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Abstract
The spatial variability of the urban air temperature for the city of Hamburg is analyzed based upon a one-year
dataset of meteorological and pedological measurements. As local air temperature anomalies are subject to
land-use and surface cover, they are monitored by a network of measurement stations within three different
urban structures. Mean annual temperature deviations are found to be +1.0 K for inner city sites and +0.25 K
to −0.2 K for suburban sites compared to a rural reference. The nocturnal urban heat island (UHI) is identified
and averages +1.7 K at the inner city stations, +0.7 K at a suburban district housing area and +0.3 K at a
nearby green space. The observed UHI effect is most prominent when the wind speed is low (≤ 2 ms−1 ) and
the sky is only partly cloudy (≤ 6/8th ). In spring 2011 an average inner city UHI of up to +5.2 K is observed
during situations matching these conditions, while the extraordinary dry fall of 2011 lead to remarkably high
air temperature differences at all observed stations. As expected, no evidence for a significant impact of
topsoil moisture on nighttime UHI effect is found. The analysis of air temperature anomalies during daytime
results in an annual mean deviation of −0.5 K above unsealed, vegetated surfaces from a sealed site during
days with a turbulent mixing induced by wind speed > 2 ms−1 . Here, there is an indication for a relation
between the water content of upper soil layers and the warming of air: 11 to 17 % of the variance of the
diurnal air temperature span is found to be explained by the soil water content for selected relevant days.
Keywords: urban air temperature, urban heat island, soil moisture, meteorological network

1 Introduction
The local climate within urban areas is modified by the
anthropogenically changed natural surface. Profound
knowledge on the relevance of urban land-use on atmospheric properties has been gained in the past decades
(see e.g. Arnfield, 2003), and in particular on the urban
heat island effect (UHI), i.e. the nocturnal urban-rural
temperature difference as described by Oke (1982).
Modifications of the natural surface lead to a transformation of the radiative, thermal and moisture characteristics of the surface itself and the overlying atmospheric
boundary layer. As a consequence the natural energy and
moisture balances are influenced, leading to the formation of a distinct urban climate, its intensity varying with
the scope of the human impact (Morris et al., 2001).
Several site properties influence the UHI magnitude
directly, i.e. mainly surface geometry, cover and exposure. Like in the “Local Climate Zones” scheme of
Stewart and Oke (2012), classifying urban sites according to their surface structure and land cover, most
of the UHI investigations focus on building density and
structure, and surface materials in general. However, in
the last years an increase in the number of studies focusing on urban vegetation can be noticed, dealing with
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the effects of urban parks and unsealed vegetated areas
on nearby air temperature and human comfort (Jansson
et al., 2007; Kurbjuhn et al., 2010; Lee et al., 2009),
or their impact depending on the large-scale climate
(Spronken-Smith and Oke, 1998). More particularly,
the cooling effect of parks for the surrounding area results from evapotranspiration of water by plants and
soil surfaces, and by that its magnitude is directly determined by the availability of water (Goldbach and
Kuttler, 2013).
Several comparisons of different urban structures,
with and without vegetated areas, and their local meteorological conditions have been performed before. E.g.
Svensson and Eliasson (2002) found that for Gothenburg, Sweden, positive temperature deviations of urban
dense areas from the outskirts can reach up to 8 K, while
multi-family and single house areas were only up to 4 K
warmer during nighttime. Through data evaluation of
a measurement program in Davis, California, Myrup
et al. (1993) showed that suburban sites can be significantly cooler when wind speeds are low, radiation load
is high and the humidity within the canopy is high. And
for Toulouse Houet and Pigeon (2011) demonstrated
significant climate differences between the different urban climate zones as described by Oke (2004), with seasonal variations of their impact. However, specific attention still needs to be directed to the mix of land uses
across a city, its variations of land cover (Grimmond,
2006), and interactions with the soil-vegetation-system.
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Aim of the present study is to gain additional knowledge on the relevance of the different properties of soils
for the local urban climate. It is to be expected that unsealed soils are influencing factors by means of higher
latent and lower sensible heat fluxes, as the daily total latent heat flux increases consistently with increasing vegetated and unsealed fractions of the surface (e.g.
Pearlmutter et al., 2009).
In this study, the spatial variability of urban local
air temperature in Hamburg will be addressed in two
steps: Firstly, the UHI effect, characteristic for nighttime, is observed in its quantity, its spatial peculiarities
and the conditions impacting on its intensity. However,
the closest relation between soil moisture and air temperature is due to evapotranspiration, which is mainly
active during daytime. Thus, secondly, the daytime temperature anomalies are investigated with regard to magnitude, conditions facilitating their occurrence, and soil
moisture as an influencing factor.

