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1.  INTRODUCTION

The climate of the cities is currently a key topic for
at least 2 reasons: (1) the majority of the world’s pop-
ulation lives in urban areas (e.g. three-quarters of
Europeans), and (2) expected climate warming is
likely to principally affect these areas. Cities generate
signi ficant changes in the ambient climate, such as
the creation of urban heat islands (UHIs), but they
may still be considered homogenous thermal areas in
the context of the regional settings. The urban cli-
mate is closely influenced by land cover (Chen et al.
2006, Georgescu et al. 2008, Yan & Dong 2015), while
air dynamics (e.g. heat waves) can extinguish or
 scatter the daytime UHI, intensifying nocturnal dif-
ferences between urban and rural areas (Cheval et
al. 2009, Dousset et al. 2011, Cheval & Dumi trescu
2015); in addition, and urban geometry stron gly influ-
ences solar radiation absorption and reflec tance (Yang
& Li 2015).

The interior heterogeneity of the urban environ-
ment and local dynamics of the atmosphere may trig-
ger important intra-urban disturbances of the mete-
orological elements that are of key importance for
local landscape design and initiatives to improve the
urban thermal environment (Yan et al. 2014b). For
example, rapid temperature variations may occur at a
sub-daily (or even sub-hourly) step, generated either
by fast advections of cold or warm air, or by very local
conditions, such as cloudiness, wind speed and urban
geometry (Eliasson 1996, Unger 2004, Erell & Wil -
liam son 2007).

In large temperate cities, such as Bucharest, air
temperature variations may reach 10 to 12°C within
1 h, as further detailed in this study, and accurate
monitoring of this parameter is challenging. There-
fore, Urban Meteorological Networks (UMNs) of spe-
cialized sensors capable of capturing sub-daily varia-
tions have been implemented in several cities around
the world. Muller et al. (2013) provide an overview of
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fundamental scientific and logistical issues in a study
of 24 UMNs from the USA, Europe and Asia. Chap-
man et al. (2015) describe the Birming ham Urban
Climate Laboratory (BUCL) as a ‘near-real-time,
high-resolution UMN of automatic weather stations
and, nonstandard air temperature sensors’, while
 Bassett et al. (2016) use the resulting observational
dataset to document the characteristics of the urban
heat advection (UHA) of the city. UMNs are imple-
mented in a few Central and East- European cities,
such as Novi Sad (Šećerov et al. 2015) and Szeged
(Unger et al. 2015). At present, Bucharest’s air tem-
perature is monitored by 3 long-term World Meteo -
rological Organization (WMO) standard meteoro -

logical stations, and 6 sensors placed in urban condi-
tions, fully operational since November 2014 (Fig. 1).

The ground sensors are nowadays capable of
retrieving accurate urban climate data at low cost
and high temporal resolution, but insufficiently ad -
dress the need for comprehensive spatial coverage,
especially over large cities. In this respect, satellite
remote sensing in the thermal infrared (TIR) wave-
lengths has become a valuable source of information,
enabling substantial progress in urban climate moni-
toring and modelling in the last decades (Voogt &
Oke 2003, Yang 2011, Dobrovolný 2013, Majkowska
et al. 2017). Despite the cloudiness-related and other
limitations of satellite remote sensing, the results are
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Fig. 1. World Meteorological Organization (WMO) and Urban Meteorological Network (UMN) sensors and land cover 
over Bucharest
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highly relevant for UHI studies, since heat stress
events are generally associated with clear-sky condi-
tions (Lau et al. 2015). Ideally, the combined use of
ground measurements and satellite data incorporates
the best features of both methodologies, i.e. better
spatial and temporal assimilation, enhanced detail,
complementarity and relative validation of the data
(Fabrizi et al. 2010, Hadjimitsis et al. 2013).

