of 0.4 m thstaanhighVWC
values and lovBWTvalues, respectively, are found again. The lower groundwater table
at SGD_G3 (1.2 m, Figure 4.4c and Figure 4.5c) also effects a coN3t4Din the
subsoil (depths below 40 cm) throughout the period (40-45 %¢. More constant
precipitation during the year increased ¥&/C in the upper soil here (up to 8.9 %
absolute higher meadWC in 5 cm depth, Table 4.5). Water percolated into deeper
regions £ 40 cm) after precipitation events more often, compared to 2011tdDibhe
missing dry-phase in late spring, no considerable drying ocuthis site (nor at
SGD_G1) at any timeSWTthus remains at constant low values of less than 250 hPa
(Figure 4.5¢)

b) Green spaces with deep groundwater table

At the low groundwater table district’s green spaces (DGD) agaiartheal course
of soil hydrological parameters is more pronounced compared to thkoveh

groundwater district, as it was found to be in 2011. Yetwwedbserved profiles tend
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to some deviations from the progress in 2011: At the grass-copesétt DGD_G1
(Figure 4.4d) the spring rain percolation reduces the drying ofgpersoil in spring
and summer, leading to a less intensive decread8\Z within lower depths of the
profile in summer and fall, as it was found to proceed intoldepf011. Instead, the
short phases of little precipitation are visible within the upfecm, interrupted by a
deeper percolation of water after rain events. Thus, the mean as wsdl EEXimum
VWC in layers down to 40 cm is higher in 2012 compared to 2015 and 10 cm
depth more than 6 %, in 40 cm depth 2.4 % at average, TableMe&surements of
SWT(Figure 4.5d) also indicate a less intensive drying in dedth® om and 80 cm as
the tensiometers’ measurement range of 850 hPa is not exceeded herng snraarer
as it occurred in 2011. In fall again a lossvdW/Cis visible in depths below 1 m. This
repeated occurrence supports the assumption made for 2011 thaventsrsiolation

together with root water uptake leads to this effect.

The SoilStation DGD_G3, located within a stock of trees, imrast shows a more
intensive variability of soil water dynamics with higher ampléa during the course of
the vegetation period 2012 (Figure 4.4e) compared to the prar yYgain, the
reduction ofVWC starts in spring in 40 cm depth but increases faster and to argreate
vertical extend this time, presumably due to the intensive ratgnuptake down to this
depth (the rooting depth is about 45 cm, Table 3.2). Thassts visible in the deviation
of meanVWC (Table 4.5), which is lower for these depths. WC of the upper soil
layers (5 and 10 cm) is even more diminished and precipitatiorissstlemot lead to a
rewetting for the longer term, as they do not percolate as deepyawé¢he found to do
in 2011. This near-surface drying this time is also visibl8WTdata (Figure 4.5e) in
June, whereas later in the summ®WT is lower, affected by regular summer
precipitation. The water flow is clearly visible in terms of geas between th8WTof
the measurement depths: after precipitation the topsoil shows #&wesv which
continue into depth over time, and analogous a drying dioingprecipitation periods
succeeds from upper layers to the lower. In comparison, agistarting from the
rooting depth, i.e. 40 cm, due to root water uptake is pictased decrease &WT

starting in the deeper layer progressing towards upper layeis.effact is clearly
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visible in June 2012 as it was also found for August 2012012 again this soil profile
shows the effect of slow percolation most clearly starting Septeimtterms of ayWC
decrease (down to about 30 % compared to 39 % in 2011) as viela&WNTincrease
up to 850 hPa in 160 cm depth. In depths above the rodepth (about 50 cm) an
increase o6WTto values above 850 hPa appears in the early fall. This firstdipgorts
the hypothesis stated for the observations of 2011 thatsnddpth an intensive root
water uptake occurs, as a water supply by layers in 80 cm and isetot possible due
to the low saturated hydraulic conductivity there (only 16 €nndL60 cm depth, Table
4.3). A possible explanation for the lowgWC throughout 2012 could be that the
continuous precipitation in this year is, to the most pardpetranspirated from the
upper soil layers or transpirated by the deeper rooting plant$reesl as more solar
radiation in 2012 (9 % more hours of sunshine) potentiatlsessed the photosynthesis
rate. Single precipitation events of higher intensity and morerveaount would have
lead to more infiltration and percolation, and thus to more refilihg/ater in greater
depths, as it was observed in 2011.

The observations of the green space water dynamics in 2012 (setBanand b)
again show that a high groundwater table influences the wateenterdnd tensions
within the whole soil column. Even though the range/@¥C and SWT differs from
2011 at the soil profiles compared to themselves, comparing #seveith each other

shows similar trends and reactions to precipitation and seasons.

c) Housing areas

At the housing areas SoilStations at both districts the diffesenfVWC between
2011 and 2012 are not particularly remarkable. Again the absolutesvate lower in
general throughout the vegetation period. The frequent rain eventsolgaacolation
down to the same depths. At the shallow groundwater distriotssihg area/WC of
the more sandy profile SGD_H1 progresses almost identically 2&1ih (Figure 4.4f).
The percolation seems to be constantly high, again interrugtelddst time peaks after
rain events. OnlsWTin early summer differs owing to the dry period in 2011 winsch

abundant in 2012 (Figure 4.5f), so that almost no increaS&\@iwithin the upper soil
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layers occurs. At soil profile SGD_H2 with a more loamy textin the upper soil
(down to 10 cm) this difference in spring and sumiB&T also appears, with only
slight signs of short time drying in 2012 (Figure 4.5mmplemented by a high#iWC
in 5 cm depth (Figure 4.4g and Table 4.5). Notably in 4@lepth thevWCis higher in
early spring (33 % compared to 27 % in 2011). Water contenteatay depths (below
80 cm) remain again at constant low levels due to the sandiyratebsiowever, in fall
2012 this soil profile differs distinctly from the prior year, iasvas also found for
DGD_G3. In depths down to 80 cm tRAANC considerably decreases, staring in
September (most definite in 40 cm depth from 30 % down to 18r¥d lasting until
mid-October. As presumed before, vegetation root uptake of water aasvalimore
constant evapotranspiration of the less intensive yet more frequesipitation from
the upper soil layers in combination with less infiltrataond percolation and capillary
rise from lower areas (layers with reduced saturated hydraulic condastiof only
85 cm d") might cause this effect for the more loamy soil texture. &ffict is visible
also in fall 2012SWTreaching values above 850 hPa.

Within the deep groundwater districts’ housing areas (DGD_H1 &id H2)VWC
progress in 2012 is similar to 2011 at both sites (Figu4éd 4nd i). The percolation
depth of precipitation does not differ significantly, nor do altsovalues deviate much.
Yet SWTat DGD_H1 (Figure 4.5h) exhibits differences in soil water dynamvittsin
the soil column which are not that apparent in the constasthMWC values. Apart
from a less intensive drying in spring and summer due t@ rfinequent rain events, this
profile also features the very pronounced increas8Wf in fall within deeper areas
(below 40 cm). Because no roots were found in these depths, rkelst $low
percolation in combination with a lack of refill from water infiltragimto topsoil layers
in late May causes this effect. At the profile DGD_H2 this remaekaiffiect in fall
2012 is also visible. Here, the fairly const&fWC values feature a definite decrease in
fall, most intensive at the sandy textured layers, e.g. frof 8®wn to 28 % in 40 cm
depth, but even in the more loamy layer down to 80 cm (Figdie h the sandy upper
layer this is also apparent inS3WTincrease, even though this effect is less intensive
(Figure 4.5i).
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Some conclusions can be drawn from the analysiSW{ and SWT progression
within the solil profiles during the vegetation period 201pementing the knowledge
gained from 2011 analyses. The meteorological conditions dwiagsummer and fall
(August to October 2012) lead to more distinct drying withifferent areas of the soil
columns, depending on soil texture (presumably soils widmio texture and low
saturated hydraulic conductivities in the upper layers are more prdhes tionpact) as
well as vegetation (root water uptake). As a percolation of water precipitation is
diminished at these soils, increasesSWTin layers below are observed. While the
presence of layers with low saturated hydraulic conductivities cigrteas an influence
at the deep groundwater district sites (DGD_G), at profiles withigh groundwater
table depth (SGD_G) no exceptional effects can be made out for fall@L B the
capillary refill of water from lower soil layers into the upper areaghWie exception
of profile DGD_G3, the constant rain events throughoutviigetation period lead to
less variable water dynamics in the upper soil layers. A ceratidn of the seasonal
trends of the topsoil water content in 2012 provides additimiormation, given in the

following section.

d) Comparison of the variability of topsoil moisture

The mean seasonal topsoil water content in 5 cm depth for 2@h2ws in Figure
4.6. The precipitation observed at WD_F for these seasons sumntedlQf mm in
spring (AM), 249 mm in summer (JJA) and 171 mm in fall (SON).

Most clearly the effect of the more equally distributed precipitadioms stands out
in the form of a general increase of the 5¥¢WCat almost all profiles, as well as the
shift of type 1 seasonal trends towards type 2a at all foud & stations. This type
features a decrease WWCin summer followed by a recovery in fall. This tendency is
plausible, caused by higher spring precipitation, decreased sunre@pitation in
2012 compared to 2011, but more than twice the fall rain amothts, spriny WCis
not diminished to the same extend as observed in 2011. Furtieerduwsing summer
months at the deep groundwater district green spaces (DGD_G) evapiodtzors

reduces the topsoil water content more noticeably, while a refilingugh capillary
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rise from lower areas appears not to occur, while it presumably tdkesplace at
shallow groundwater district sites SGD_G3 and SGD_G4.

The constant increase of tops¥WC i.e. type 1 seasonal trends, is found at SGD
green spaces with less shallow groundwater tables (0.9 m amd reRpectively), as
well as at the sandy and loamy sand housing area’s upper lagdsH3 and
DGD_H1, at the latter two stations at a very low absoUWéClevel. At SGD_G1 and
SGD_G2, the soil profiles with a constant high groundwatele tdgpe 2a seasonal
trend can be identified again with comparable intensity. At SGD the more loamy
soil texture in 5cm depth follows a slight type 2b seabdmend in 2012. Its
distinctness is comparable to the more dampened amplitudesairé¢hd observed at

DGD_H2 in 2012, as it was more pronounced in 2011.
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Figure 4.6 Seasonal variability of mean topsoil volumetrictevacontent YWQ (5 cm depth) at
soil profiles in 2012. The standard deviation lissirated as thin bars, grey boxes indicate tha spa
betweend, (residual volumetric water content) arld (saturated volumetric water content)
provided by laboratory analyses. Numbers abovédnse name the type of seasonal trend.
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Type 3 seasonal trend, i.e. a decrease of topsoil moisture frong $priall, does not
occur at the observed sites in 2012. This is most probaklyadine higher precipitation
rates in fall. As in 2011 it was only effective at DGD_G3, tbenly textured soil
beneath a stock of trees at the deep groundwater districts green sg2@E? ithis soill
profile reveals an increase dfWC in 5cm depth towards fall. Most likely
evapotranspiration from near-surface layers does not occur to the seameé ax it did
the year prior. In addition, the interception loss that is massluto contribute to the

decrease o¥WCin 2011 at this site might be less intensive.

The standard deviations of topsoil seasonal m&ANC own comparable
characteristics as in 2011, with a great spread in spring, bypeafa sites also in fall.
The drying within the upper layers in September, mentioned eabmost likely
contributes to this statistical peculiarity, because during pihiase VWC in 5cm
decreases and afterwards increases to typical high values in lsagdail The by far
widest range during spring and fall show soil profiles DGR and DGD_G2. This is
most likely resulting from the combination of the high pestgrass vegetation,
deciduous trees and ground cover plants respectively, leadingréased transpiration,
the more loamy soil texture, allowing high¥WC after precipitation, and the low

groundwater table depth without visible signs of capillary aise refilling.

4.4 Discussion of the soil water variability at urbates and its possible
impact on local climate

The datasets on the variability of soil water dynamics of urbég m@sented in this
study offer a unique pool of information on urban soil water dyoamThey
demonstrate well that soil water dynamics at urban sites behaveryn distinct
manners. Very shallow groundwater (as observed here within O.dlow Isurface)
leads to constant higlwWCand lowSWT induced by capillary rise, whereas soils with
a deep groundwater table depth show a distinct variatidANE and SWTduring wet
and dry phases of the two seven-month investigation periodgreAh space sites with
a groundwater depth of 0.9 and 1.2 m, relatively high topmoiktures, increasing in
the course of the vegetation period with exceptional high sunprecipitation

especially in 2011, and less enduring increasgVgiiof the upper soil layers during dry
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phases, indicate a slight effect of the shallow groundwater tablearpper layers’ soil
hydrology through capillary rise as well. In contrast, at grgesces with a deep
groundwater table (> 1.6 m) no signs of capillary rise andotbpefilling from
groundwater can be made out, and drying occurs in greater depthsoamgrolonged.
Even though the observed vegetation periods of 2011 and @64 distinct in the
distribution of rain events and seasonal precipitation amountspth years the soll
profiles show comparable trends in the dynamics of water content asidnieyet to a
varying degree. Thus, soil properties, groundwater table @epgtivegetation have a far
more substantial impact on soil hydrology than meteorologicadliitons do in soils

with this wide variability of pedological and hydrological chagsistics.