2 The urban climate: characteristics
and processes
The state of the lower atmosphere above natural as
well as urban environments is modified by two main
processes: horizontal advection, and heat and moisture
fluxes from the surface. The latter is a result of the energy conversion of solar radiation at the surface during
daytime (Stull, 1988). Therefore the energy budget of
urban areas can, in analogy to the general energy balance
equation, be expressed as:
Rn = H + LE + G,

(2.1)

where Rn is the net all-wave radiation, H the sensible
heat flux, LE the latent heat flux and G the storage heat
flux (e.g. Pearlmutter et al., 2009).
During daytime the share of each flux depends, inter alia, on the water availability at the surface, which
determines the actual evaporation and, including transpiration, the LE, respectively. Furthermore, the associated sensible heat flux H contributes to an increase of
air temperature (e.g. Stull, 1988). During nighttime the
evapotranspiration, and therefore the LE, is a minor flux,
while G and H are the main heat fluxes.
Beyond that, an estimation of the potential evapotranspiration from open water and land surfaces in
general, and thus within urban areas as well, can be
achieved by applying the Penman-Monteith equation
(eq. (2.2), e.g. Monteith and Unsworth, 2013). It is
a regional evapotranspiration estimate of vegetated land
areas based on weather data:
a)
ΔRn + ρa c p (es −e
ra

 ,
LE = 
Δ + γ 1 + rras

(2.2)

where (es − ea ) represents the vapor pressure deficit
of the air, ρa is the dry air density, c p is the specific
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heat capacity of the air, Δ represents the slope of the
saturation vapor pressure temperature relationship, γ is
the psychrometric constant, and rs and ra are the surface
and aerodynamic resistances. The local evaporation rate
thus depends on solar radiation, air temperature, relative
humidity (i.e. vapor pressure deficit) and wind speed.
Apart from these general atmospheric processes
which are valid for urban areas as well, cities feature their own characteristic climate, especially due to
the enhanced heat capacity of buildings and the trapping of long wave radiation in street canyons. This results in the UHI, which is a continual but not constant effect, depending on the prevailing conditions.
It is common knowledge from previous UHI research
that higher deviations of air temperature (Ta ) can be
observed during summer season and during nighttime
when typically daily temperature amplitudes are high
(summer) and wind speed is low (nighttime). Therefore
it is worthwhile to have a closer look at factors impacting on anomalies of Ta . High wind speed leads to intensive turbulence and mixing within the boundary layer.
Thus, existing temperature differences will be reduced.
High cloud coverage prevents night cooling by enhanced
down welling long wave radiation. Conversely, a clear
sky leads to higher radiative cooling of the surface. As a
consequence, UHI effects have been observed to occur
most pronounced during phases with low wind speeds
(Schlünzen et al., 2009) and little or no cloud coverage (Morris et al., 2001).
In this study topsoil moisture is assumed to be another relevant factor contributing to local Ta anomalies,
albeit to a lesser degree. Thereby soils, in their function as a storage and transmitter for water, may differ
in their impact intensities according to the ratio of their
sealing, which therefore can be one main determining
factor. A second factor is the water availability, the topsoil water content in relation to saturation and residual
water content respectively, determined by soil physical
properties. To find out to which extend these two parameters – surface sealing ratio and water availability
according to soil physical properties – limit the cooling
effect of soils, the “Hamburg urban soil climate observatory” (HUSCO) was established.

3 Design of the HUSCO network and
experimental setup
The HUSCO research network features six meteorological measurement stations (MeteoStations) within the
city of Hamburg, Germany (see map Fig. 1). Hamburg is
the second largest city of Germany. It is located in northern Germany (53 ° 33  N, 10 ° 0  E), situated on the river
Elbe 110 km southeast of the North Sea coast, and it covers an area of 755 km2 . The climate is dominated by marine meteorological effects, characterized by a moderate air temperature amplitude, mild winters, moderately
warm summers, and high wind speeds (von Storch and
Claussen, 2010).
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Figure 1: Percentage of surface sealing in Hamburg and location of HUSCO MeteoStations (SGD = shallow mean groundwater table,
DGD = deep mean groundwater table, C = inner city; suffixes _G = green space, _H = housing area; map source: Freie und Hansestadt
Hamburg, 2012) and location of the city of Hamburg. (map of Germany: Pawlowicz, 2006).

The location of the MeteoStations was selected based
on the following criteria (s. also Table 1). Firstly, the
type of urban development, i.e. land use, surface cover,
size and spacing of buildings, and vegetation, was chosen. The sites can be classified into three categories:
“inner city sealed surfaces” (modern core according
to Bechtel and Daneke, 2012; Stewart and Oke,
2012), “single housing developments” (regular housing)
and “urban green spaces” (field). To find proper locations for the suburban categories “housing” and “green
space”, two suburban districts were chosen according
to their mean overall groundwater level (derived from
geological information provided by Freie und Hansestadt Hamburg, 2010). These districts have similar
proportions as the two land use types, but one district features a shallow mean groundwater table (SGD,
< 2.5 m below surface on average), the other one a
deep (DGD, > 5 m below surface on average). The deep
groundwater district is also located closer to the city
core (Fig. 1), but with comparable distance to rural surroundings. Secondly, the specific locations of the mea-

surement stations were selected in consideration of local
conditions affecting the meteorological measurements
as well as practical and security issues, trying to fulfill as
many of the criteria as possible for obtaining representative meteorological observation results at urban sites,
listed by Oke (2004). Each suburban area thus owns one
MeteoStation within a green space area, and a second
one in the backyard of a single house. These sites are
similar in spatial structure and vegetation and are representative for distinct degrees of surface sealing (5 % at
green space sites, 50 % at housing developments), while
their soil types and textures differ (Table 1). Where realizable, a location that excludes the possibility of shading
was chosen. However, at DGD_H afternoon shading is
possible by a nearby tree and adjacent building.
As an extreme example for sites without natural surfaces, two inner city sites were chosen within business
districts (C_1 and C_2), featuring a surface sealing ratio of 90 % (Table 1). The other extreme site is a station (WD_G) situated 43 km east of Hamburg, operated
by the German Meteorological Service. It features a ru-
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Table 1: MeteoStations within HUSCO, nomenclature, and site specific properties.
district

site1

land use

surface /
vegetation

soil
texture2

surrounding

inner city

C_1

sealed surface
(courtyard)

asphalt
concrete

-

buildings
(7 to 9 storeys)