This study examines rapid thermal variations in the
city of Bucharest (Romania) using ground sensors
and satellite remote sensing, with 2 main objectives:
(1) to provide data-supported features of urban tem-
perature variations at fine temporal scale and (2) to
assess the efficacy of remote sensing as an option for
addressing the lack of data in urban areas. Thus, we
use an exploratory analysis to investigate air temper-
ature variations based on ground measurements at a
10 min time step under all-sky conditions, and a con-
firmatory examination which uses land surface tem-
perature (LST) values extracted from satellite images
every 15 min, under clear-sky, in order to compare
the findings and reveal the usefulness of remote
sensing for urban research. The approach also aims
to enhance the research methodology by proposing
quantitative indicators relevant for urban climate
studies. In summary, this study reports on the daily
and sub-daily thermal variations, episodes of contin-
uous temperature decrease and increase, and inten-
sity of cooling or warming in Bucharest, and includes
the validation of these results. The very fine temporal
resolution of temperature variation has rarely been
tackled in urban climate studies (Ren et al. 2016),
despite their confirmed utility (Guo et al. 2014).

2.  DATA AND METHODS

2.1.  Geographical and climatic outline

Bucharest is the capital of Romania, with about 1.9
million permanent residents (2014), and covers over
228 km2 of a flat area of the Romanian Plain, at

around 44° 25’ N and 26° 05’ E (Fig. 1). Elevations
range between 80 and 120 m a.s.l., and the land
cover around the city is dominated by agricultural
woodlands. The climate is temperate with continen-
tal in fluences; the summers are warm to hot, and
frost episodes frequently occur each winter. Table 1
shows the general thermal characteristics of the city,
including the mean regime and the extreme values.

2.2.  Ground-based meteorological data

This study uses hourly and sub-hourly temperature
data (10 min temporal resolution) over the period
November 2014 to June 2016 collected from 6 sen-
sors placed in urban conditions and in the 3 meteoro-
logical stations of the national network currently
monitoring the climate of Bucharest (Fig. 1; see
Table 2 for abbreviations of sensor locations). The
data sets are virtually complete (Table 2); the missing
data were not considered in the analysis, and quality
control revealed no evident errors, e.g. un likely tem-
perature differences.

The 6 urban sensors are placed according to WMO
recommendations, at 3 m height and shielded to ef -
fectively block solar radiation, while maintaining
good ventilation (Oke 2006), and within 3 different
built zones, namely: (1) open low-rise, e.g. dense mix
of low-rise buildings (1 to 3 stories); (2) compact mid-
rise, e.g. dense mix of mid-rise buildings (3 to 9 sto-
ries); and (3) compact high-rise built zones, e.g. a
dense mix of tall buildings with 10 or more stories
(Stewart & Oke 2012). The meteorological stations
Bucureşti-Băneasa (BAN), Bucureşti-Afumaţi (AFU),
and Bucureşti-Filaret (FIL) are included in the
national network and completely fulfil the WMO stan-
dards (WMO 2008). The general and local urban con-
text of the sensors and meteorological stations used in
this study are shown in the in Supplement 1 at www.
int-res. com/ articles/ suppl/ c073 p233 _ supp1. pdf.

Preliminary analysis of the air temperature reveals
a clear alignment between stations according to built
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Tmax 11.3 15.1 22.7 26.6 31.1 34.2 36.0 36.0 32.3 27.3 20.3 13.3
Tmean −1.3 0.9 6.0 12.1 17.4 21.2 23.2 22.6 17.8 11.8 6.0 0.6
Tmin −13.0 −10.3 −5.0 1.3 6.1 10.3 12.9 11.9 7.1 0.2 −4.1 −9.9
Absolute Tmax 17.6 25.7 28.0 32.2 35.6 39.4 42.4 41.5 38.0 34.5 26.2 18.8
Absolute Tmin −22.6 −18.8 −13.3 −2.5 1.8 5.8 9.6 6.6 0.3 −5.0 −16.2 −19.0