A distinct effect from low precipitation periods, associated withc& bf water refill
from the surface, can be made out according to the districts’ mean gatendable
depth and nearly independent from the urban land use: The ateesvmade in the
three-week dry phase in April 2011 show, that in soil witlhllsw groundwater a
decrease of only about 10 % AWC occurs, whereas at in soil with deep groundwater
table about 35 % oAWCare lost. Thus, the effect of groundwater table depth on drying
processes and surface soil moisture can clearly be confirmed to occardtsgrved
green space sites: groundwater most prominently leads to incneatedcontents and
less water tension in the upper layers of soils with a shaloundwater table (0.4 m),
less distinct in soils with a water-table of about 1 m, ameetfiable in soils with a
groundwater table depth below 1.6 m. As a consequence, soifdry areas with a
deep groundwater table depth and the reduction of available watee inpper soil
layers during times of little precipitation will result in resdd recharge and
evapotranspiration, and thus reduced latent heat fluxes and molorgceffectiveness
of these soils. This relationship was demonstrated by theelmgdapproach of
Maxwell and Kollet (2008) who identified largest latent heat flugesurring in areas
with shallow groundwater (< 2 m below surface) and a decrease of laat fluxes
below 2 m water-table depth. In the present study this relaipbgtween groundwater
table depth and water content of the upper soil layers is| aoascience, analyzed in

soils of urban areas for the first time.
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In case of natural or anthropogenic reduced groundwater levels (» b&ow
surface), the dominating effect of soil texture and organic matter raoisteclearly
identified within theVWC and SWT annual progression for both vegetation periods
2011 and 2012. This impact of soil properties on temporahsmsture variability and
patterns is described in many studies for different scales (e.g. Rabdckinnikov,
2000; Western et al., 2002) and has been monitored for non-urlthndarsoils in case
studies, as described in Chapter 2.2 (e.g. Famiglietti et al9; &n et al., 2012;
Robinson et al., 2008). However, apart from the immediate efféassealed surface
which are not subject to the investigations, in this sthéyimpact of urban land use is

not found to be distinct in this study.

As mentioned, surface water content and availability can be a deterrfantog for
local climate variability by inducing higher actual evapotranspmatetes. Brubaker
and Entekhabi (1996) as well as Daly and Porporato (2005) staédsdil surface
moisture availability is one determining factor for evapotranspiratma thus
influences latent heat fluxes and air temperature. While varying climaicts on soil
moisture have been observed (e.g. lliston et al., 2004), theedwestrelation is known
and often stated, but research on soil moisture feedback on climatefteostocuses
on local recycling of evapotranspiration for rainfall (D'Odorico ando®®@to, 2004;
Findell and Eltahir, 1997). Especially on a local and microcierstale, the impacts of
soil surface evaporation and of evapotranspiration by vegetatioariegvon air
temperature and human comfort due to reduced felt air temperatutéeisebearched
in field measurements (Krakauer et al., 2010). Until now, theseraétions were made
for natural environments. Surveys regarding these effects espedaialn iurban

environment have, to best knowledge, not been carried out so far.

Due to the heterogeneous structure of urban areas, soils within anigielsighly
variable within small spatial scales, as the observations of il&t&mns in the present
study reveal. Thus, soil water dynamics rather vary at these ssalgsll, as shown.
Hence, their impact on the local climate will also differ at small-sdalean be
expected from this finding that the cooling effectiveness of $bilsugh latent heat

fluxes varies, depending on soil properties and groundwater tapta.dPresumably, a
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shallow groundwater table, as observed in SGD, contributesigteerhlatent and
diminishes sensible heat fluxes, in comparison to deep groundiabterdistrict sites
DGD. As the recent survey by Damm et al. (2012) within the udrasironment of
Bottrop, Germany, indicated, an improvement of the use ofasoWwater storage can
lead to a reduction of “urban hotspots”, i.e. sources of increasethledmsat fluxes, by
increasing the cooling capacity of urban soils. In the follov@hgpter 5 this relation is
further examined by evaluating and interpreting the measurementshéteeStations.
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5 Variability of urban meteorological parameters

The heterogeneous urban surface exerts an impact on the local rhogiealto
parameters. Depending on greater weather conditions, season #ntkd#ys impact
varies in its intensity (e.g. Houet and Pigeon, 2011; V,a2@®3). In Chapter 5.1, first
the observed variability of the meteorological parameters at urbanrsikésmburg is
described. Afterwards focus lies on the consideration of the urbanmgetature. In
Chapter 5.2 the nighttime UHI effect as it is found withia theasurement network is
analyzed, regarding spatial peculiarities and factors influencingniensity. The
daytime air temperature variability between the MeteoStations isdayadiin Chapter
5.3. And as this parameter is the one that is mainly influengexvdpotranspiration, a

closer look at soil moisture as a possible impacting factairdemperature is taken.

5.1 Annual and seasonal variability at urban sites

The measurements of the meteorological parameters at the six observed
MeteoStations show clear differences in the mean diurnal cycleSeffimber 2011 to
31 August 2017} as depicted in Figure 5.1 and Figure 5.2. Air temperatuge (T
measurements reveal most apparently a distinction between the innsitest C and
the suburban sites SGD and DGD. While the inner city tsire the highest medp
at all times, pronounced during the daytime and more definitiglt, MeteoStations at
the suburbs are significantly cooler during the night. At a sedevel a distinction
between the suburban sites is evident as well: the two siteis Wwhe deep groundwater
district (DGD) are slightly warmer during the night compared toh bshallow
groundwater districts’ sites (SGD). Starting late morning and regchm to late
afternoon both districts have a comparable mean didmabolution. In third order,
even a more detailed distinction can be made at the inner-district-Tédweekity centre
sites perform alike in their mean annual diurnal cycle with a $fighster warming

during the morning hours at C_2. Within DGD the green spiéedsscooler than the

4 This timeframe was chosen for analysis becaused®tation C_2 was setup not until late August
2012. Thus, a complete data set of all MeteoStati®only available from that time on.
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housing area during the night, about 0.3 K, and showdasimj during daytime, while
at SGD both sites resemble. Here, the housing area site 5@khibits a remarkable
feature: in the morning a faster increasergis observed throughout the year, and is
thus clearly visible in the mean diurnal cycles. This phenomdram been under
research in detail by temporarily running additional measuremendrstadi different
sites within the same housing area (Beuchel, 2012). This effeetaep within the

whole suburb area of this district. However, an explanation islmobus, yet.

1 | 1
00:00 06:00 12:00 18:00 00:00
time (CET)

Figure 5.1 Mean diurnal cycle of air temperaturg€,,( 10min-mean) for 01 September 2011 to
31 August 2012.

Apart from a different diurnal cycle in the annual m@gnalso variations of specific
humidities ) are found. The specific humidity, the ratio of water vapor toadryis
considered instead of looking at the relative humiditygds independent from air
temperature. Thus, it is a better parameter to compare mean values idftyhamn
several sites. Again, the most pronounced differences occur firsedretine districts,
but then also at the inner-district level between the land ysestat both suburbs.
While at the inner city sites C_1 and C_2 the amount of wattreirair is at a nearly

constant level throughout the whole course of the day (FigBjetbe suburb sites have
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a somewhat more defined diurnal cycle. During daytinmecreases, with higher values
at SGD compared to DGD. The green space site SGD_G also featuregttbst h
absolute air water contents, with a prolonged highentil after midnight. At the inner
city sites an additional distinction can be drawn: The “modere” site C_2 within the
new built-up district HafenCity, which is very close to theeriElbe, is more humid
than the “old core” site C_1, more distant to open water. Thesaiions for the sites
in district C, as well as for the inner-district land use differefet&een the suburban
categories green space (G) and housing area (H), indicate a dependaindyofidity
from water availability, as it is to be expected. Open water, as pr&s€n?2, as well as
a higher rate of vegetated areas and uncovered soil, i.e. green spaddssphe water
for an actual ET amount closer to the climatic possible ET, wisiatlepending on
saturated vapor pressure and air temperature, respectively. However, veggiptars
to be more effective to air humidity than open water, as at botirtsai districts higher

g values are found for daytime compared to C_2.

10 10
—C_1
..... C_2
—SGD_G
----- SGD_H
8 _DGD G ___________________________________________________________________________________________________________________________ _8
..... DGD H
S
é
L= it T Y SRy
- ..-........-—:m
T O mmean e e et v dcn et t e 02 P At e e s S 6
T — 14
| | |
00:00 06:00 12:00 18:00 00:00
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Figure 5.2 Mean diurnal cycle of specific humidityg,( 10min-mean), 01 September 2011 to
31 August 201:
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As shown, differences at the inter- as well as at the inner-distaé are visible
already in the mean diurnal cycle of a whole year. It can be presuhedihese
characteristics are found to be even more distinct during certain iomsdibhat promote
the development of differences in air temperature and air humidityeatesgy. A
simple division into seasonal mean diurnal cycles shows thieatgreater climatic
conditions, e.g. higher air temperatures in general as givengdaimmer months,
promote the formation of a site-characteristic behavior of the mébgaral

parameters.

00:00 06:00 12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00
time (CET) time (CET)

1 1 1 .
00:00 06:00 18:00 00:00 00:00 06:00 18:00 00:00

12.‘00
time (CET)

12:00
time (CET)

Figure 5.3 Seasonal mean diurnal cycle of air temperatlige (0min-mean)a) winter (DJF)b) spring
(MAM) c) summer (JJAY) fall (SON), for 01 September 2011 to 31 August201

During winter (Figure 5.3a) the measurements at the MeteoStalkwete the least
from each other. From late morning (about 11:00) to the afternoont(abdd0) no
clear distinction can be made, while for evening and nighttimd itz the inner city
stations is slightly increased compared to the suburban 3ikes.amplitude of the

diurnal cycle during winter season is generally low (about 3rKjnean diurnal cycle
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of spring the nighttime differences between sites at district C thedsuburban
MeteoStations become more evident (Figure 5.3b), as also tlengoarea station
DGD_H is relatively warmer from sunset to sunrise than the fasieostations. From
late morning to late afternoon the inner city stations C_1 and &e how slightly
warmer at average. This tendency continues for summer months’ meaal diycle

(Figure 5.3c), where the sites in district C are significantly warmeallatimes,

deviating up to 3 K at average from the coolest station SGD €& raftinight and still
about 1 K in the afternoon. During fall season (Figure 5.3d)dihenal cycles again
converge, with almost no differences during the day and, similgpring, a nighttime

increased’, at the inner city stations (up to 3 K) and less pronounced &t PG
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Figure 5.4 Seasonal mean diurnal cycle of specific humiditylOmin-mean)a) winter (DJF)b) spring
(MAM) c) summer (JJAY) fall (SON), for 01 September 2011 to 31 August201

Air humidity also features distinct mean diurnal cycles fordgbasons, as shown in
Figure 5.4. While during winter season the specific humidithatix MeteoStations is

almost conform (Figure 5.4a), during spring higher humiditie$caned at the suburban
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sites compared to the inner city sites (Figure 5.4b). Here, st@ti@ntends to have a
slightly increased specific humidity in general compared to C et.béth stations are
less humid than the suburban MeteoStations, withlues up to 0.6 g klower. This
trend continues to manifest for summer months (Figure 5.4c), ewbdferences
between suburban and inner city sites from sunrise (06:00) to eghiy (21:00) are
most pronounced, with a maximum deviation of 1.5 ¢ Egring noon. In this season
the two districts DGD and SGD exhibit specific diurnal cycleshafmidities: the
shallow groundwater districts sites SGD_H and even more the graee site SGD_G
feature increased values throughout the whole time, and especially during daytim
with up to 0.5 g kg higher values compared to DGD. In the latter district the sites
both land use categories, green space and housing, reveal @ diole ofq with a

very similar course.

A remarkable feature during summer months’ diurnal cycles of htymgithe rapid
increase around 06:00 at the suburban stations. Presumably thead@ton initiates
evapotranspiration relatively immediate after sunrise and water is taeshbiand
evaporated from plants and soil surface, respectively. At the aityesites, however,
this effect does not occur due to a lack of available water and vegetatier. For fall
season (Figure 5.4d) the diurnal cyclegioénd to be less distinct again, yet with again

lower and more constant values at the city sites.

As these diurnal cycles of, and q show, the six urban sites own individual
characteristics, according to district on the one hand, and landlasses on the other
hand. To make these specific features better comparable, a consideratiba of
deviations from a reference site outside the network is useful.iJhesalized in the

following Chapter 5.2.
5.2 Observation of the urban heat island

a) Air temperature deviations from a rural site

In this section the mean deviations of air temperaiyref the six MeteoStations
from the rural reference station WD_G, about 40 km outside oftidegmis analyzed
for the observed one-year-period (01 September 2011 to 30 ARQLZ). This time
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period is characterized by an average air temperature of 9.9 °C, a madamum
temperature of 34.5 °C, a minimum air temperature of -17.5°C dothlaamount of
precipitation of 577 mm (observations at the city station WDTR®. inner city stations
C_1 and C_2 show the highest positive deviation from the sit&lwith an annual
mean of about +1.0 K (Figure 5.5). Concurrently, values of tfep@@centile reach up
to +4.5 K, while the values of T(percentile are still positive values around +0.5 K. The
stations at the deep groundwater district reveal only little urleatiny effects, i.e.
positive differences from the rural reference. At the housing area’s Statemn
(DGD_H) a small positive mean deviation of +0.25K is obserimat, with a
considerable variability including a change of sign (-0.8 K an@ K2for the 16' and
og" percentile, respectively). Furthermore, the mean deviation is rdglag the green
space DGD_G. The percentiles are distributed uniformly to negative positive
values. The district with a shallow mean groundwater table extdbitsnor negative
deviation from the reference station of about -0.2 K at both sieb (& and SGD_H).

The distribution is also nearly uniform here with £1.0 K Ed 9 percentiles.