90 %

old core /
compact midrise

C_2

sealed surface
(parking lot)

asphalt
concrete

-

buildings
(> 5 storeys)

90 %

modern core /
compact midrise

SGD_G

urban green
space

high pasture
grass

peat /
loamy sand

adjacent wood
with deciduous
trees

5%

field / low plants

SGD_H

single
housing
development

lawn

sand

single family
house, row of
bushes,
compost pile,
adjacent wood
with deciduous
trees

50 %

regular housing /
open low rise

DGD_G

urban green
space

high pasture
grass

sandy loam

adjacent row of
single trees
(> 10 m)

5%

field / low plants

DGD_H

single
housing
development

lawn

loamy sand

single family
houses, single
deciduous
trees, row of
bushes, small
garden shed

50 %

regular housing /
open low rise

shallow mean
groundwater

deep mean
groundwater

degree of
surface
sealing3

local climate zone4

1 The nomenclature

of the MeteoStation includes information on their urban land use type and regional groundwater mean water table depth:
C stands for inner city, SGD stands for shallow mean groundwater district, DGD for deep mean groundwater district, G for stations within
green spaces, H for stations within housing areas.
2 Soil texture was determined in laboratory analyses of disturbed soil samples that were collected during installation of the soil probes in
different soil depths (generalized here).
3 The degree was estimated for the station’s surrounding area of about 0.25 km2 based on data provided by (Behörde für Stadtentwicklung und Umwelt, 2010).
4 According to Stewart and Oke (2009) / Stewart and Oke (2012), compared with results from Bechtel and Daneke (2012).
Table 2: Reference stations with location and measured parameters used for data evaluation in this study. Abbreviations: Ta = air
temperature, rH = relative humidity, FF = wind speed in 10 m height, DD = wind direction in 10 m height, nm = total cloud coverage
[eighths], P = precipitation, Ts = surface temperature.
reference station

initial

latitude / longitude

Hamburg-Fuhlsbüttel
(German Meteorological Service)

WD_F

53 ° 38  24  N / 9 ° 58  58  E

11 m

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

Grambek
(German Meteorological Service)

WD_G

53 ° 34  10  N / 10 ° 40  57  E

27 m

Ta , rH (10 minutes)

WM

53 ° 31  9  N / 10 ° 06  10  E

0.3 m

Ta , rH, P, Ts , FF, DD
(1 minute)

Weather Mast Hamburg-Billwerder
(Meteorological Institute,
University of Hamburg)

ral and undisturbed grassland surrounding. It proved to
be a reasonable reference for observation on the climate
of Hamburg (Schlünzen et al., 2009). In addition, data
of two other meteorological stations were used; one operated by the German Meteorological Service (WD_F),

height
(above sea level)

parameters used (interval)

providing data on cloud coverage, the other one by the
Meteorological Institute of the University of Hamburg
(WM), providing data on wind speed in 10 m height
(Table 2). To ensure comparability of the air temperature measurements, data on air temperature were height
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Figure 2: Instrumentation of HUSCO measurement network. a) MeteoStation scheme of instrumentation on tripod (top to bottom: sonic
anemometer, solar panel for power supply, T/rH-probe, rain gauge, infra-red remote temperature sensor, data logger); b) example picture of
MeteoStation at SGD_H; c) example picture of soil measurement instrumentation, four measurement depths depicted: 0.05 m, 0.1 m, 0.4 m,
0.8 m, each instrumented with three sensor types (1: water content reflectometer CS616, 2: temperature probe T107, 3: tensiometer T4e).

corrected with the US standard atmosphere (Dutton,
1986) to 0 m above sea level for all sites.
All MeteoStations were equipped with sensors for
measuring air temperature, relative humidity, surface
temperature, wind speed, wind direction and precipitation (Fig. 2a, Table 3). The sensors at suburban sites
were attached to a tripod (Fig. 2b). At the two inner city
sites they were mounted to a solid metal rod attached
to a street light (pictures of the MeteoStations are provided online: http://www.klimacampus.de/husco). Data
of all sensors were collected with a sampling rate of one
minute since September 2010 using CR1000 data loggers (Campbell Scientific Inc., 2009b). Radiation errors of the temperature and humidity measurement are
avoided by naturally ventilated radiation shields. In addition, to ensure the comparability of the air temperature
sensors, a particular data analysis was carried out regarding biases or radiation errors: During high wind speed,
when air temperature differences within the boundary
layer are presumably low due to intensive mixing, differences between the measured air temperatures at the
different sites lie within the sensors’ accuracy.
Sensors at the soil profiles measure the volumetric water content and soil temperature at five depths
(0.05 m, 0.1 m, 0.4 m, 0.8 m and 1.6 m below surface)
(Fig. 2c and Table 3). In the following, only topsoil water content – here this term is defined as the water content within the upper five centimeter of the soil profile –
will be considered.
An appropriate quality of the measurement data prior
to evaluation was ensured by automated and manual
quality control, removing implausible values and leaps
(Table 4) as well as data collected during maintenance
work.