Table 1. Multiannual mean of monthly values of mean (Tmean), maximum (Tmax), minimum (Tmin) air temperature (°C), and 
absolute extremes recorded at the World Meteorological Organization (WMO) station Bucharest-Filaret, 1961−2016

http://www.int-res.com/articles/suppl/c073p233_supp1.pdf
http://www.int-res.com/articles/suppl/c073p233_supp1.pdf
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zone category and sensor placement. Generally, it is
considerably warmer in compact high-rise areas than
in the peri-urban zone (Table 2), the thermal am -
plitude decreases with the degree of urbanization,
and inter-sensor correlation coefficients are always
slight ly better between locations within the same cat-
egory (Table 3).

2.3.  Satellite remote sensing data

Satellite remote sensing data retrieved by the
Moderate Resolution Imaging Spectroradiometer
(MODIS) sensors aboard the Terra (EOS AM-1) and
Aqua (EOS PM-1) NASA satellites, and by the Spin-
ning Enhanced Visible and Infrared Imager (SEVIRI)
on board the Meteosat Second Generation (MSG)
were used. The MODIS MOD11A1 and MYD11A1
products provide 2 nighttime and 2 daytime instanta-
neous LST and emissivity values in swath-based and
grid-based products at high spatial
reso lution (1 km) from the satellites
Terra and Aqua (https://modis-land.
gsfc. nasa.gov/ temp.html). The Euro-
pean Orga nisation for the Exploitation
of Meteorological Satellites (EUMET-
SAT) Land Surface Analysis Satellite
Applications Facility (LSA SAF) deliver
operational LST data, based on clear-
sky measurements from SEVIRI MSG
system in the thermal infrared window
(MSG/ SEVIRI channels IR10.8 and
IR12.0), at a high temporal resolution
(15 min), but at a rather coarse spatial
resolution (3.1 km at nadir; over
Romanian territory the resolution is
~5.5 × 3.5 km due to the size increase

of the pixel with latitude and longitude) (https://land-
saf. ipma. pt/). For the period November 2014 to June
2016, all the available LST data were extracted from
the both products.

3.  RESULTS AND DISCUSSION

3.1.  Air temperature range within 24 h

The diurnal temperature range (DTR) can have
important impacts on human health and ecosystems
(Tam et al. 2009, Guo et al. 2014, Briga & Verhulst
2015), mainly when temperatures changes are fast
and the magnitude high. DTR is commonly com-
puted as the difference between the maximum tem-
perature (Tmax) and minimum temperature (Tmin)
within the same calendar day. As an alternative, the
24 h running temperature range, at a 10 min step
(DTR10), may capture the thermal amplitude unre-
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BAN AFU FIL PAR SFN CER MIH MAS SGG

BAN 1
AFU 0.992 1
FIL 0.988 0.994 1
PAR 0.985 0.992 0.997 1
SFN 0.986 0.994 0.997 0.998 1
CER 0.976 0.988 0.993 0.995 0.995 1
MIH 0.976 0.990 0.995 0.995 0.996 0.998 1
MAS 0.977 0.989 0.994 0.995 0.995 0.997 0.997 1
SGG 0.978 0.991 0.993 0.992 0.993 0.995 0.997 0.996 1

Table 3. Pearson’s correlation coefficients between temperature data from
WMO standard stations (green shading) and urban sensors in open low-rise
areas (yellow shading) and compact mid- and high-rise areas (pink shading)
in Bucharest, November 2014 to June 2016. See Table 2 for abbreviations of 

WMO stations and sensors 

Station/ Bucureşti− Bucureşti− Bucureşti− Gradiniţa Şcoala Liceul Liceul Teatrul Şcoala 
sensors Băneasa Afumaţi Filaret Paradisul Sf. Nicolae Cervantes Mihai Masca Grigorie 

Verde Bravu Ghica
(BAN) (AFU) (FIL) (PAR) (SFN) (CER) (MIH) (MAS) (SGG)