I:Imean
6- —10th / 90th percentile

AT, [K]
&

N
T
I

, N S I

_ I I I | | |
2 C_1 c_2 DGD.G DGDH SGD_G SGD_H

Figure 5.5 Mean deviation of air temperaturdT,) of MeteoStations from reference station
WD_G for the period 01 September 2011 to 31 Au@@t2. Thin bars indicate f£0and 98"
percentiles.
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Figure 5.6 Mean deviation of air temperatur&Ty, 1hr-mean) of MeteoStations from reference WD_G
for a) daytime (08:00 -20:00 CET) in the period 01 Sepen#011 to 31 August 201B) nighttime
(20:00 to 08:00 CET), same periaj nhighttime in summer (01 June to 31 August 20@2yighttime in
winter (01 December 2011 to 28 February 2012). Bhirs indicate the ftand 98" percentile.

The urban heat island effect, which is already apparent from the over¥idw o
deviations in Figure 5.5, is confined to nighttime: Lookatdhe daytime values (Figure
5.6a) it becomes evident that meBndeviations during the day are almost zero with
evenly distributed variances in positive and negative valueshésuburb sites, the
slightly negative mean differences might indicate a “daytime cgo$iland”, as it was
observed also by e.g. Myrup et al. (1993) and Svensson anddaligZ002). In contrast
during nighttime (Figure 5.6b), the urban heat island isy vyamonounced. High
nocturnal T, differences and a wide spread to positive deviations from thed ru
reference station WD_G are found at the MeteoStations in the city areatliostations
C_1 and C_2 with +1.7 K, and less pronounced at deep growsrdeisatrict's housing
area DGD_H. These three sites also show a skewed distributiand high positive
deviations (98 percentile 2.5 to 4.8 K above the mean but tH&pdcentile only 0.1 K
below). At the deep groundwater green space site DGD_G otilgh#lyshigher mean
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of about +0.3 K can be observed. At the shallow groundwaterictig6GD) no
considerable nighttime warming is visible, and deviations astrildited almost
uniformly around the mean. Considering seasonal trends wilgittime differences of
T,, during summer months (Figure 5.6¢), the UHI effect is by farenpyonounced
compared to winter (Figure 5.6d). The diurnal temperature cyabeich smaller during

winter than during summer and consequently the UHI are dampadter wme.

It is worthwhile to note that the rank order of the MeteoStati@averageT,
deviation remains constant independent from the considered time frames.city
stations (C_1 and C_2) differ the most from WD_G, followed leydbep groundwater
district’'s housing area station DGD_H and the nearby green spacdGD_G.
SGD_H and SGD_G deviate always slightly negatively from the referemhis
ranking is reasonable because inner city structures in general fdaunghest UHI
formation (Voogt, 2003). The DGD district’s location, closetfte city core than SGD,
its slightly higher sealing ratio in general, and its dryerddmns due to a deeper mean
groundwater table, might be the reasons for ranking second as a @isti@GD_H
housing area ranking third overall as a site with nearby bgsdieffective through
higher heat capacity.

b) Impacting factors on UHI manifestation

The UHI effect occurs throughout the year, but depends on preyaitinditions.
Higher deviations can be observed during summer and at nigin @dily temperatures
amplitudes are typically high (summer) and wind speed is loghtiiine). Therefore it

is worthwhile to have a closer look at factors impacting on differeinces

High wind speed leads to intensive turbulence and mixingmitie boundary layer.
Thus, existing temperature differences will be reduced. High cloudrage prevents
nighttime cooling by enhanced down welling long wave radiati@onversely, a clear
sky leads to higher radiative cooling of the surface. Thus, Efificts have been
observed to occur mainly during phases with low wind speedsii&s et al., 2009)
and little or no cloud coverage (Morris et al., 2001). The measureroktiie present
study confirm these findings (Figure 5.7).
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Figure 5.7 Mean deviation of air temperature (lhr-mean) oftdd&tations from reference WD_G
during nighttime (20:00. to 08:00 CET) for one y¢@i September 2011 to 31 August 2012). Color
indicates thel, deviation in K. x-axis: classes of wind speéfil 4t reference station WM, y-axis: classes
of mean cloud coveragerf) during the previous six hours.
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Predominantly the inner city sites C_1 and C_2 and secadmellsuburb housing area
site DGD_H feature considerably increaggedduring nighttime if mean wind speed is
below 2 m gand average cloud coverage of the previous six hours is lesg/afamt
the DGD_G green space station slightly increakgdieviations are visible for wind
speeds below 2 m'saand less than 3/8cloud coverage. At the SGD district stations this

effect is hardly detectable because the UHI effect is low there inaasey c

This analysis implies that a further analysis of the measuremeatstiauld be
restricted to cases where the impact of surface and location is lddhtleninfluenced
or changed by superior factors like high wind speed or cloud apefis filter on
data ensures that the effects of surface and structure of the site’'s cisiacte
environment, like heat capacity and vegetation, is the domingpdating factors on
local climate. Thus, in the following evaluation, data is selefiau situations with

low wind speed< 2 m §') and only partly cloudy or cloudless sky&/g").
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Figure 5.8 Mean deviation of air temperaturaT,, lhr-mean) from reference WD_G during
nighttime (20:00 to 08:00 CET) grouped by seasomf01 March 2011 to 31 August 2012. Data
filtered by time steps with average wind speed & W2 m s' and mean cloud coverage of the
previous 6 hours 6/8", thin bars indicate #band 98' percentiles.
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Figure 5.8 depicts the filtered me@ndeviation of the MeteoStations from reference
WD_G, grouped by season, with an extended observation pdadg in March
2011. The already mentioned dominant positive divergence ointlex city stations
C_1 and C_2 throughout all seasons, includinj pércentiles higher than 1 K, get
even more visible with a mean value of up to 5.2 K duringngp#011. The deep
groundwater table district’s housing area DGD_H also feature consgduatr imean,
and positive 16 percentiles compared to the reference. Air temperature of the green
space in this district (DGD_G) only deviates less than 1 K arage. Within the
district with a shallow groundwater level (SGD) negative differences fthe rural
reference station WD_G occur more often, mainly in summer 2011na2@1P. These
two stations diverge the least throughout the year; alsodharid 98" percentiles are
relatively narrow and more equally distributed around the mean. TBGE G,
SGD_H and WD_G feature comparaflg diurnal cycles. In fall 2011 exceptionally
high positive deviations at all stations are found, in comiminatith also high 16
percentiles. This season was extraordinary dry and warm, asdée/ations at WD_F
show (see also Table 4.4): 87.5 mm precipitation in compatéstire 30 year mean of
204 mm, 10.4 °C mean air temperature (30 year mean: 9.7 °C) 8rld @&2sunshine
(30 year mean: 307 h). This might be the reason for the higlesvaluair temperature

deviation.

5.3 Observation of the impact of topsoil moisture antamperature

The nighttime the UHI is controlled by the heat capacity ofdmgs and surfaces,
and the local circumstances as stated above. Soil moisture is rareigecedsas an
influencing factor for urban climate. Yet it can potentially also aftbet nighttime
urban heat island since water in soil considerably alters #itechpacity of the soil. As
another effect, the availability of soil moisture limits evapotraatipn. This effect will
occur mainly during daytime since evapotranspiration increases in gendhal
increasing net radiation. Reduced evapotranspiration due to limaiédnoisture is
usually compensated by an enhanced sensible heat flux, which ctelbeed by the

HUSCO network in terms of an increased daily warming of air tempergfur
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In the following both effects will be analyzed: At first, tingpact of soil moisture on
the night time UHI will be quantified. Second, the relevanceaif moisture for the
daytime warming in an urban environment is assessed. This ianfalgsses on topsoil
moisture, defined as the mean soil moisture of the upper fivienedar of the soil,

because it has the largest impact on evapotranspiration processes.

a) Effect on nighttime air temperature

The strength of the linear relation between nighttime UHI andoibpnoisture can
be estimated by a linear regression approach. Therefore, mean nigkiftirdeviation
with respect to the rural reference station WD_G is defined as a depgadahle:

AT, =T gmmeadStation =T, (WD_G) (Equation 6)

nightmeal

with Tnighimean€qual to the averagg from 20:00 to 08:00 CET.

Soil moisture represents the explanatory variable for the regress@ameasure of
soil moisture, the dimensionless topsoil water content of i@ Bheasurement depth
was calculated considering van Genuchten (1980). It is definetheasneasured
volumetric water contentMWC) normalized with the residual and saturated values of
VWC 6, as given in equation 3. The normalization allows for a bettempaason of
soil moisture at different stations and takes distinct water audikbiwithin the
different soils into account. Essentially, the residual water coritensoil moisture at
the permanent wilting point, and the saturated water content anelegigas limits of the
range of the available water. When the field measuremeniW( exceeded the
saturated water content observed in laboratory analyses, a normalizzdcwatient

larger than 1 is calculated. This mismatch is discussed in &h&gt

The results of the linear regression calculation are depicted ineFagdi for the four
suburban MeteoStations with data matching the given criteria. Te f@eiprevailing
conditions promoting a nocturnal UHI, days have been selecteddaugdo same
criteria is in the previous section 5.2b). The inner city sta@wa:ot considered since
they are almost entirely sealed and thus do not provide softun®imeasurements.

Further information in Figure 5.9 is given by the standard @frestimate and the 95 %
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confidence bands, i.e. the area in which 95 % of all data pointecated, as well as
the 95 % prediction bands, i.e. the area in which the lineaessign line lies with a
probability of 95 %. In addition, the coefficient of correlation (ndahe slope of the
linear fit are listed. Account must be taken that these statenrendslg valid under the

assumption that a linear relation exists betweemihgand the normalized soil water

---95% prediction bands
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Figure 5.9 Relation between normalized topsoil water con&iis cm depth) and the mean deviation of
nighttime air temperaturaT, (WD_G - station). Days of the period 01 Septenft@tl to 31 August
2012 meeting the following requirements: mean wipged< 2 m s', mean cloud coverage 6/8".
Signatures indicating linear fit, standard errorestimate, as well as 956 confidence and prediction
bands. r = correlation coefficient, slope = slopérear regression line.

This regression analysis reveals no clear correlation betweenlto@der content
and mean nighttime deviation of air temperature from the rural reference. Gueffici
of correlation come to -0.14 to 0.01 which signifies an explawathnce ofAT, by
topsoil moisture® of only 0.01 % to 1.96 %. Thus, there is not a significalationship
between these two variables, and the UHI effect intensity is liketyto be coupled

with topsoil moisture contents.
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b) Effect on daytime air temperature

Compared to the findings of non-filtered mean annual data (FigurettteXeasonal
mean nighttime air temperature deviations (Figure 5.8) are higfanitbe concluded
from this, that the excluded data, e.g. daytime air temperature idasiatith wind
speed > 2 m'§ most likely show minor differences. However, daytime air enmafore
is - apart from nocturnal cooling rates - relevant for human thermal coagowell
(Mayer and Hoppe, 1987) and thus should be considered in detail.

The evolution of air temperature during daytime is locally infageh by the
partitioning of the incoming radiation into latent and dSelesiheat flux. This
partitioning is partly controlled by soil moisture and in matiar topsoil moisture. This
relation has been confirmed e.g. by Kuttler et al. (2012), companwdgl results of
vegetated areas with high and low soil moisture in an urban envaat. To quantify
the magnitude of the impact of the factor soil moisture on e 1q, a closer look on
daytime temperature deviations is reasonable. As a reference for thiateatsuofT,
deviations, a site without natural soil, i.e. an entirely seslathce, is most suitable,
because evapotranspiration is almost negligible there (except shftetlyprecipitation
events). In addition, the filter rule needs to be adapted to preyaonditions that
promote a coupling of topsoil moisture and air temperature: Hiestnean wind speed
should exceed more than 2 i leading to a mixing of near-surface air. This enables
evapotranspiration from the soil surface. Second, less tHAp6iBean cloud coverage
ensures sufficient solar radiation. These conditions characterize sitiatiuch are

most suitable for evapotranspiration.

Figure 5.10 depicts the mean deviation during daytime (0&@D100 CET)T, at
the suburb MeteoStations from the reference station C_1 (inner city s®aldgard)
for all days applying the same filter rules as before. In this asalyg suburb
MeteoStations show a medgdeviation from the inner city station of -0.35 K to -0.5 K
with only marginal differences among each other with variationtheénorder of the
sensor accuracy (see Table 3.4). However, the observed deviatemgas than the
accuracy of the air temperature sensors, and thus it is signifigeoreover, o

percentiles indicate a large spread of down to -1.9 K at SGD_dsmaan deviations
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are negative for all stations. Only station SGD_H shows eiti\m)le‘h percentile
(+0.5 K) which is due to the faster increaselgft this station in the morning (as it is
described in Chapter 5.1).

.meaﬁ
—10% / 90% percentile

0.5_ ............................. e ]

A |

N
&
I

_ I I i [
2 DGD_G DGD_H SGD_G SGD_H

Figure 5.10 Mean deviation of air temperatur&T,, 1hr-mean) of suburban MeteoStations from
reference station C_1 for the period 01 Septemb#f 20 30 August 2012 during daytime (08:00
to 20:00 CET). Data filtered by time steps with r@ge wind speed at WM > 2 rit ind mean
cloud coverage of the previous 6 hogr8/8". Thin bars indicate the £Gand 98' percentile.

Hence, sites with unsealed soils are slightly cooler comparedet® with sealed
surfaces, even during the day and with turbulence induced tiyspieed > 2 msand
substantial solar radiation (cloud coverag6/8"). Evapotranspiration of water from
topsoif® is a possible factor causing this negative deviationT.of To test this
hypothesis, again the linear regression method applied befased to test whether a

linear relation between the increaseTgfduring the course of the day as a dependent

5 Water for transpiration is provided from soil aseaithin the entire rooting depth, which is in the

majority of cases deeper than the topsoil (5 cmgndé the transpiration-component of the ET is
depending on soil moisture of the rooting depthilevthe evaporation-component results from avadéabl

water within the topsoil. As a differentiation betn these two components within the performed
measurements is not feasible yet, this generaligpdthesis is proposed with the consciousnessisf th
limitation.
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variable, and soil moisture as an explanatory variable existed. Meastireiatan
considered for this analysis are selected to match the same conditippiemented by
the requirements of more than 1500 W 1 solar irradiance at that day and 0 mm of
precipitation at all stations to exclude situations with mdstly unlimited water
supply.