4 Observations of the urban heat
island: nighttime air temperature
4.1 Air temperature deviations from a rural
site
The mean deviations of air temperature Ta of the six
MeteoStations from the reference station WD_G are
defined as
ΔTrural = Ta (MeteoStation) − Ta (WD_G),

(4.1)

where Ta (X) is the air temperature at station X (1-minute
data).
The calculated ΔTrural for the observed one-yearperiod (01 September 2011 to 31 August 2012) are given
in Fig. 3a. This time period is characterized by an average air temperature of 9.9 °C (maximum: 34.5 °C, minimum: −17.5 °C) and a total amount of precipitation of
577 mm (observations at the city station WD_F). The
inner city stations C_1 and C_2 show the highest positive deviation from the rural site with an annual mean of
about +1.0 K. Concurrently, values of the 90th percentile
reach up to 4.5 K, while the values of the 10th percentile
are still positive values around 0.5 K. The stations at the
deep groundwater district reveal only little urban heating
effects. At the housing area’s MeteoStation (DGD_H) a
small positive ΔTrural of 0.25 K is observed, but with a
considerable variability including a change of algebraic
sign (−0.8 K and 2.2 K for the 10th and 90th percentile,
respectively). Furthermore, the mean deviation is negligible at the green space DGD_G. The district with a
shallow mean groundwater table exhibits a minor negative ΔTrural from the reference station of about −0.2 K at
both sites (SGD_G and SGD_H).
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Table 3: Meteorological and pedological measurement sensors used in HUSCO
measurement

instrument

model

accuracy

sampling
frequency

mounting
height

reference

air temperature

temperature / rel.
humidity probe,
shielded

Vaisala
HMP45C

±0.2 °C (20 °C),
±0.3 °C (0 °C/40 °C)

1 min

2m

Campbell
Scientific
Inc (2009a)

relative humidity

temperature / rel.
humidity probe

Vaisala
HMP45C

±2 % (0 %–90 % rH) ±3 %
(90 %–100 % rH) (at 20 °C)

1 min

2m

Campbell
Scientific
Inc. (2009a)

wind speed /
direction

two dimensional
sonic anemometer

Gill
Instruments
WindSonic

±2 %/±3 °

1 min

2.3 to 3 m

Campbell
Scientific
Inc. (2010a)

surface
temperature

infra-red remote
temperature sensor

IR120

±0.2 °C

1 min

1.2 to 1.6 m

Campbell
Scientific
Ltd. (2011)

precipitation

tipping bucket rain
gauge, unheated

Young
52203

2 % up to 25 mm/hour
3 % up to 50 mm/hour

1 min

1.1 to 1.7 m

Campbell
Scientific
Ltd. (2010)

barometric
pressure

barometric
pressure sensor

CS106

±0.3 mb (20 °C)
±0.6 mb (0 °C/40 °C)

1 min

0.7 to 1.5 m

Campbell
Scientific
Inc. (2009c)

soil volumetric
water content

water content
reflectometer

CS616

±2.5 %

30 min

–

Campbell
Scientific
Inc. (2006)

soil temperature

temperature probe

T107

±0.3 °C (−25 °C/50 °C)

30 min

–

Campbell
Scientific
Inc. (2010b)

Table 4: Criteria of the raw data quality control. If criteria are valid, data is disregarded for evaluation. Ta = air temperature, rH = relative
humidity, RR = precipitation sum, P = barometric pressure, VWC = volumetric water content, Δabs = change of absolute parameter value.
station
MeteoStation

SoilStation

parameter

criterion 1: Δabs

criterion 2: value

Ta
rH
RR
P

> 5 K/min
> 20 %/min
> 10 mm/min
> 10 mbar/min

> 100 % or < 0 %
< 0 mm
> 1100 mbar or < 900 mbar

VWC

> 10 %/10 min

> 100 % or < 0 %

The UHI effect, which is already apparent in terms
of land cover differences from Fig. 3a, is confined to
nighttime: Looking at ΔTrural for daytime (from 08:00
to 20:00 CET) (Fig. 3b) it becomes evident that ΔTrural
are almost zero during daytime with evenly distributed
variances in positive and negative values. At the suburban sites, the slightly negative mean deviations might
indicate a “daytime cool island”, as it was observed for
clear days also by e.g. Svensson and Eliasson (2002).
In contrast during nighttime (Fig. 3c), the urban heat
island is very pronounced. High nocturnal ΔTrural and
wide spread to positive deviations from the rural reference station WD_G are found at the MeteoStations
in the city area for both stations C_1 and C_2 with
+1.7 K, and less pronounced at the deep groundwater
district’s housing area DGD_H. These three sites also