Local conditions WMO WMO WMO Open Open Compact Compact Compact Compact 
peri−urban peri−urban urban low−rise low−rise mid−rise high−rise high−rise high−rise

Missing values (%) 0.11 0.44 0.35 0.02 0.01 0.02 0.02 0.48 0.02
Tmean (°C) 11.6 12.2 12.8 12.7 12.6 13.2 13.3 13.1 13.2
Tmax (°C) 38.3 37.8 38.6 38.6 37.9 36.6 39.0 38.8 39.2
Tmin (°C) −21.8 −21.2 −18.5 −19.9 −19.3 −16.3 −17.3 −17.3 −15.1
Range (°C) 60.1 59.0 57.1 58.5 57.2 53.0 56.3 56.1 54.3

Table 2. Names and abbreviations of WMO standard stations (green) and urban sensors in open low-rise areas (beige) and compact mid-
and high-rise areas (pink) that provided data for the study of air temperature variation in Bucharest, and corresponding air temperature 

statistics based on 10 min measurements for the period November 2014 to November 2016
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stricted by conventional limits, such as calendar
days, providing much more information while keep-
ing the general pattern. In Bucharest, DTR10 can
reach 18° to 23°C (e.g. 22.9°C at BAN on 02−03 Sep-
tember 2015), but stable 24 h intervals, with varia-
tions lower than 1°C, can also occur (Fig. 2). Fur-
thermore both DTR and DTR10 are very well
correlated between the WMO stations and urban
sensors (Fig. 3), suggesting that synoptic scale air
circulation prevails over the urban influence as a
triggering factor for thermal fluctuations. However,
the requirement for meteorological standard plat-
forms to be located in open terrain favours higher
thermal amplitudes in comparison with all urban

locations, while the sensors placed in ‘open low-
rise’ (e.g. PAR, SFN) retrieve higher DTR and
DTR10 values than the ‘compact rise’ urban sites
(e.g. CER, MIH) (Fig. 2), very likely as an effect of
the shadowing of urban surfaces by high buildings.
The sensor at site CER (Panel (f) in Supplement 1) is
placed under more shadowy conditions than any
other sensors, resulting in a lower capacity for
warming and cooling, and a lower exposure to air
temperature variations. The maximum DTR10 value
of the mid-rise site CER, occurring between 04:20 h
on 1 April and 04:10 h on 2 April 2016, is an unsys-
tematic occurrence, as both the 90th and 10th per-
centiles follow the pattern of the average.

237

25°C

20°

15°

10°

5°

0°
max

BAN AFU FIL PAR SFN CER MIH MAS SGG

min ave 10th percentile90th percentile

Fig. 2. Maximum, minimum, average, and 90th and 10th percentiles of the running 24 h temperature range at a 10 min step
(DTR10) at WMO stations and urban sensors in Bucharest, November 2014 to June 2016. See Table 2 for abbreviations 

of WMO stations and sensors

Fig. 3. Maximum temperature range at WMO stations vs. urban sensors in Bucharest, November 2014 to June 2016: (A) within 
a 24 h calendar day (i.e. diurnal temperature range, DTR); (B) within a running 24 h period at a 10 min step (DTR10)
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3.2.  Hourly and sub-hourly air
temperature  variations

The scientific and practical interest
of hourly and sub-hourly temperature
is illustrated by studies dealing with
topics like the diurnal cycle (Wang &
Zeng 2014), reconstruction of hourly
and sub-hourly values (Reicosky et al.
1989, Magnano et al. 2008) and
energy demand forecast (Rodrigues
et al. 2014). Based on the ground
measurements at 10 min temporal
resolution, we analysed (1) the varia-
tion of the mean hourly temperature
between consecutive hours (MTCH), and (2) the
hourly temperature range between 1-h running val-
ues, at a 10 min step (HTR10), using the following
formulae:

MTCH = Tmean(Hn) − Tmean(Hn−1) (1)

where Tmean(Hn) = (T10 + T20 + T30 + T40 + T50 +
T60) / 6, throughout the hour Hn and T10, T20, T30,
T40, T50, T60 = air temperature at minute 10, 20,30,
40,50, 60 of the hour n; and:

HTR10 = HTR(Hn+10) − HTR(Hn) (2)

where HTR(Hn) = hourly temperature range within
the hour Hn; i.e. Tmax − Tmin from 00:00 to 01:00 h and
HTR(Hn+10) = hourly temperature range within the
hour Hn + 10 min; i.e. Tmax − Tmin from 00:10 to 01:10 h.

The analysis shows that the air temperature may
show important fluctuations from one hour to an -
other, and the land cover and site conditions seem to
have a strong influence on the magni-
tude of the variations, similarly to the
24 h values. The absolute intensity of
the hourly cooling is higher than the
warming at all the analysed locations,
and is clearly dependent on the open-
ness of the local horizon, while the
10th and 90th percentiles preserve the
same trend, even if they return closer
values among locations (Fig. 4). The
highest MTCH values are 13.8 to
16.0°C at the WMO stations, 12.7 to
13.3°C at the ‘open low-rise’ sensors,
and 11.9 to 13.9°C at the ‘compact
rise’ sensors. The open sites may be
warmed faster than the compact ones
because no obstructions prevent solar
radiation from reaching and warming
the surface, in contrast to urbanized

locations shadowed by buildings and trees. The
radiative cooling is more intense in open locations,
explaining the more intense cooling at open sites
from one hour to another. The values of absolute
maximum and minimum cooling should be regarded
as singular occurrences, which do not change the
gene ral pattern.

At individual stations, the average variation of the
air temperature during 1 h ranges between 0.7 and
1.0°C, and the maximum difference between the
maximum and minimum values within an hour
reaches 9.0 to 12.5°C, with lower values occurring at
the urban sensors (Fig. 5). The lower mean at CER is
due to the sheltered location (Panel (f) in Supple-
ment 1), leading to frequent low variations of the air
temperature between consecutive hours (variations
lower than 0.2°C occur in 20.4% of the total situa-
tions at CER, compared to 12.1% at BAN and 17.3%
at SGG).
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Fig. 4. Maximum and minimum values, 90th and 10th percentiles of the varia-
tion of mean hourly temperature between consecutive hours (MTCH) at
WMO stations and urban sensors in Bucharest, November 2014 to June 2016. 

See Table 2 for abbreviations of WMO stations and sensors
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Fig. 5. Maximum (columns) and mean (line) variation of mean hourly temper-
ature between consecutive hours (MTCH) at WMO stations and urban
 sensors in Bucharest, November 2014 to June 2016. See Table 2 for abbrevia-

tions of WMO stations and sensors
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Most MTCH values, computed as av-
erages of all WMO stations and all ur-
ban sensors at a 10 min sliding step,
range between −4 and +4°C (Fig. 6).
The largest deviations occur at the
WMO standard stations, but the high
correlation with the urban sensors (R2 =
0.83) demonstrates that regional factors
(i.e. horizontal advection, regional to-
pography) have the main influence on
the intra-urban temperature variation.

The cold and warm air advections
trigger fast decreasing or increasing
temperature over the entire urban
area, but with different rates accord-
ing to land cover properties and local
openness. As a consequence, consid-
ering the 10 min step used for sliding,
HTR10 at the WMO meteorological
stations is less correlated with the val-
ues retrieved by the urban sensors
placed in Bucharest than MTCH
(Fig. 7, Table 4).