As a measure for the possible impact of topsoil water evapotramspicat T,, the
absolute warming, i.e. the span ©f, during the course of the matching days is
calculated as the difference between maximum and miniffignThe results of the
linear regression analysis are given in Figure 5.11, includiedficient of correlation
and slope of the linear regression line. Again these statenrentslg valid assuming
that a linear relation exists between the spah,@hd normalized soil water conteht
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Figure 5.11 Relation between normalized topsoil water cont@nf5 cm depth) and the span of air
temperaturel, (Thnax - Tmin)- Days of the period 01 September 2011 to 31 Augd42 meeting the
following requirements: precipitation sum of day)=mean wind speed 2 m s', mean cloud coverage
<6/8", sum of global radiatior> 1.5 kW h nf. Signatures indicating linear fit, standard ermafr
estimate, as well as 9 confidence and prediction bands. r = correlatioafiicient, slope = slope of
linear regression line.
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At all four MeteoStations a negative linear relationship isenkesi. The higher the
soil water conten® is, the narrower is the span ®f The correlation coefficient for
this relation lies between -0.34 and -0.42, resulting in a coeffioledéetermination R
of 0.11 to 0.17. This signifies that 11 to 17 % of theatayn in the span of, can be
explained by soil moisture for the selected days. The remainirig 83 % are due to
unknown variables, e.g. meteorological occurrences or inherent vayiabib test
whether this linear relationship is significant, a t-test for thpeslwas carried out. The
null hypothesis could be rejected under the assumption of a dedorrélate of 5 days
(resulting from autocorrelation analysis). Thus, it can be conclumteda 95 %

significance level that there is a linear relationship between tapssture and’,.

The negative slope of the linear relation can be interpreted asliaator for the rate
of decrease in the span @f with increasing topsoil water contett, and thereby
indicates the sensitivity of this relationship. The larger thelatesealue of the slope is,
the faster the span 0% during the day increases with reduced topsoil moisturdice
versa, small absolute values of slope indicate a slower increase syfahefT, with
dryer soils. The site SGD_H, characterized by a sandy soilratésvithin the housing
area, features by far the largest absolute slope. This can be interpratedhdsator
for a significantly higher air temperature increase during days wi@soil moisture
decreases only slightly (e.g. a few days after a precipitation )e\empared to the
other three sites, where the linear regression has a very similarltremtb be further
examined whether this exceptional tendency of SGD H might be se dau the
anomalousT, increase in the morning compared to the other MeteoStations ilidi

measurement network (as mentioned in Chapter 5.1).

5.4 Discussion of the observed air temperature variglait urban sites

In this chapter urban air temperature anomalies were confirmed for thefcity
Hamburg. The observed mean annual air temperature deviations fr@mutal
reference of +1.0 K at the city core and 0.25 K at a suburb hosisengorrespond well
with the observations from long-term climate records by Schliezeh. (2009) who

found a higher average air temperature of +1.1 K for another city cglatien and
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+0.5 K at a suburban area. The approach of Bechtel and Schmidf) (20fnap the
urban temperature differences using floristic mapping data of Hambwgl@sovery
comparable values as well: For the grid cells around stations Cd1Ca@ the
deviations from the rural reference were predicted to be +0.9 K @®okt+énd > +1.1 K
respectively, for DGD district +0.6 K to +0.9 K and for SGD5+K to +0.6 K. These
values are very similar to the measured temperature deviations agvkal/the same
ranking of the observed districts within Hamburg for the intgnsif their T,

differences.

The nocturnal UHI effect is also detectable in Hamburg, with sieggabminence in
the city centre (+1.7 K) and a suburban housing area (+0.7 K9. fiflding of a
prominent UHI like this is remarkable because the city of Hambuitg istructure and
location is thought to be untypical in developing suchcapunced phenomenon due to
maritime climate and prevailing high wind speeds (Schlinzen.,e2@09). However,
these observations fit well to the results of the simulatadndoffmann (2012): The
maximum UHI is stated as +1.2 K for Hamburg, located withiea downtown and
harbor area - the area where the measurement stations C_1 and catack As in
these simulations the UHI effect is calculated for a shorter peridonef (8 p.m. to
12 a.m.) it is plausible that its maximum UHI value is seralkompared to the
measured value in the present study. Furthermore, the measured dsviatithe city
centre stations from the rural reference are also in good conformityfimdtings of
other studies for UHI effects in the moderate latitudes. For exampl&dthenburg,
Sweden, up to 8 K have been measured (Svensson and Eliasd3®),&0he present
study’s site C_1 and C_2 up to +7 K during summer nightair. And Voogt (2003)
states that the typical UHI effect ranges from +1 K to +3 K evenafge cities. For
European cities with more than 1 million inhabitants he indicatesaximum UHI of
+10 K.

The analysis of measurement data from a one year period alloveettigication of
the typical impacting factors for nocturnal UHI: Low wind speend cloud coverage
are dominant factors, influencing the intensity of the nigtgtintreased temperatures

of inner city sites compared to rural sites. These confirmations of UHé
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generalizations from Oke (1982), have also been confirmed e.g. foeds2zégngary by
Unger (1996), for Melbourne, Australia, by Morris et al. (2001 #or Buenos Aires,
Argentina, by Figuerola and Mazzeo (1998). Within the predendysin addition the
possible influence of soil water content on the nighttime UHbbserved, which
constitutes a new approach within UHI research. Yet it is fdbatdtopsoil moisture is
likely not to have an impact on nighttime temperature deviatbssiburban sites from

a rural reference.

During daytime, positive air temperature deviations from thal rceference are
found to be small for the city centre (+0.3 K, +0.4 K respect)vépnly at the suburb
sites mean daytime air temperatures are slightly lower (down t6 KJ).2ompared to
the rural reference. These observations are in accordance to the findingsupfet al.
(1993) who found suburban sites in Davis, CA, USA, as dtidre cooler compared to
rural sites than warmer, depending on meteorological conditikesnsind speed and
solar radiation. Differences between urban parks and green spaceg auodrdlinding
built-up areas were found to typically be +1 K to +2 K for VamssuCanada, during
summer days (Spronken-Smith and Oke, 1998). Within the preseht'ss suburban
sites, only lower values occur during daytime (within sersmuracy, < 0.2 K), yet
during the night at DGD the housing area is about +1 K wara average than the
green space. This disagreement is presumably due to theofocdtihe Vancouver
measurement sites within more densely built-up structures. As tbe@@aourg Upmanis
et al. (1998) found nighttime deviations of green spaces frorrlquiéireas in the range
of -1.7 K to -5.9 K, depending on park sizes and greater metgocal conditions,
these findings match better to the observations in Hamburgeldeance of the type of
vegetation in combination with soil properties for the IoGatlifferences could not be
observed in detail, as the suburban sites in the present statiyefecomparable
vegetation cover, i.e. short grass and high pasture grass, reslyegtt different soils.
However, as stated e.g. in the study of Damm et al. (2012)pldnt-available water
(AWQ is a crucial value determining this relevance of soils. Consequentignse
vegetation cover ensures the actual ET rate to reach nearly the pdidntas far as

soil properties provide a high water capacity. The observationghitlgl lower mean
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daytime air temperatures at the green space sites compared to thwg feoaa sites
allows concluding that this effect applies for higher grass vegetand nearby deep
rooting trees compared to short grass cover.

Averaged over a one year period the suburb stations are 0.35ka0dler than the
city centre station C_1 during daytime for selected conditfeaturing wind speeds
above 2 m3$ and cloud coverage of 81®r less. The higher ratio of unsealed surfaces
in the suburbs is a possible cause for this temperature deviati@mse Tfindings
correspond to the observations of e.g. Houet and Pigeon (20l Tjoédouse, who
found a daily maximum difference between high density urban coreasitesreas with
detached houses and gardens of 0.1 +0.5 K for summer monthscledr sky
conditions and low wind speed.

A new approach concerning the impact of soil water availability etstirface is
attempted: Although no impact of soil moisture on nighttaimgemperature is found, a
linear regression analysis implies that soil moisture is corretatéite span off,, i.e.
warming during the course of the day, with an explained variance &b 17 %. It
needs to be further investigated whether this effect is parthedidse to seasonal
variations in absolut&, values and soil moisture, as in the summer time a higher span

can be caused by higher temperatures and lower soil moisturesnalgen
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6 Surface-atmosphere exchange fluxes in two urban drects

The state of the lower atmosphere, i.e. the boundary layer,dgiedoby two main
processes: fluxes of momentum, namely wind, resulting from differences
atmospheric pressure, and heat and moisture fluxes from the surfacéatfEh is a
result of the energy conversion of solar radiation at the surface ($988). These
processes are valid for natural as well as for urban environments. Thehef@rergy
budget of urban areas can, in analogy to the general energy balanceregbati

expressed as:
Ri=H+LE+G (Equation 7)

with R, = net all-wave radiation (> O] = sensible heat flux (< OLE = latent heat
flux (< 0), G = storage heat flux (< 0, soil heat flux and storage) (e.g.rReter et al.,
2009)°. The share of each flux depends, inter alia, on the water avajladilithe
surface, which determines the actual evaporation and, including tatiepiLE,
respectively. Furthermore, the associated sensible hedt fapntributes to an increase
of air temperature (e.g. Stull, 1988). Hence it is important éasure the fluxes that
represent the link between the pedosphere and the atmospheremeasseements can
certainly be helpful to determine soil moisture impacts on urban &catmperature
more precisely. Thus, eddy covariance data has been collected at thabuwbas
districts. This data may give additional clues on whether |dteat fluxes, depending
on topsoil water contents as the controlling factor for actual e\aysgiration, have a

considerable impact on air temperature at the urban site.

As described in Chapter 3.1, the eddy covariance systems wer¢ech@irdifferent
heights and within distinct land use categories: At the ®lalroundwater district SGD
the system collects data in 30 m height above the housing a&ia EXC). During
westerly air flow situations the source area of the fluxes is locatédhwiite housing
area. During east direction winds fluxes originate from a mixed laadlisletached

houses and green space areas. The second eddy covariance systamnmbokes at

18 This equation 7 is valid under the assumption tiamnet heat advection is negligible and no siggmitt
anthropogenic heat flux is present.
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the deep groundwater district DGD, measures 2.5 m above the eeggtatnd of the
green space (DGD_EC). Here, wind directions from 180° to 36GAd@aonformation
of fluxes from the pasture grass land (see Chapter 3.3). Theseastergtaneasurement
heights and source areas determine the fact that these measuremenits@mgparable
with each other and need to be considered separately. Yet each systadespro
valuable information on specific issues concerning the exchangedmetueface and

atmosphere within the observed areas.

6.1 Flux measurements at the annual scale

To get an overview on the flux partitioning at the sites for diffesmurce areas,
Figure 6.1 depicts the relationship between daily me&nand H for the time
01 September 2011 to 31 December 2012. At the shallow groundwsttest SGD the
two possible source areas are regarded separately. The source BrdaC3Glying in
eastern direction from the measurement station with a mixed lan@fudetached
houses and green space, shows a rather constant trehdnafLE fluxes considering
the whole measurement period. While in fall and winter fluxes are lawgemeral,
during spring a tendency towards increased sensible heat, and summnger towards
increased latent heat fluxes up to 250 V¥ ame visible. With increasing values of the
fluxes, the deviation of the single data points from the regmedsie increases. Thus,
when the amount of available energy is high, flux partitionatkg@s$ place either tending

towardsH or towardd_E, but not with equal share for both heat fluxes.

With western wind direction the source area SGD_EC2 is mainlyndieied by one
or two-storey buildings within a housing district. Here ldtent heat fluX_E is smaller
than the corresponding sensible heat #yxas indicated by the slope of the regression
line and the distribution of the data. During spring a broadeafiH occurs with up to
290 W ni® at daily average, with corresponding 100 W emergy flux partition td_E.
In summer months the energy conversion inEbis increased, resulting in an almost
equal share oH andLE on the total fluxes, in the range of 100 to 200 W daily

mean. This higher share Bff on the total energy conversion, compared to SGD_EC1,
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could be attributed to the higher sealing ratio and builtewfase within the source area

of the fluxes here.