show a skewed distribution towards high positive deviations. At this district’s green space site DGD_G only a
slightly higher mean of about 0.3 K can be observed. At
the shallow groundwater level district (SGD) no considerable nighttime warming is visible, and deviations are
distributed almost conforming around the mean. Considering seasonal trends within nighttime ΔTrural , during
summer months (MJJA, Fig. 3d), the UHI effect is most
pronounced.
Clear differences in the progression of heating and
cooling between the MeteoStations are well visible in
the annual mean diurnal cycles of Ta (01 September
2011 to 31 August 2012) as depicted in Fig. 4. While
the inner city sites feature the highest mean Ta at all
times, pronounced during daytime and more definite
at night, MeteoStations in the suburbs are significantly
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Figure 3: Mean deviation of air temperature of MeteoStations (x-axis) from reference WD_G (ΔTrural ) for a) a one year investigation period
(01 September 2011 to 31 August 2012, b) ΔTrural during daytime (08:00–20:00 CET) in the one year investigation period, c) ΔTrural during
nighttime (20:00 to 08:00 CET) in the one year investigation period, d) ΔTrural during nighttime in late spring and summer (01 May to
31 August 2012). Thin bars indicate the 10th and 90th percentile.

Figure 4: Annual mean diurnal cycle of air temperature (Ta , 10 min-mean) of the six MeteoStations (01 September 2011 to 31 August 2012).
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cooler during nighttime. At a second level a distinction
between the suburban sites is evident as well: the two
sites within DGD are slightly warmer during the night
compared to both sites at SGD. Starting late morning
and reaching into late afternoon both districts have a
comparable mean diurnal Ta evolution. In third order,
even a more detailed distinction can be made at the
inner-district-level. The city center sites perform alike
in their mean annual diurnal cycle with a slightly faster
warming during the morning hours at C_2. Within DGD
the green space site is cooler than the housing area
during the night, about 0.3 K, and shows similar Ta
during daytime, while at SGD both sites show similar
results. Here, the housing area site SGD_H exhibits a
faster increase of Ta in the morning. This phenomenon
has been researched thoroughly and appeared within
the whole suburban area of this district. However, an
explanation has not been found, yet.

4.2 Impacting factors on UHI manifestation
The impacting factors on UHI as explained in section 2
can also be identified within the measurements of the
present study (Fig. 5). Predominantly the inner city sites
C_1 and C_2 and secondly the suburban housing area
site DGD_H feature considerably increased Ta during
nighttime compared to the rural reference (ΔTrural between 20:00 and 8:00 CET) when the mean wind speed
is equal or below 2 ms−1 and the average cloud coverage of the previous six hours is less than 7/8th . At the
DGD_G green space station slightly increased ΔTrural are
visible for wind speeds equal or below 2 ms−1 and less
than 3/8th cloud coverage. At the SGD district stations
this effect is hardly detectable because the UHI effect is
low there in any case. This analysis implies that further
views on the measurement data should be restricted to
cases where the impact of surface and location is high,
and little influenced or changed by larger scale factors
like high wind speed or cloud coverage. This filter on
data ensures that the effects of surface and structure of
the site’s characteristic environment, like heat capacity
and vegetation, are the dominant impacting factors on
the local climate. Thus, in the following evaluation, data
are selected from situations (i.e. 1-hour time steps) with
low mean wind speed (≤ 2 ms−1 ) and an only partly
cloudy or cloudless sky (≤ 6/8th ).
Fig. 6 depicts the filtered mean nighttime ΔTrural ,
grouped by season, with an extended observation period
starting in March 2011. The already mentioned dominant positive divergence of the inner city stations C_1
and C_2 throughout all seasons gets even more visible
with a mean deviation of up to +5.2 K during spring
2011. This season was exceptionally dry (40 mm total
during April and May, with a 30 year mean for Hamburg of 100 mm at WD_F (Deutscher Wetterdienst,
2013)), presumably leading to this high positive ΔTrural
compared to the summer seasons with higher precipitation rates (287 mm in 2011, 30 year mean: 235 mm),
as well as to positive 10th percentiles at DGD_G and
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DGD_H. The deep groundwater table district’s housing
area DGD_H also features constant higher mean Ta and
positive 10th percentiles compared to the reference. Air
temperature of the green space in this district (DGD_G)
deviates only less than 1 K on average. Within the district with a shallow groundwater level (SGD) negative
ΔTrural occur more often, mainly in summers of 2011
and 2012. These two stations show the least mean deviations throughout the year; also the 10th and 90th percentiles are relatively narrow. Thus, SGD_G, SGD_H
and WD_G feature comparable Ta diurnal cycles. In
fall 2011 remarkably high positive deviations at all stations are found, in combination with also high 10th percentiles. This season is extraordinarily dry and warm,
as the observations at WD_F show: 88 mm precipitation, 10.4 °C mean air temperature and 329 h of sunshine
(30 year mean: 195 mm, 9.4 °C and 285 h). This might
be the reason for the high values of the air temperature
deviation and the positive 10th percentiles in fall 2011 at
all stations, except the shallow groundwater green space
station SGD_G.