The eddy covariance system at the deep groundwater district's greensspgace
DGD_EC reveals a somewhat different picture. Here, energy partéms tmainly
towards latent heat fluxes, reaching nearly 300 Wimsummer, while sensible heat
flux values lie below 100 W i throughout all measurements. The linear regression
line is comparably steep and thereby indicates the tendency towdridger energy
partition share oLE. This trend is reasonable because the measured fluxes originate
from the green space surface, i.e. high pasture grass covered\ smhsiderably
increased evapotranspiration rate from densely vegetated unsealed lamdbés

expected during the vegetation period, and especially in summer.
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Figure 6.1 Distribution of sensible heat fluxeblY and latent heat fluxed ) at the eddy covariance
system stations, average daily flux (10:00 to 153¥). Source areas) SGD_EC1,b) SGD_EC2,

c) DGD_EC. Data from 01 September 2011 to 31 Decer2d&?, seasons indicated by color, grey line
shows linear regression line, r = coefficient ofretation.
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The share oH andLE on the energy fluxes at the two districts and three source
areas, respectively, gives a first impression of the differences inotineersion of
available energy. Following this, a closer look at the annyeleccan be helpful to
interpret the temporal evolution and the impacting factors detargithiese fluxes. As
a measure for the contributions of turbulent latent heat fluxeset@vhilable energy
conversion at the land surface, the evaporative fradién(see Chapter 3.3) is
considered in Figure 6.2 and Figure 6.3 for the two observéictlisat the vegetation
period scale of 2012 (01 March to 01 November). Complemenpagegipitation and
solar irradiance are regarded, as they are two main parameters that tbenstodre of
turbulent sensible and latent heat fluxes on the total energy cmme®slar irradiance
is the main energy source, determining the available enethg aurface. Precipitation
on the other hand can be crucial for the topsoil water availakaktghown in Chapter
4. The water availability, in turn, influences the sharéBfon the energy conversion
by limiting the actual evapotranspiration. Furthermore, additiarfakrmation on the
local conditions is given concerning the temporal evolutionhef topsoil moisture
(5 cm depth) at the SoilStations within the districts. Thesgegatan be regarded as a
measure for the evaporation from the soil surface and the trarmspitatough the
vegetation. At SGD no distinction between the two different aiv ftbrections and
source areas of the fluxes, respectively, is made as rather fluxes aattitleedistrict
should be analyzed at the annual scale and a separation would leegetadata gaps
due to improper wind directions. Therefore the topsoil moisturgiven for all
SoilStations within SGD.

For the course of the evaporative fractiefi measured at the eddy covariance station
within the shallow groundwater district SGD in 2012 (Figur2),6a general trend
towards an increase from the beginning of the vegetation pdfiedf( 0.2 to 0.4) to
late summer is visibleEF of up to 0.8). A % order polynomial fit was calculated to
depict the seasonality of theF more markedly, as the mere data points show an
intensive scattering. This fit has its maximum in mid-SeptenfA&®data points show a
rapid decrease in late October down td=&of 0.3, the polynomial fit tends to decrease

here. This seasonality iBEF can be explained as follows. During spring and early
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summer the vegetation grows and progressively transpires. @&sradlation increases,
plant growth and photosynthesis rates increase. Concurrentlyneature decreases
due to two factors, the processes of ET: Plant roots take ugr viram soil for
photosynthesis and transpiration, respectively. In addigeaporation from the soil
surface occurs to the extent of which a deficit of vapor pressure inetfresurface
atmosphere exists. The highest d&lky occur during late summer and fall months with
several values reaching the maximum of about 0.85 from late Augu®arly
September. At this time, the transpiration of the vegetation reathetimax (e.g.
Wang et al., 2008). In particular, pasture grass and trees essectidtijpute to latent
heat fluxes in suburban areas (Peters et al., 2011). TheskHigites are presumably
supported by the constant summer precipitation (see Chaptand.Bable 4.4) which
provides sufficient water for plant root uptake, and thus no dioin of
evapotranspiration rates by water availability exists. This watakagdrom plants gets
also evident in the topsoil moisture data, as its local mimnat all SoilStations within
SGD is reached in late August and early September. It can be asshabeopsoil
water decreases due to the combined loss by high transpiration dlants and
evaporation from the surface. Additionally, reduced water infiltratsogiven due to
interception loss from the maximum leaf area of the vegetation. Thus,
evapotranspiration and heneE& seems not to be significantly limited by soil moisture
in late summer. The water supply for plants is presumably naetinm this area at any
time. As solar radiation decreases and the vegetation period comas tnd,
precipitation amounts are high in early and low in late OctaBencurrently topsoil
water content rises again. The abrupt IB® from mid-October on are likely to be
caused by the coactions of missing precipitation and the timeabfdll with reduced

transpiration from trees.
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Figure 6.2 Annual cycle of parameters at SGD. 01 March toN@lvember 2012.
Top: Measurements of eddy covariance system SGDD&Ay averaged evaporative
fraction EF) from 10:00 to 15:00, 3rd degree polynomial fit &f, daily sum of
solar radiation @) and precipitation at WMRR). Bottom: Normalized soil moisture
(@) at six SoilStations within SGD.
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Figure 6.3 Annual cycle of parameters at DGD. 01 March toNifvember 2012.
Top: Measurements of eddy covariance system DGD_BG@ily averaged
evaporative fractionF) from 10:00 to 15:00, 3rd degree polynomial fite, daily
sum of solar radiationQ) and precipitation at WMRR). Bottom: Normalized soil
moisture @) at four SoilStations within SGD.
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However, it is observable that tid values vary highly from day to day. Hence a
wide scatter is visible throughout the whole vegetation pemnath even a broader
spectrum in late summer and early fall. The reasons for this scatter cantbbuted to
several factors: On the one hand, diurnal variationSArinfluence the daily average
value. These diurnal variations could presumably be influenced bgictss, yet, there
IS no consensus in literature on this effect (discussed e.g.ah Eaal., 2004). Also the
air temperature determines the vapor pressure and thereby limits then&defitixes.
On the other hand the footprint of the measured energy fluxes is Vathea
heterogeneous compound of urban structures, surfaces and vegdiatiatifferent
wind directions the source area changes, and thus differences in Hixet® be
expected. Thus, this scatter can be assumed to be an urban-specifiedkacact the
EF.

At the eddy covariance system mounted 2.5 m above the vegaidi@ckof a high
pasture grass land within the deep groundwater district (DGD_B@)rtunately only
little data is available for the vegetation period 2012. In audito several technical
issues limiting the amount of collected data, only about % #%e data originate from
the valuable wind directions 180° to 360° (compare Table 3.14yemheless, some
trends in the ratio of latent and sensible heat fluxes can be anéhigede 6.3). The
EF appears to be at a higher and more constant level throughowgégton period,
compared to SGD_EC, with already high values in early springd@db)ess reduced in
late fall (0.6 to 0.8). This comparably little seasonality denratest well the different
source area and measurement height at this station DGD_EC conpdhedstation
SGD_EC. The proximity to the vegetated surface effects higher lagattfluxes in
general and thus high valueskf. In addition the maximum values f&F reach nearly
1, signifying that the energy flux partitioning proceeds alnsodirely into latent heat
fluxes. The topsoil moisture within the DGD green space stlowecrease in summer
at all four SoilStations as well, also most likely due to etatjon root uptake,
interception loss and evaporation. Yet at this district it apgedye a limiting factor for
ET just as little as at SGD.
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One striking characteristic of the distribution BF at the DGD site is the fewer
scatter of the daily values. The shard_Bfon the total fluxes appears to vary less from
day to day. The proximity to the more homogenous grasslande an explanation for

this effect.

6.2 Flux measurements at the diurnal scale

For the observations of the impact of distinct surfaces, and ircydart soils on
energy partitioning, phases of several days without precipitaiarbe helpful, as they
were already analyzed in Chapter 4, for example. The lack of prelopigtsures that
not water that is temporarily accumulated at the surface contributies toeasured ET,
but only the actual soil moisture. Additionally, dayshwitigh solar radiation are most
suitable, as a high net radiation enlarges the partitioned flaxéghus the effects of
interest get more visible. Therefore continuous dry phases earry valuable for a
more detailed look on heat fluxes and their dependence on source areaedktcact
An analysis of the fluxes measured at SGD_EC1 and SGD_EC2gdwm 4-day-
periods without precipitation. As the fluxes of these two soareas are measured at
the same station but for different wind directions, a comparistimecsame days is not
possible. Thus, two phases comparable in air temperature, radiation and prior
precipitation are selected (Figure 6.4a and b). During these th@ysmean air
temperature was 16.0 °C, the average cloud coverage wa¥ dréighe average wind
speed at 10 m height (DWD_F) was 2.8 mBigure 6.4b shows a phase in mid-August
2012 with the fluxes’ source area lying within the heterogendoustsre of houses and
green space (SGD_EC1). During these days an average air tempefdaludrd 1, a
mean cloud coverage of 1.8/@nd an average wind speed of 3.8 wmere measured.
Yet these two periods are the best comparable dry phases in 282y asth featured

high solar radiation and no rain, and they occurred withinvieaaks.
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Figure 6.4 Eddy covariance measurements during 4-

radiation Q), sensible heat fluxH) and latent heat fluxLE) a) at SGD_EC2 from 02 to 06
September 2012, wind direction at measuremenbst@80° to 330°b) at SGD_EC1 from 12 to

16 August 2012, wind direction at measurementasta0° to 180°.
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Sensible and latent heat fluxes with their source within theilgasea (Figure 6.4a)
share an almost equal amount. Béthand LE reach a maximum value of about
200 W mi? and their diurnal course appears alike during the day. While on 04
SeptembeH is increased during the early afternoon, for the other dBayadH do not
show large deviations from each other at any time. Fluxes atigghfrom the mixed
land use area with buildings and green spaces (Figure 6.4b)ashomewhat different
distribution. HereLE appears to be higher th&hthroughout the dry phase at all days,
with up to 100 W rif difference for 30 minutes calculated fluxes. Also apparent is a
faster decrease of sensible heat flixn the afternoon hours, whilkeE remains at a
higher value until sunset. The higher absolute values of fldugsg these days are due
to a higher solar radiation in general. However, as Spronken-%2i€2) showed for
fluxes over suburban terrain, diminished solar radiation has aactngm the absolute
values ofH andLE, but not on the role dfl as the dominant heat sink comparet o

These different diurnal progressions suggest that within thergpasea the energy
partitioning proceeds to sensible heat and evapotranspiration & m@asure, as the
water supply forLE is limited. Otherwise higher values bE would be expected. A
different contribution of latent heat flux to the available energy etsthrface is given

for fluxes originating from the mixed land use area with builsliagd green spaces.

6.3 Discussion of the measured fluxes over suburbaaiter

With the data on the annual course of the evaporative fragtamfirst approach on
explaining the coherences between evapotranspiratiom.Bneespectively, and urban
surfaces is made. However, the vegetation period of 2012 is ndealntimeframe for
the analysis of latent and sensible heat fluxes in their dependendey cand wet
surfaces. The year 2012 featured increased precipitation sums for sun¥hendgée
precipitation compared to 30-year-average, see Table 4.4) and aefglatnstant
precipitation throughout the whole year (215 days with rain,Gespter 4.3). These
circumstances provide little opportunity for the interpretation gfpdrases, i.e. several

days in succession without precipitation but high solar radiaBat these dry periods
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would supply useful information on the role of distinct mpsnoisture on the local

fluxes ofLE.

The two 4-day-periods give an impression of the differences betweemrthulent
heat fluxes over the distinct urban land use structures. The pangiof the turbulent
fluxes is controlled by surface characteristics, i.e. the amount ob&aappiration and
the surface thermal properties. It gets obvious that a higheofategetation within the
source area of turbulent fluxes probably causes a shift of energyopargttowardd_E
during daytime. These initial findings for two distinct s areas are in good
conformity with the results of other studies: Offerle et al. (2006ahdocomparable
values forH and LE over a suburban residential area in £6dz, Poland, during a dry
period, while over a more rural area with a high percentage etategl surfaceE is
50 W m? higher at average throughout the course of the day. On a dsuang day in
April 2011 a comparison of a suburban and an urban site in OberhaBsrmany, by
Goldbach and Kuttler (2013) revealed a similar tendency. WHiils significantly
higher thanLE at the urban site with up to 200 Wnshortly after noon, latent heat
fluxes from the suburban site are higher than sensible heat fluxeghiout the day,

with a maximum deviation of about 150 W?m

With the evaluated data no direct impact of topsoil moisture cashben yet,
presumably due to the meteorological conditions in 201Rowit permanent phases
with no precipitation. However, an influence of water availabilityL&is evident. At
the annual scale effects of high and continuous precipitation can e fasiwell as an
impact of the phenological progression or dense vegetation iergeras given at
DGD_EC in terms of a high pasture grass land. At the diurcale sthe higher
percentage of vegetated surfaces at DGD_EC1 compared to DGD_EC?2 ghybsum
leads to a relatively increasede compared tdH within the energy flux partitioning

during dry days.

In conclusion it can be said that the observations of the tutbdilexes are
worthwhile. They can provide useful additional informationtloa influence of surface
characteristics, as e.g. surface sealing, topsoil moisture andatiegetoverage, on

turbulent fluxes and partitioning of the available energy intoisknkeat flux (i.e. air
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temperature) and latent heat flux (i.e. evapotranspiration). Eddy cas@rian
measurements can link the analysis results of the MeteoStati@odS8thtion data. Yet
a more detailed look at the eddy covariance data needs to be performed.
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7 Synthesis and Conclusion

Soils in an urban environment feature very distinct characteristics alubeir
pedogenesis, substrates and anthropogenic alterations. Typical Howpagenic land
use modification are for example high bulk densities due tocsailpaction, varying
contents of organic matter or coarse material, or the occurrence of ctinstruaste.
Furthermore the most obvious anthropogenic impact is the destruftisoil surface
due to sealing. These modified soil characteristics also cause thatift;n of

distinctive soil water dynamics.

The prior aim of this study was an estimation of the relevancaso§pcific urban
soil hydrology on local urban climate. A deeper knowledge on toeepses and
influencing factors of the interactions between pedosphere and dtenesp the urban
environment at the micro scale was to be gained. To deal Wghdsearch topic, a
measurement network was planned and set up within the interdiaciplproject
HUSCO. This network of twelve pedological measurement statiantS{&tions), six
meteorological stations (MeteoStations) and two eddy covariantens/snonitored
pedological and atmospheric parameters at three different urban disttickee lner
city district two MeteoStations were operated at sealed areas. Theubudban areas,
which featured distinct mean groundwater table depths, each pradadadrom two
MeteoStations and six SoilStations, allocated among a green sgheehansing area,
and an additional eddy covariance system. These sites have lmmadelith regard to
certain criteria, e.g. types of urban development, spatial structura@jlprg@\soil texture

and vegetation.

The analysis of the measurement data collected with this netwoikgdthe years
2011 and 2012 allowed a detailed view on the variations irhgdiological processes
as well as on local surface-near atmospheric conditions. In partidulgives the

following answers to the questions stated in the Introdu¢Gbapter 1).
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How variable are soil moisture contents and wateransion at the studied urban

sites?

The results of this study indicate significant differences in ahatban soil water
dynamics of the observed soil profiles. Soil profiles with camtshigh volumetric water
contents YWQO), low soil water tensionsSWWT’ and only a slight annual cycle in all
measurement depths are found at green spaces with a very shallowlvgaitar table
(as observed here within 0.4 m below surface). Hence, these soils ast sdtuvated
throughout the vegetation period. On the contrary, generallyMai®r contents within
the majority of the observed depths throughout the year occue #tree mainly sandy
housing areas’ soil profiles. Precipitation events lead to shoettiicreases of water
content and decreases of tension for only a few days or weeks. Rdsticluring
longer phases with little precipitation these soils show a dexie&NTstarting at the
surface and progressing into depth within the subsequent wEeisseffect is most
pronounced at the deep groundwater districts’ housing area profileawgamy sand
soil texture, where discernibly the drying reaches the 160 cmunsgasnt depth and
also shorter periods of little precipitation lead to a notable decréasater tension
within the upper meter of the profile. A very pronounced prograssidopsoil water,
i.e. 5 cm deptivWGC decrease into depth is also found for soils at the deepdyater
table district green spaces. These profiles show a distinct variatigWC and SWT
during wet and dry phases of the two investigated vegetadnads. Concurrently, in
these profiles the drying of layers in 40 cm depth and belosugtained. A less
pronounced decrease of relatively high water content during dry pinadegths below
40 cm, but fluctuations iINWCandSWTin the upper layers (40 cm depth and above) is
observed at green spaces with an intermediate groundwater table degbubdfl m

within the district with a shallow groundwater table per datni

In general, major fluctuations MWC are found within the upper half meter of the
soil column. Absolute values at the individual soil profi@s the annual scale lie

" The sole consideration of soil water content i$ swifficient to understand and describe the water
dynamics within a soil profile, nor to compare diffint soils or make statements on their relevaoce f
local near-surface atmospheric conditions. In aaldithe soil water tension must be regarded to get
evidence on the direction of the water movementtheumore, relating the water content to the plant-
available water provides valuable information om water availability for evapotranspiration.
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between 10 % and 30 %WC at the sandy profiles in the observed housing areas and
between 55 % and 70 % at profiles rich in organic matter content @h ggace areas
with a high groundwater table. Soil water tension is congtdow throughout the
season here, while at the more loamy soils at the deep groundwédegresdn spaces it
shows an absolute span of 850 I8¥%(Tor more. In lower depth¥WCas well aSWT
remain at more constant values for the majority of soils, most wofitbim the range of

5 % absolutd&/WCaround the mean, ai8WThelow 200 hPa.

A comparison of the two vegetation periods, 2011 and 201&sskmnilar temporal
progressions of the water dynamics at the soil profiles, withenatel differences in the
absolute values. For example, the mean annual water content values idepth vary
by up to 9 volume %, whereas in lower depth water contenysvany from about -4 %
to +2 volume %. These variations are most likely caused by nokigal differences,

e.g. more constant precipitation or less solar radiation.

Observations of the seasonal ma8ANVC of the topsoil, i.e. the 5 cm measurement
depth, show for the majority of soil profiles a trend to increp$WwC from spring to
fall in 2011. In 2012, however, most of the topsoils are dirysummer and rewet in
fall. This analysis reveals the potential range of near-surface watéent® within
urban areas at the spatial scale. The highest mean water contemteties$8 %/WC
in spring at a green space station with shallow groundwalter |Gwest average water
content found is 12 % at a housing area backyard less thandiskant in the same
season. This signifies that a difference in water content of morenhtifinof the entire

soil volumecan occur within the same urban district.

What role do soil properties and urban land use plg in controlling soil water

dynamics?

The soil water dynamics in urban areas first and foremost depertleowater
supply in terms of a sufficient delivery from surface or lower deptksthe spatial and
temporal distribution of water is dominated by the specific urb@npsaperties. Soll
substrate, texture and organic matter content determine physical projiketigore

volume, bulk density and hydraulic conductivity. Thus, ithpact of soil properties on
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urban soil water dynamics is intrinsically large, as it is thes das soils in natural
environments. These facts are confirmed in the present study by coempéey field
mapping and laboratory analyses, and by setting them into relatith the

observational data.

Just as for soils of natural environments, distinct percolaatesrare found to be
depending on soil hydraulic parameters. Therefore, sandy soil proftlen show a fast
percolation from soil surface to lower measurement depths but dwrieg water
storage. At more loamy textured layers precipitation water can be $oragrolonged
period. Similarly, a lack of rain leads to long-term drying at pmfiles with fine soil
textures, causing low&WCand highelSWTin lower depths up to several months after
the dry phase. Water movement in these soils in general proceedis aboarding to
the potential gradients. Thereby the progression of water is retadggedifiable from
the low saturated hydraulic conductivities (< 50 ch).dMloreover, very the loamy
layers with a high bulk density, as found at sites witfhhanthropogenic impact, like
the application of substrate, can cause the stagnation of waltaerare as a barrier to
deeper layers, obstructing percolation. On the contrary, sdils layers of low bulk
densities and high hydraulic conductivities are able to providerWat deeper areas
shortly after precipitation events. Layers rich in organic matter aretals®re water
from precipitation or capillary rise due to their high available wasgracity AWQO).
Concluding, layers that feature high organic matter contentsigir ¢ontents of
construction waste and loam have a major impact on the water mavesti@n the
soil column. The observation of the seasonal topsoil water trgmalss exactly this:
Soils with these layers are found to deviate in their toproikture progression from
the prevailing trend of the particular vegetation period. As a coesequ as topsoill
water content and availability are controlling factors for evaporatiom ftloe soil
surface, the evapotranspiration (ET) rate of soils is likely to beotme extend
determined by the characteristics of the layers below.

The monitoring of water content and tension also reveals a conseleribbence of
vegetation on the water dynamics within the rooting deptht Baibwater uptake can

be clearly identified, most prominent at sites with deep rodtiegs or dense pasture
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grass vegetation. In these soil profifgd/Tincreases considerably and prolonged within
the rooting depth in the course of the vegetation period. MedWWCis diminished
due to increasing transpiration rates with the progression of taeofdgical cycle.
Water for transpiration is taken from all layers within the rootdgpths. At the
observed profiles with grass vegetation this equals about the d4ppmn. For soils
vegetated with trees the rooting depth usually reaches deeper, prdhiategoil
properties do not hinder the growth as it is found at one gspeane profile with
construction waste in the upper half meter. The water uptake byudesidrees is also
higher compared to the uptake by grass, depicted in steeper teguaatiants oVWC
and SWTduring the course of the vegetation period. In addition, ptghaterception
by crowns of trees might reduce the input of precipitatiohegd sites.

The impact of urban land use on soil water dynamics is not ftmbd distinct at the
observed sites. However, differences in specific soil layering sadtrate, as the
observed housing areas’ sites mostly feature coarser textures, deteiffereaaks in

soil water dynamics.

To which extent does the groundwater table depth hee an impact on soil moisture

of the upper layers?

The observed soil profiles with permanently shallow groundwiatiele of about
40 cm depth show only minor low frequency fluctuations of thestamt highvWCand
low SWT at all depths. At soils with a local deep groundwater tablewbdl.6 m,
distinct variations o6WTandVWC depending on the amount and temporal distribution
of precipitation, indicate no signs of capillary rise. Here variatiom soil water
dynamics depend predominantly on the soil texture. A drymmdow-precipitation
periods proceeds to greater depths and has a prolonged effect, svhimhfound this
substantial for shallow groundwater (about 0.4 m depth). Atermediate local
groundwater table of about 1 m depth indicates an insufficientimgfitb the upper
layers during phases with little precipitation, while water mmgiemains at low to
moderate high values. Therefore, presumably a slight effect armetiate

groundwater on the upper layers’ soil hydrology through capitiae exists.
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Within a three-week dry phase in April 2011, distinct changebe water content
are measured. Relative to the available water capacity of the upper 4@absérved
decreases iWWCrange from 8 % to 38 % of tt ®WC While the observations at the
suburban shallow groundwater district show a decrease of abewithaof AWC within
the upper 40 cm, at the other district nearly a third AWC are lost through
evapotranspiration and percolation. These findings signify amamgf groundwater
table depth on the water content of the upper soil layers gldow precipitation
periods. With appropriate soil physical properties that supgaptiilary rise into and
within the unsaturated zone, the groundwater table depth is ikelgttb be the major
determining factor for the occurrence of upwards directed water moventéiri the

soil column.

Groundwater management, as given at some housing area sitegisbbyeduces
the water supply for capillary rise. Therefore at these sites a deep witeddpth is
present, regardless of the mean groundwater table depth in tiet gist definition. As
no groundwater provides water for a refilling, soil physical props are the main
determining factor for the hydrological quality and quantity of éhesl profiles.

As these answers to the questions on urban soils indicatbetbrogeneity of urban
soils appears to increase the already pronounced complexity bfydadlulic processes.
In urban areas the main controlling factors on water dynamicswitlitiyn small spatial
scales. As a consequence the processes and feedbacks within theadbsphere
become even more complex. These hydraulic factors and processes alsbaffedet
availability at the surface, which in turn affects the actual evapspmation rates of
these urban soils. Thereby, their effectiveness as a local cooling fmafluenced as
well. The described variability of urban soil and the coupleddbpvater availability is
thus most likely to influence the near-surface atmospheric conditihether this

conclusion is valid is discussed by answering the questatie ifollowing:
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How variable are the meteorological parameters in lAmburg in spatial terms, as

observed with the measurement network?

The urban sites in this study, monitored with six Meteo&tati show individual
characteristics in the local formation of meteorological parametergjn.eamperature
(Ta) and specific humidityd). First and foremost the temporal evolution, in terms of
mean diurnal cycles at annual and seasonal scales, is distinke farban categories.
Inner city areas show a different performance compared to the subandesT, is
generally increased at the city centre stations at all day times aingj @ll seasons.
Compared to the lowest measured annual mean diurnal cycle, the yretatons are
up to 1.5 K warmer, while during summer nights even larger ¢eatyre deviations
occur. Concurrently the humidityremains constantly at lowest values at the inner city

sites throughout the day, almost independent from season.

In second order, subordinate to the distinction of the urbargarats, the two
observed suburbs deviate from each other. While during the dayimy slight
differences inT, are visible, during the night the sites within the deep greatel
district are warmer compared to the stations at the shallow groundaistect. Yet
these deviations are in the order of less than 0.5 K. Differenchs uiurnal course of
g are pronounced during the day, when sites at the deep groundvatiet éxhibit
reduced humidity values compared to the second suburban distretivReéb the inner
city as well as to each othey deviations are most pronounced during spring and
summer daytime. Up to 1.5 g kdess mean water vapor is measured at the city centre.
The maximum difference ig between the two suburban stations is only a third of this
value, as this ratio is already given Tardeviations.

In third order, within each of the three districts, the mesments at the two
MeteoStations reveal local variations on a less pronounced scalen Wi city centre
a slightly larger amplitude of, is found for the station at the parking lot close to the
river Elbe, yet only in the order of less than 0.2 K at averélge.specific humidity at
this site is increased during daytime, due to the nearby wabptysaontribution to
higher actual ET. Within the deep groundwater districts’ suthethousing area shows

a definite increased nighttim&, compared to the nearby green space, while during
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daytime no significant differences are observed. This distincaonot be made for the
shallow groundwater district, yet a faster increas&,ah the morning is observed for
the housing area here. Apparently, the heat capacity of thergsiidoes not lead to an

increased nighttim&, here, possibly due to the dominance of the second-order effect.

Compared to a rural reference site, spatial differences in the annualao@an, are
given in the order of 1 K for the inner city. Only a quarter of degiation is found for
the deep groundwater housing area site, while the correspondingsgi@snshows no
differences in meaii, from the rural site. Actually, the suburban sites with a swallo
groundwater table are even 0.2 K cooler than the reference statiotiecaftdiamburg
at the annual average. However, it becomes obvious that differencestearological
parameters at the spatial scale are not constant over time, as tiegrarneronounced

during certain seasons and times of the day.

How pronounced is the nocturnal urban heat island fect observed within the
network? Which conditions have an impact on its inensity? Which spatial

peculiarities can be made out?

The nighttime deviation of, at urban sites compared to a rural reference is found to
be significant for Hamburg. At the annual mean it lies in the ayfief..7 K for the city
core, and +0.7 K for the deep groundwater suburban housing aiéaatvireen space
stations and the housing area of the shallow groundwater subdistrict the urban
heat island (UHI) effect does not occur. For summer months HieidJeven more
pronounced at the sites where it is detected. At the shallow dyvater district,
however, during summer a negative deviation of -0.3 K is folihése values are in

good conformity with the observations of studies in other teatpdatitude cities.

Furthermore, a ranking for the spatial formation can be defined, accoditing t
urban district: The inner city stations show the highiestifferences from the rural
reference, followed by the deep groundwater district's housing arganstad the
nearby green space site. The shallow groundwater district sitestedeslightly
negatively, but not from each other. This ranking is reasonatdause inner city

structures are known to feature the highest UHI formation. Fordbp droundwater
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district, its location closer to the city core than the shalloaugdwater district, its
slightly higher sealing ratio in general, and its dryer cooas due to a deeper mean
groundwater table, are presumably the reasons for ranking sécoaking according
to the urban land use within this deep groundwater table distrnesible, according to
the surface sealing ratio and vegetation coverage, respectivelysstbleoexplanation
for the negative deviation of the shallow groundwater distri€tsfrom the rural
reference can be the presumably higher evapotranspiration rates from pégil to

moistures, which are not necessarily given at the rural site.