5 Observations of the impact of topsoil
moisture on air temperature
The nighttime UHI is controlled by the heat capacity of
buildings and surfaces, and the local circumstances as
stated above. Soil moisture is rarely considered an influencing factor for urban climate. Yet, recently a few
studies investigated this issue: Balogun et al. (2009)
showed that irrigated newly developed residential areas
at the exurban fringe of Kansas City, USA, feature a latent heat flux more similar to rural areas rather than to
city core structures. And according to a study by Grimmond and Oke (1999) in residential areas evapotranspiration, maintained by rainfall or irrigation, constitutes
an energy sink of 22–37 % of the daytime net all-wave
radiation, while in downtown and light industrial areas
this flux is much less important. Furthermore, soil moisture can also affect the nighttime urban heat island since
water in soil considerably alters the heat capacity of the
soil. This effect is examined in detail in the study by Oke
et al., (1991), observing the nighttime surface urban heat
island in a numerical simulation with regard to the thermal properties of the urban surfaces. It was shown that
cities with an environment that owns high admittances
(e.g. wetlands, irrigated soils or rock) can only support
small heat islands.
However, the availability of soil moisture limits
evapotranspiration mainly during daytime since evapotranspiration increases in general with increasing net radiation. Reduced evapotranspiration due to limited soil
moisture is usually compensated by an enhanced sensible heat flux, which can be detected by the HUSCO
network in terms of an increased daily warming of air
temperature Ta .
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Figure 5: ΔTrural during nighttime (20:00 to 08:00 CET) for one year (01 September 2011 to 31 August 2012). Color indicates ΔTrural in K.
x-axis: classes of wind speed (FF) at reference station WM, y-axis: classes of mean cloud coverage (nm) during the previous six hours.

In the following, the soil moisture effects will be
analyzed for both times of day: At first, the impact of
soil moisture on the nighttime UHI (Section 5.1) will
be quantified. Then, the relevance of topsoil moisture
for the daytime warming in an urban environment is
assessed.

5.1 Effect on nighttime air temperature
The strength of the relation between nighttime UHI
(ΔTrural ) and topsoil moisture can be estimated by a

linear regression approach. A linear equation is the
simplest assumable relation between the two variables.
However, there is no indication for a more complex correlation between soil water content and, thus, evapotranspiration, LE respectively, and air temperature anomalies. Given the Penman-Monteith equation (eq. (2.2)),
which is a linear equation, as an estimate for the latent
heat fluxes resulting from solar irradiance and regional
weather, a linear approach to assess the relation between
topsoil moisture and air temperature is reasonable.
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Figure 6: ΔTrural during nighttime (20:00 to 08:00 CET) grouped by season (abbreviated months in brackets). Data filtered by time steps
with average wind speed at WM ≤ 2 ms−1 and mean cloud coverage of the previous 6 hours ≤ 6/8ths ; thin bars indicate 10th and 90th
percentiles.

Soil moisture represents the explanatory variable for
the regression. As a measure of soil moisture, the dimensionless topsoil water content of the 0.05 m measurement depth is calculated following van Genuchten
(1980). It is calculated from the measured volumetric
water content (VWC) normalized with the residual and
saturated values of the VWC
Θ=

θ − θr
,
θs − θr

(5.1)

where θ is the VWC in 0.05 m depth, θr is the residual VWC in 0.05 m depth and θs the corresponding saturated VWC. The last two constants have been determined in laboratory analyses of undisturbed soil core
samples taken at the corresponding HUSCO sites. The
normalization allows for a better comparison of soil
moisture at different stations and takes distinct water
availabilities within the different soils into account. Essentially, the residual water content, i.e. the soil moisture
at the permanent wilting point, and the saturated water
content are regarded as limits of the range of the available water.
The results of the linear regression calculation are
shown in Fig. 7 for the four suburban MeteoStations
with data matching the given criteria. Here, mean nighttime values of ΔTrural were calculated as a measure for
the nocturnal UHI effect from
ΔTnight =

1 720
∑ ΔTrurali ,
720 i=1

(5.2)

where ΔTrural,i is the air temperature deviation of the
MeteoStation from the rural reference at time step i in
minutes from 20:00 to 08:00 CET. Thus, the value of

ΔTnight represents the mean of the 1-minute-deviations
for each night. Averaging over a defined period during
nighttime ensures that exceptional minimum values are
not weighted too heavily, leading to extraordinary large
temperature anomalies at single time steps (as this would
be the case using only nighttime Ta minima).
To focus on prevailing conditions favoring a nocturnal UHI, days have been selected according to the
same filter as in the previous section 4.2. A night was
included when the daily mean wind speed was equal
or below 2 ms−1 and the daily mean cloud cover less
than 7/8th . The inner city stations are not considered
since they are almost entirely sealed and thus do not provide soil moisture measurements. Further information in
Fig. 7 is given by the standard error of estimate and the
95 % confidence bands, i.e. the area in which 95 % of
all data points are located, as well as the 95 % prediction bands, i.e. the area in which the linear regression
line lies with a probability of 95 %. In addition, the coefficient of correlation (r) and the slope of the linear fit
are listed. Account must be taken that these statements
are only valid under the assumption that a linear relation
exists between the ΔTnight and the normalized soil water
content Θ.
This regression analysis shows no clear correlation
between topsoil water content and mean nighttime deviation of air temperature from the rural reference. Coefficients of correlation come to −0.14 to 0.01 which signifies an explained variance of ΔTnight by topsoil moisture
Θ of only 0.01 % to 1.96 %. Thus, there is not a significant relationship between these two variables, and the
UHI effect intensity at night is likely not to be coupled
with topsoil moisture contents.
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Figure 7: Relation between the normalized topsoil water content Θ (0.05 m depth) and ΔTnight . Days meeting the following requirements:
mean wind speed ≤ 2 ms−1 , mean cloud coverage ≤ 6/8ths . Signatures indicating linear fit, standard error of estimate, as well as 95 %
confidence and prediction bands. r = correlation coefficient, slope = slope of linear regression line.

5.2 Effect on daytime air temperature
In addition to the nighttime UHI, daytime air and radiative temperatures are very relevant for human comfort
(Mayer and Höppe, 1987) and thus should be considered in detail.
The evolution of air temperature during daytime is
locally influenced by the partitioning of the incoming radiation into a latent and sensible heat flux, as explained
in section 2. This partitioning is partly controlled by soil
moisture and in particular topsoil moisture. This relation
has been confirmed e.g. by Goldbach and Kuttler
(2013), comparing model results of vegetated areas with
high and low soil moisture in an urban environment. To
determine the magnitude of the impact of the factor soil
moisture on the local Ta , first a closer look at the daytime
temperature deviations is reasonable. As a reference for
the calculations of Ta deviations a site without natural
soil, i.e. an entirely sealed surface, is most suitable instead of a rural reference, because evapotranspiration is
almost negligible there (except shortly after precipitation events). Therefore, ΔTcity is defined as
ΔTcity = Ta (MeteoStation) − Ta(C_1),

(5.3)

namely the mean air temperature deviation of the suburban MeteoStations from C_1 (inner city sealed courtyard).
In addition, the filter rules need to be adapted to the
prevailing conditions that favor a coupling of topsoil
moisture and air temperature: Firstly, the mean wind
speed should now exceed more than 2 ms−1 leading to

a mixing of the near-surface air. Secondly, mean cloud
coverage of 6/8th or less ensures sufficient solar radiation. These conditions characterize situations which are
most suitable for evapotranspiration from the soil surface, as further data evaluation, in an analogous manner
to Fig. 5, showed.
Fig. 8 depicts ΔTcity during daytime (08:00 to
20:00 CET) for the suburban MeteoStations for all days,
applying these filter rules. In this analysis the suburban MeteoStations show a daytime ΔTcity of −0.35 K
to −0.5 K with only marginal differences among each
other, within the sensor accuracy (see Table 3). However, the observed deviation from the inner city station
is larger than the accuracy of the air temperature sensors and, thus, it is considerable. Moreover, 90th percentiles indicate a large spread of down to −1.9 K at
SGD_G, and mean deviations are negative for all stations. Only station SGD_H shows a positive 10th percentile (+0.5 K) which is due to the faster increase of
Ta at this station in the morning – visible in mean diurnal cycles (as discussed in section 4 and identifiable in
Fig. 4), affecting the mean deviation of Ta .
Hence, sites with unsealed soils are slightly cooler
compared to sites with sealed surfaces, even during
the day and with turbulence induced by wind speed
> 2 ms−1 and substantial solar radiation (cloud coverage ≤ 6/8th ). Evapotranspiration of water from topsoil
is a possible factor causing this negative ΔTcity . To test
this hypothesis, again the linear regression method applied before is used to test whether a linear relation be-
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Figure 8: Mean air temperature deviation of suburban MeteoStations from reference station C_1 ΔTcity for the period 01 Sept 2011 to
31 August 2012 during daytime (08:00 to 20:00 CET). Data filtered by time steps with average wind speed at W M > 2 ms−1 and mean
cloud coverage of the previous 6 hours ≤ 6/8ths . Thin bars indicate the 10th and 90th percentile.

tween the increase of Ta during the course of the day
as a dependent variable, and soil moisture as an explanatory variable exists. Measurement data considered
for this analysis are selected to match the same conditions, supplemented by the requirements of more than
1500 Whm−2 solar irradiance at that day, mainly excluding winter days when evapotranspiration rates are generally low, and 0 mm of precipitation at all stations to
exclude situations with most likely unlimited water supply.
As a measure for the possible impact of topsoil water
evapotranspiration on Ta , the absolute warming, i.e. the
span of Ta , during the course of the matching days is
calculated as
Tspan = max(Ta (X)) − min(Ta (X)),

(5.4)

where Ta (X) is the air temperature at station X.
The results of the linear regression analysis are
shown in Fig. 9, including the coefficient of correlation and slope of the linear regression line. Again, these
statements are only valid assuming that a linear relation
exists between Tspan and the normalized soil water content Θ.
At all four MeteoStations a negative linear relationship is observed. The higher the soil water content Θ is,
the narrower is Tspan . The correlation coefficient for this
relation lies between −0.34 and −0.42, resulting in a
coefficient of determination of R2 = 0.11 to 0.17. This
signifies that 11 to 17 % of the variation in Tspan can be
explained by soil moisture for the selected days. The remaining 83 to 89 % are due to unknown variables, e.g.

meteorological occurrences, inherent variability, surface
characteristics of the surrounding area or the sky view
factor. To test whether this linear relationship is significant, a t-test for the slope was carried out. The null
hypothesis could be rejected under the assumption of a
decorrelation time of 5 days (resulting from autocorrelation analysis). Thus, it can be concluded on a 95 % significance level that there is a linear relationship between
soil moisture and Tspan .
Several additional possible situations, as well as impacting factors, were analyzed in regression analyses,
e.g. the nighttime cooling, ΔTrural , or days with low wind
speed, yet did not show a significant correlation.
The negative slope of the linear relation can be interpreted as an indicator for the rate of decrease in Tspan
with increasing soil water content Θ, and thereby it indicates the sensitivity of this relationship. The larger the
absolute value of the slope is, the faster the daytime
Tspan increases with reduced soil moisture Θ. Vice versa,
small absolute values of slope indicate a slower increase
of Tspan with dryer soils. The site SGD_H, characterized by a sandy soil substrate within the housing area,
features by far the largest absolute slope with a value
of 14.1. This can be interpreted as an indicator for a significantly higher air temperature increase during days
when soil moisture decreases only slightly (e.g. a few
days after a precipitation event), compared to the other
three sites, where the linear regression shows a very similar trend. It is to be further examined whether this exceptional tendency of SGD_H might be a cause for the
mentioned anomalous Ta increase in the morning compared to the other MeteoStations within the measurement network (Fig. 4).