The main impacting factors to intensify the UHI are low windegjs of less than
2 m s! and little or no clouds (less than B/8f cloud coverage). If these conditions are
present, the UHI manifestation comes up to three times the meaalaralue at the
inner city sites (+5.2 K) and deep groundwater district ¢hiessing area: +2 K, green

space +1 K) in spring 2011.

Do significant daytime temperature differences oca® If yes, which circumstances
lead to their occurrence and which impacting factos on their intensity can be

identified?

Annual mean air temperature deviations from the rural reference arenwaily And
yet different signs of this deviation are found for the obsedistlicts. For the inner
city sites small positive differences in meBnarise but in the order of less than a fifth
of the observed nighttime UHI effect. In the suburban sites irtky pronounced
negative daytimd, deviations are found. To observe the impact of evapotranspiration
on daytime air temperature a comparisoff pfleviations of the suburban sites from the
city centre was performed. Only days matching adequate conditiosT fare. wind
speeds of more than 2 rit mducing turbulence and a sufficient solar forcing given by a
maximum cloud coverage of )8 are considered. This analysis reveals that the
deviations of the suburban sites from the inner city sites are@nparable level for all
four MeteoStations for the selected conditions, as the annual megime T,
deviations lie between -0.35 K and -0.5 K. While suburbags sire distinctly cooler

during the night compared to the city centre, this daytimeioalas less pronounced,
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yet significant as well. Hence, sites with unsealed soils agbtlslicooler compared to
sites with sealed surfaces, even during the day and with émdrilinduced by wind
speed > 2 mSand substantial solar radiation. Presumably evapotranspiktioater

from topsoil is a factor causing this negative deviation of aipeature.

Is soil moisture a significant impacting factor forlocal air temperature?

For the nighttimerl, deviations of suburban sites from the rural reference (UHI) no
evidence for an influence of topsoil water content could be founcealsdf these
absoluteT, differences between the sites, the analysis of relative local values of ai
temperature provides additional information on a possible relagtwelen soil surface
water content andl. It is found that the normalized soil water cont@ns correlated to
the daytime span off,, defined as difference between the diurnal maximum and
minimum T,, with an explained variance of 11 % to 17 % for situation meeting
appropriate conditions for ET. Thus, an influence of topsoil wateiadility on the
local air temperature is likely to exist. Local topsoil moisitaa therefore be regarded
as one significant impacting factor for the daytime increase odérajpérature.

With regard to the finding that topsoil water availability demend water supply,
soil texture and vegetation cover, these factors are presumably agantefor this
effectiveness of soil on locdl. A first indication that supports this assumption can be
found in the observed difference of mean daily air temperature deviatiotise
suburban sites from the inner city reference with a sealed surfeeesit€hthat features
a constantly high water availability in the topsoil, i.e. shallow groundwater districts’
green space with high organic matter content, shows the larggative deviation and
is thus the coolest site during daytime. Concurrently,sitee with the lowest topsoil
water content deviates from the inner city site the least at the aaveralge, i.e. the
sandy profile at the housing area within the same district wetty high hydraulic
conductivities in the upper soil. Moreover, this site alsoil@tshan unusual fast air
temperature increase in the morning compared to the slower warneieg gpace site
nearby. Hypothesizing that this increase occurs due to a lack of evaggotation, the

comparison of these two sites, located within the same disetalifferent in topsoil
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water content and soil water dynamics, also indicates that topatal is a significant

impacting factor for local air temperature.

A conclusion that can be drawn is that the factors that managote high topsoil
moisture contents are likely to be also most relevant for the édfeadtiveness of soils
on near-surface air temperature. In particular, soils with a high aleaviatter capacity
in the upper layers, like loamy sands with moderately higlk lensities and a
moderate saturated hydraulic conductivity, or soils with higfamic matter content,
appear to be most suitable to have that impact. In additiorghagnoundwater table
enhances the capillary rise of water to the topsoil and thereafeugpports the local
climatic effectiveness. Furthermore, vegetation influences the ET ashnaligh the
transpiration of water taken up by roots from lower soil depths.

The link between topsoil moisture and local air temperature ardduattheat fluxes.
They are controlled by the availability of soil water and theiedjence affects the
change in air temperature. Thus, measurements of turbulent heat fluxadepro
additional information on the contribution of soil moisturethie local near-surface air
temperature variability. The preliminary analysis of these fluaesmeasured by two
eddy covariance systems calculating turbulent fluxes of sensible leeath@nge of air
temperature) and latent heat (i.e. evapotranspiration), reveals major défernenthe

magnitude of evapotranspiration during the vegetation period:

Which trends of latent and sensible heat fluxes cabe observed at the annual and

the diurnal scale and by which parameters are thepresumably induced?

Above the suburban district with a shallow groundwater taldeatimalyzed fluxes
include two distinct assumed source areas, a housing distri@ baterogeneous area
of houses and green space. At the annual scale the vegetation pluahalgcle is
mirrored in the form of a slow increase of evaporative fracti) fates, i.e. the ratio
of latent heat fluxe&E to the total heat fluxes, from spring to late summer, arabia f
decrease of the trend in late fall. Complementary, an impact of thehdybontinuous

precipitation in summer 2012 can be assumed to contribute tcr@asedEF. A broad
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scatter ofEF can be made out, with increasing intensity towards the endnoihsu
These differences in the relative shard_Bfare presumably, inter alia, induced by the
surface characteristics of different source areas. The measurements at ldvabeig
the pasture grass covered green space at the deep groundwaitdr stietv higher
values ofEF in general throughout the vegetation period with a less defingdlitude
and less scatter. The more homogeneous surface cover and therhaigb@rdtion rates
from plants can be assumed to be a cause for that.

The presumable inducing parameters of these differences in energy padition
between the sites - spatially as well as over time - are the ratiosefled surfaces
within the flux source area and the seasonal progression of vegetatemag®m These
two main factors very likely lead to highkE fluxes compared tél fluxes. However,
with the conducted measurements during the vegetation perig@lid the available
water at the surface in terms of topsoil moisture could nohbers to be a significant
impact factor, yet. The impact of water availability on the ET ratevident through
the influence of precipitation though. Probably the analysis athan vegetation period
with less constant precipitation and prolonged dry phasesdwanavide additional
information on the relevance of topsoil moisture on evapotrangpirasites and flux

partitioning.

At the diurnal scale, data is interpreted for different flux areasirwttie shallow
groundwater district. During daytime of 4-day phases witlmetipitation different
distributions of the absolute heat fluxesldhandH are found. Fluxes originating from
the area with a higher rate of vegetated surface show higher valuds ¢ompared to
H. A conclusion can be that again the source areas’ characteristics detéeniaigo of
flux partitioning. Thus, distinct urban land use structures lmarexpected to induce
different trends in the energy conversion from solar radiation ¢éotl@nd sensible heat
fluxes. Eventually, data from more extensive dry phases will gehi$ hypothesis, as a
longer lasting deficiency of precipitation will cause even lowesadpmoistures in
different scales at all sites. In these cases the impact of vegetatiovateo uptake and

transpiration gets even more relevant, as a comparison of days agiheirge of the
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period and at a state of advanced drought probably provide infornuatitime scale of

the contribution of topsoil moisture to t&&.

As a synthesis of the gained knowledge on the individualegs®s within the
observed local urban pedosphere and atmosphere, the following dasWwerquestion

stated in the Introduction can be given.

To which extend do soil parameters and groundwatetable depth have an impact

on urban local climate?

Urban local climate is the result of the interaction of numerousriaatodifying the
large scale climate at a micro scale. As the urban landscape is inheetatbgkeneous,
all spheres are likely to also show inhomogeneities. A gre@biiity of soil water
dynamics was found for the observed urban soils in spatial &#@nohsat the temporal
scale. In particular the supportive effects of fine soil textured) bigjanic matter
content and near-surface groundwater tables on increased and capsaittmoisture
were demonstrated. Air temperatures showed distinct daytime spamdated with
topsoil water contents, as smaller increases occurred at highenasetlures. Higher
specific humidities were found in areas with a higher mean groatedwable, while
areas with a high ratio of sealed surfaces exhibited most pronouncadmnal UHI
effects, increased daytime temperatures and lowest water vapor contghes. tdies
of turbulent latent heat fluxes occurred above areas with less sealgtbendegetated

surfaces.

A precise value of the share of soil properties and groundwater leveban local
climate modifications cannot be given, yet. Because of thenfysdabove, however, it
can certainly be stated that soils and groundwater do contribdke tmrmation of a

specific local urban climate.
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8 Outlook

Observing the impact of soils on local urban climate is a wdnibweffort. The
investigations performed in this study and the underlying E0Sapproach deliver
primary and basic information and specific values on the reldipm®tween the urban
pedosphere and atmosphere and their interaction at the micro scalgeddnce of the
magnitude of the soil impact on local urban climate from soil gtegs and
groundwater table depth was demonstrated. This detection constitateslty in the
urban climate and soil research and contributes to a deeper undergstandihe

formation of local climate in an urban environment.

Concerning the methodology of the present study, a future iraprent of the
coupling of the measurement data from the two spheres and a maiteddeiok at the

individual processes should be aimed at:

» The use of modeling approaches in addition to the HUSCO nettgetkcan be
beneficial. A calculation of temporal soil water movements withi profiles
might provide information on the incidence of groundwater capiliesey at the
sites with an intermediate groundwater level (about 1 m). At theddep the
increased topsoil moisture was found, but no definite explanabiold be given.

A more precise determination of the cases of groundwater capillary rise and
refilling of upper soil layers will be helpful to make obetcircumstances and

influencing factors that promote these processes.

» A more detailed evaluation of the collected eddy covariance method is argcess
to deepen and consolidate the knowledge gained on turbulent irezd tver
the urban district. Vegetation periods with a more pronounced sezj@érdry
phases and intensive precipitation events are very likely to bablalfor this
analysis. Further data analysis techniques, e.g. using Penman-iomigiedict
the net evapotranspiration and compare it to the measured fluxes ¢brgirD
and Holtslag, 1982) or state-of the art land surface-modelirghtrhelp to get a
more detailed view on the processes between atmosphere and urban land
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surfaces. Furthermore, longer time series will provide more evalualdeotiat
turbulent fluxes matching the criteria. They are essential to maaningful
statements on the dependence of the energy partitioning on gcéatatic

conditions and on urban source areas.

» Regarding the data evaluation an extension of the measurement sdribe wil

helpful. One aim should be to broaden the data base at the &dnspatfe,

including several comparable and contrary periods and seasonfng.giry

phases in spring and summer or summer with little precipitagosug summer
with high precipitation. This data can provide information loa gignificance of
the measurement results as a selection of adequate cases, by tmiagadil
performed in this study, with a sufficient number of measuremgmtscessary.
In particular concerning the observations on the impact of topsmsture on
the span of air temperature, an analysis of seasonally segregatecbdltebey

helpful to reduce the probable inherent seasonal effect.

Eventually, additional measurement stations can supply further iafm

= Setting up more measurement stations in other districts thoatgtamburg is a

useful addition for the project. A focus could lie on intermedgtaindwater
tables of 0.5 to 1.5 m or on shallow groundwater tableseasawith only little
organic matter content, as given in the typical marshland areasnrbiig.
Also, suburban areas with a higher building density shbaldonsidered as an
intermediate district type between inner city and detached housing alese
measurements could provide information on the gradient of the urbaislaeat
within Hamburg. Additive stations in suburban housing aesdbs green spaces
eventually can be informative about the role of the suburban areasotocati
within the city. At present, the limited number of measuremeitdés sannot
cover the entire range of land use classes or common soils withiaréa of

Hamburg.

= At this stage of the investigations made in this studylear distinction between

mere evaporation from soil surface and transpiration of water by thlemtgh
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root water uptake cannot be performed. Apparently the water availadoiitin

the rooting depth is the crucial factor. A closer inspection ofdleeof different
vegetation types should be part of further investigations. Thereftneagion of
the water uptake of plants in combination with sap flow mesasent would
provide more detailed information on the quantity of transpiratiotnees. The
transpiration output of grasses and bushes could be estimatedflayea index
calculations carried out in botanical field mapping. As transpitaBoa main
component of the latent heat fluxes measured with the eddy caarian
technique, a consideration of the phenology of the prevailing tréas whe
corresponding source areas would be helpful to give evidence omale &

mere evaporation on the evaporative fraction.

In the context of the predicted global climate change, the uadéiag of processes
at local scale enables to develop appropriate and specific adaptatiegisgia@s in the
course of global warming an increase in the intensity and frequérmat waves and a
decrease in summer precipitation for Northern and Central Europeditad (Alcamo
et al., 2007), possibilities to locally counteract these tendeacgesertainly useful for

decision makers and urban planners:

» In terms of urban soils, their presumable capacity to attenuatdattiene air
temperature increase when featuring higher topsoil moisture contents can
contribute to a local cooling during heat waves. This woedd [to an increase in
human comfort and probably less heat stress in the correspomdargdistricts.
One possible measure to achieve this effect is the irrigationgdtated open
areas and green spaces. A more unusual method could be a tempoeagen
of local groundwater, or to be more precise a reduced groundwaterrgweri
during summer months. Herewith the topsoil water contenkéylito be less
decreased, as a refilling of the upper layers can proceed, providetehstilt
texture promotes a capillary rise of water. However, a conflict of intereay
be created in respect to the maintenance of dryness in basemernitdiof®uin

these areas.