Meteorol. Z., 23, 2014

S. Wiesner et al.: Urban air temperature anomalies

155

Figure 9: Relation between the normalized topsoil water content Θ (0.05 m depth) and Tspan . Days meeting the following requirements:
precipitation sum of day = 0, mean wind speed > 2 ms−1 , mean cloud coverage ≤ 6/8ths , sum of global radiation ≥ 1.5 kWhm−2 . Signatures
indicating linear fit, standard error of estimate, as well as 95 % confidence and prediction bands. r = correlation coefficient, slope = slope
of linear regression line.

6 Conclusion and outlook
In this study, urban air temperature anomalies were confirmed for the city of Hamburg. The observed mean annual air temperature deviations from the rural reference
of +1.0 K at the city core and +0.25 K at a suburban
housing site confirm previous observations for Hamburg: Long-term climate records using a dataset with
lower temporal resolution of daily mean and minima
values, evaluated by Schlünzen et al. (2009), showed
a higher average air temperature of +1.1 K for another
station in the densely build-up city area and +0.5 K at
a more green suburban area. The approach of Bechtel
and Schmidt (2011) to map the urban temperature differences using floristic mapping data of Hamburg indicated deviations from the rural reference to be +0.9 K
to > +1.1 K for the core city. Simulations by Hoffmann (2012) resulted in a maximum nighttime UHI of
+1.2 K for Hamburg, at the downtown and harbor area
(yet the UHI effect here is calculated for a shorter period of time, 8 p.m. to 12 a.m.). In the present study,
the nocturnal UHI effect is also detectable in Hamburg,
with sizeable prominence in the city center (+1.7 K) and
a suburban housing area (+0.7 K), confirming these previous UHI estimations based on evaluation of higherresolution data. This finding is remarkable in general
because the city of Hamburg in its structure and location is thought to be untypical for developing such phenomenon due to maritime climate and prevailing high
wind speeds (Schlünzen et al., 2009). Furthermore,

observing the UHI effect with a network that provides
high frequency data is a large improvement compared
to former studies on this topic as most UHI studies are
based on daily values, or data with high temporal resolution but recorded for a limited time frame.
The analysis of measurement data from a one year
period furthermore allows the detection of the typical
impact factors for the nocturnal UHI: Consistent with
literature and several previous studies, low wind speeds
and cloud coverage are dominant factors, influencing the
intensity of the nighttime increased air temperatures of
inner city sites compared to rural sites. It was found
that, in addition, topsoil moisture is likely not to have an
impact on nighttime temperature deviations of suburban
sites from a rural reference.
During daytime, air temperature deviations from the
rural reference were found to be small for the city center (+0.3 K, +0.4 K respectively). Only at the suburban
sites mean daytime air temperatures are slightly lower
(down to −0.25 K) compared to the rural reference. Averaged over a one year period the suburban stations are
0.35 to 0.5 K cooler than the city center station C_1
during daytime for selected conditions featuring wind
speeds above 2 ms−1 and cloud coverage of 6/8th or
less. The higher ratio of unsealed surfaces in the suburbs is a cause for this temperature deviation. Although
no impact of soil moisture on nighttime air temperature
is found, a linear regression analysis implies that soil
moisture is correlated to the span of Ta , i.e. warming
during the course of the day. This relation is significant,
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yet relatively weak, with an explained variance of 11 to
17 %. It needs to be further investigated whether this effect is partly biased due to seasonal variations in absolute Ta values and soil moisture. During summer a higher
span can be caused by higher temperatures and lower
soil moistures in general. Additionally, a future summer
season with less precipitation might provide more useful data to further examine the relevance of differences
in topsoil moisture and the strength of the relation to
air temperature. However, within urban climatological
research, until now, the quantification of the relation between topsoil water in suburban areas and differences
in air temperature is a sparsely followed approach. Certainly, further research is valuable to understand the processes leading to local temperature variability in urban
areas in more detail. Advanced data evaluation needs to
be carried out to determine soil moisture impacts more
precisely. As the relationship between topsoil moisture
and local Ta is likely more complex, it could be a useful follow-up analysis to test the relationship by carrying out sensitivity studies with a land-surface model that
features an urban canopy model.
Yet, the information and data derived in this study
can be relevant, for example, for town planning, urban
soil protection and urban green space management. The
presumable capacity of urban soils to attenuate the daytime air temperature increase when featuring higher topsoil moisture contents might contribute to a local cooling
during heat waves. Furthermore, the cooling function of
urban soils can qualify these soils to be worthy of protection in the context of soil protection by law.
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