124 80OUTLOOK

= Furthermore, the cooling function of urban soils can qualifysgoibe worthy of
protection in the context of soil protection by law. This agplespecially to
areas with a shallow groundwater table and when soil substrateoggom
capillary rise, e.g. loamy substrate or high organic matter conféns, also
consequences for urban planning are given, as unsealed soils - andpgreen
in particular - are beneficial for local climate not only due torthegetation but
also due to their soil moisture contents in the upper layerfa& sealing
therefore is to be considered as a critical intrusion in local climaticepses
apart from the increased heat capacity and surface runoff. Groundwater measures
are likewise to be seen rather critically from a climatic point of gt regard

to urban development.

= The monitoring of the exchange processes and interspherial relgb®nshi
provides a basis for the improvement and validation of parameterizasedsn
numerical models. The data collected within the HUSCO networkrig likely
to be beneficial for the use as a reference in e.g. micro scale climassmod
regarding urban climate or the projected climate change. The knowledge gain
can contribute to a more detailed parameterization as it underlmeslédvance
of different soil properties and soil textures for processes witleinoital urban

boundary layer.
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Publications

The contents of Chapter 4 and Chapter 5 served as a basis for twecn@auwhich

have been submitted for publication in 2013:

Wiesner, S., A. Eschenbach, and F. Amen2013a: Urban air temperature anomalies
and their relation to soil moisture observed in the city of Hagnb(submitted tal.

Appl. Meteor. Climato).

Wiesner, S., F. Ament, A. Grongroft, L. Kutzbach, ad A. Eschenbach 2013b:
Analyzing spatial variability of urban soil water dynamics based soil monitoring
network in Hamburg. (submitted @eoderma
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Appendix A - Maps

The following maps were created by using the Software ArcGIS ApcBl3. The
information on land use, soil texture and groundwater table degglprovided by Freie
und Hansestadt Hamburg (2008, 2012a, 2010b).
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Figure A.1 Mean groundwater table depth in Hamburg (hydrolalgyear 1995) and location of distri
(Freie und Hansestadt Hamburg, 2010a). SGBBhallow groundwater table district, DGD = d
groundwater table district, C = inner city.
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Figure A.2 Surface sealing in Hamburg (2008) (Freie und Haadedsdiamburg, 2008xnd location ¢
MeteoStationsSGD = shallow groundwater table disttiDGD = deep groundwater table district,
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Figure A.4 Pedological mapping of DGD green space: prevasimifjtexture within the upper 30 camc
estimated capillary rise [mm/d] according to Ad-habeitsgruppe Boden (2005) (aerial picture: Gleo
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Appendix B - Soil description

During the instrumentation of the SoilStations a complete pgdl description of
the soil profiles was carried out according to Ad-Hoc ArbeitsgruppgeBq2005),
including the sequence of the various soil layers and horizahshanclassification of
soil types following the German classification. In the follogvithe completed form

sheets are provided in German, as this is the language of the giedblmapping
instructions and the form sheet.

Coordinates have been recorded with higher resolution than givhe form sheets.

Soil texture data is given as specified in laboratory analyses.
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Figure B.1 Pedological description of soil profile at SGD_G1.
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Figure B.2 Pedological description of soil profile at SGD_G2.
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Figure B.3 Pedological description of soil profile at SGD_G3.
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Figure B.4 Pedological description of soil profile at SGD_G4.
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Figure B.5Pedological description of soil profile at SGD_H1.
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Figure B.6 Pedological description of sail profile at SGD_H2.
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Figure B.7 Pedological description of soil profile at DGD_G1.
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Figure B.8 Pedological description of soil profile at DGD_G2.
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Figure B.9 Pedological description of soil profile at DGD_G3.
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Figure B.10Pedological description of soil profile at DGD_GA4.
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Figure B.11Pedological description of soil profile at DGD_H1.
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Figure B.12Pedological description of soil profile at DGD_H2.
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APPENDIXB

Table B.1a)Laboratory analysis results for disturbed soil gl® of SGD sites. pH measured in GaCl
el. cond. = electrical conductivity, C/N = ratioadrbon and nitrogen, C = total content of carbon.

profile depth pH el. cond. C/N C [%]
[cm] [1S]
SGD_G1 5 4.2 10€ 14.2 14.¢
10 4.0 60 14.9 10.1
40 4.C 68 19.¢ 5.C
SGD_G2 5 4.5 86 16.7 8.€
10 4.4 83 17.4 11.3
40 4.¢ 70 17.¢ 4.¢
SGD_G3 5 4.6 63 12.5 3.1
10 4.2 32 12.7 2.1
40 51 19 14.9 0.4
80 4.5 26 15.Z 0.4
SGD_G4 5 4.8 64 13.4 3.8
10 4.€ 48 14.C 3.€
40 4.9 26 15.8 2.0
80 5.G 14 17.4 0.1
SGD _H1 5 5.2 30 18.3 4.7
10 5.2 28 21.2 5.7
40 4.5 21 23.1 5.9
80 4.z 12 22.4 0.€
160 4.6 6 77.6 0.1
SGD_H2 5 5.3 23 16.6 4.6
10 55 24 18.4 4.7
40 5.§ 22 21.t 3.1
80 6.0 11 19.8 0.2
160 5.E 6 23.7 0.1
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Table B.1b) Laboratory analysis results for disturbed soil gkes of DGD sites. pH measured in CaCl2,
el. cond. = electrical conductivity, C/N = ratio@drbon and nitrogen, C = total content of carbon.

profile depth pH el. cond. C/N C [%]
[cm] [uS]
DGD_G1 5 5.1 57 11.¢ 6.2
10 5.3 57 10.7 4.5
40 5.¢ 27 11.¢ 0.8
80 6.0 17 9.9 0.1
160 7.2 22 11.¢€ 0.C
DGD_G2 5 5.2 62 14.2 3.t
10 5.2 38 14.1 1.9
40 7.0 125 16.9 1.9
80 5.4 42 10.2 2.3
160 7.3 71 16.0 0.3
DGD_G3 5 55 93 12.0 4.0
10 5.4 82 12.1 3.8
40 7.5 122 21k 2
80 7.7 316 95.1 1.6
DGD_G4 5 4.4 60 13.2 3.7
10 4.4 28 12.4 2.0
40 4.7 16 13.t 0.8
80 4.8 9 13.4 0.1
160 5.C 10 14.¢ 0.1
DGD_H1 5 4.4 26 14.1 2.4
10 4.6 30 14.4 24
40 3.9 18 12.7 1.2
80 4.4 13 11t 2
160 4.0 38 6.0 0.1
DGD_H2 5 4.6 73 16.8 5.7
10 4.4 60 20.5 5.0
40 6.4 37 13.C 0.7
80 5.4 53 7.0 0.2

160 5.7 17 8.8 0.C
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Table B.2a)Laboratory analysis results for disturbed and studbed soil samples of SGD sites. Particle
size distribution, as determined with Kéhn analysisthod. Pore size distribution, as determined with
drainage branch of retention curve.

profile  depth clay silt sand macro medium-sized pores micro pores
[cm] [%] [%0] [%0] pores (20 pm - 0.2um) (< 0.2um)
(> 10pum) (%] (%]
SGD_G1 5 10.1:  20.6¢  69.2( 25.3¢ 17.9¢ 26.2¢
10 8.3  20.7: 70.9] 20.2¢ 31.8( 18.3:
40 7.45 5884 33.75 17.54 32.56 15.70
SGD_G2 5 572  26.2¢ 67.9¢ 13.4¢ 3398 21.9¢
10 6.71 25.16 68.08 17.47 18.71 29.62
40 6.3z 43.4¢ 50.1¢ 16.2¢ 45.71 10.9¢
SGD_G3 5 2.5¢ 4.1C 93.3¢ 30.6¢ 20.4( 7.3¢€
10 2.43 463 9291 26.93 11.80 6.67
40 2.13 7.87  90.04 31.72 5.80 2.98
80 2.1C 8.0C  89.8¢ 26.3¢ 8.97 364
SGD_G4 5 6.1z 12.7: 81.1: 28.1¢ 20.31 10.4:2
10 3.78 11.24 84.95 28.91 16.83 11.06
40 2.85 595 91.18 16.06 24.59 7.05
80 0.97 1.4€  97.5: 28.9¢ 10.4¢ 1.7t
SGD_H1 5 2.6C 10.6C 86.7i 27.4¢ 14.9¢ 12.3]
10 2.85 9.92 87.25 30.01 16.65 9.35
40 248 10.8¢ 86.6¢ 22.5¢ 19.17 13.0¢
80 3.50 10.06 86.46 31.80 3.48 3.61
160 0.23 1.23  98.53 31.55 5.11 0.54
SGD_H2 5 5.33 1254 82.09 22.24 19.89 13.37
10 3.1 10.67 86.1:% 30.4¢ 12.8¢ 12.0¢
40 3.66 1442 81.97 38.90 9.33 7.97
80 2.69 1196 85.35 28.61 6.65 3.04

160 0.97 121  97.8¢ 35.6( 4.4¢ 1.9¢
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Table B.2b) Laboratory analysis results for disturbed and studbed soil samples of DGD sites. Particle
size distribution, as determined with K6hn analysisthod. Pore size distribution, as determined with
drainage branch of retention curve (‘-* = no valieatbata).

profile  depth clay silt sand macro medium-sized pores micro pores
[cm] [%] [%0] [%] pores (20 um - 0.2um) (< 0.2um)
(> 10pm) (%] (%]
DGD_G1 5 12.2:  17.0¢  70.6¢ 27.6¢ 27.4¢ 13.11
10 12.87 16.90 70.21 13.18 23.63 17.99
40 19.01 16.60 64.42 6.46 10.59 20.75
80 12.3C 20.1C 67.6( 8.9¢ 2.5¢ 19.3¢
160 1.98 269 9531 7.60 18.29 2.01
DGD_G2 5 9.40 16.08 74.54 17.61 23.84 13.15
10 10.6¢ 17.8C 71.5¢ 14.5¢ 14.5¢ 12.31
40 11.56 15.98 72.49 20.73 10.77 12.40
80 11.73 16.69 71.58 26.78 11.31 12.92
160 10.37 16.5¢ 73.11 8.7( 9.5¢ 9.2¢
DGD_G3 5 6.6¢ 13.11 80.2] 16.62 26.97 14.8(
10 9.31 1488 75.80 21.66 23.21 12.83
40 9.10 19.30 71.58 11.76 7.80 19.43
80 19.9¢ 30.2¢ 50.8] 10.7¢ 1.9¢ 20.0¢
DGD_G4 5 3.4z 4.37  92.9¢ 28.1¢ 22.0¢ 9.04
10 9.51 17.74  72.77 35.44 13.60 7.16
40 4.7¢ 7.07  88.1f 27.1¢ 9.7¢ 5.1¢
80 2.09 121 96.73 34.40 3.94 2.25
160 2.10 1.73  96.13 42.83 2.86 2.00
DGD_H1 5 5.47 1748 77.11 18.08 16.81 12.81
10 6.31 18.7¢ 74.9: 21.7] 14.8¢ 12.2(
40 7.10 17.08 75.79 27.33 9.01 9.57
80 3.46 16.68 79.84 27.13 6.37 6.50
160  20.3¢ 31.3t 48.2¢ 5.2¢ 2.7¢ 28.2¢
DGD_H2 5 4.5¢ 9.1f  86.3¢ 17.9( 18.2¢ 17.21
10 5.09 10.38  84.57 24.51 13.27 16.52
40 6.35 17.13 76.52 18.32 4.81 13.38

80 27.7:  28.71 43.5¢ - -
160 3.39 10.43 86.20 32.80 10.90 4.40




Appendix C - Water retention curves
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Figure C.1 Water retention curves of field data of 2011 afd2and fitted (van Genuchten, 1980) curve
for all SoilStation profiles, incl. reconstructegilsvater tension$W1) data (missing data up to 850 hPa,
blue data points).MWC = volumetric water content, wp = permanent wiltipgint, fc = field capacity)
a) SGD_G1)b) SGD_G2.
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Figure C.2 Water retention curves of field data of 2011 afd2and fitted (van Genuchten, 1980) curve
for all SoilStation profiles, incl. reconstructedilsvater tension$W1 data (missing data up to 850 hPa,
blue data points).MWC = volumetric water content, wp = permanent wiltipgint, fc = field capacity)
a) SGD_G3)) SGD_G4.
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Figure C.3 Water retention curves of field data of 2011 afd2and fitted (van Genuchten, 1980) curve
for all SoilStation profiles, incl. reconstructegilsvater tension$W1) data (missing data up to 850 hPa,
blue data points).M\WC = volumetric water content, wp = permanent wiltipgint, fc = field capacity)
a) SGD_H1,b) SGD_H2.
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Figure C.4 Water retention curves of field data of 2011 afd2and fitted (van Genuchten, 1980) curve
for all SoilStation profiles, incl. reconstructedilsvater tension$W1 data (missing data up to 850 hPa,
blue data points).MWC = volumetric water content, wp = permanent wiltipgint, fc = field capacity)
a) DGD_G1,b) DGD_G2.
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Figure C.5 Water retention curves of field data of 2011 afd2and fitted (van Genuchten, 1980) curve
for all SoilStation profiles, incl. reconstructegilsvater tension$W1) data (missing data up to 850 hPa,
blue data points).M\WC = volumetric water content, wp = permanent wiltipgint, fc = field capacity)
a) DGD_G3,b) DGD_G4.
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Figure C.6 Water retention curves of field data of 2011 afd2and fitted (van Genuchten, 1980) curve
for all SoilStation profiles, incl. reconstructedilsvater tension$W1 data (missing data up to 850 hPa,
blue data points).MWC = volumetric water content, wp = permanent wiltipgint, fc = field capacity)
a) DGD_H1,b) DGD_H2.
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