The temperature may drop or rise
uninterruptedly over different time
intervals. Based on an analysis includ-
ing the natural shifts from day to
nighttime, the highest temperature
rises during continuously in creasing
temperature episodes surpass 15°C
and oc cur over 200 to 500 min, while
drops of about −15°C may occur dur-
ing continuously decreasing tempera-
ture episodes in 200 to 800 min
(Fig. 8). Generally, continuous tem-
perature decreases are longer than
continuous increases, frequently ex -
ceeding 600 min at the urban loca -
tions but generally remaining under
400 min at the WMO standard stations. Obviously, ur-
ban shelter increases thermal stability, as already
shown for hourly and 24 h variations, so that the dura-
tion of continuous temperature increase or decrease
is usually longer inside the compact mid- to high-rise
areas than in open neighbourhoods (Table 5). It has to
be taken into account that even a small interruption
in the decreasing or increasing temperatures may al-
ter the statistics. The earlier occurrence of the daily
maximum temperature observed in a high-rise high
density city (Yang & Li 2015) occurs in Bucharest as
well; as a result periods of continuous temperature re-
duction are longer than the period of continuous in-
crease, as the process has more time to develop.
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Fig. 6. Variation of mean hourly temperature between consecutive hours
(MTCH) at WMO stations vs. urban sensors in Bucharest, November 2014 

to June 2016, and the regression line in dotted blue

Fig. 7. Hourly temperature range between 1 h running values at a 10 min step
(HTR10) at WMO stations vs urban sensors in Bucharest, November 2014 to 

June 2016

Pearson’s DTR DTR10 MTCH HTR10
correlation 
coefficient

R2 0.9400 0.9311 0.8239 0.6338

Table 4. Correlation coefficient values between averaged
data for different temperature parameters from WMO sta-
tions and urban sensors in Bucharest, November 2014 to
June 2016. DTR: diurnal temperature range, i.e. temperature
range within a 24 h calendar day; DTR10: Maximum 24 h
running temperature range, at a 10 min step; MTCH: varia-
tion in mean hourly temperature between consecutive hours;
HTR10: hourly temperature range between 1 h running 

values, at a 10 min step



Clim Res 73: 233–246, 2017

3.3.  Comparison of rapid thermal variation from
urban sensors and satellite measurements

Since 99.5% of the MTCH and HTR10 fluctuations
averaged over the WMO or urban sensors are within
±4°C, this threshold was considered relevant for
defining ‘rapid thermal variations’ in this study. Such
situations occur in 123 days out of a total of 608 days
between November 2014 and June 2016, more often
during spring and early summer (Fig. 9). All the cor-
responding LST data retrieved from SEVIRI sensors
aboard the geo-stationary platform MSG were ex -
tracted based on the following conditions: there
should be (1) at least 30% coverage of the area of

interest  (2) over 12 h before and after each case iden-
tified. The criteria were met by 6206 MSG images.

During episodes of rapid thermal variation, the
instantaneous air temperature (TA) and LST are
highly correlated (Pearson’s correlation coefficient
values of 0.93 to 0.97 for the sensor locations), the
average TA is generally 1 to 2°C lower than the LST,
while extreme differences between the TA and LST
range between +10° and +15°C and −15° and −20°C
(Fig. 10). The increased heterogeneity of the urban
environment can be observed in the values of the sta-
tistical parameter TA minus LST, which are percepti-
bly higher at urban locations than at WMO stations
(Fig. 11). The very specific conditions at the site CER
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Station BAN AFU FIL PAR SFN CER MIH MAS SGG

Local conditions Peri- Peri- Urban Open Open Compact Compact Compact Compact 
urban urban low-rise low-rise mid-rise high-rise high-rise high-rise

Decrease 41.8 39.0 43.8 65.0 67.6 93.9 61.3 66.7 77.3
Increase 35.8 34.2 34.2 49.8 52.0 63.0 45.9 48.8 56.7
Mean decrease 41.5 66.3 74.8
Mean increase 34.7 50.9 53.6

Table 5. Mean duration (min) of continuous temperature increase or decrease at 9 WMO stations and urban sensors in
Bucharest, November 2014 to June 2016 located in different local climate zones: WMO stations in urban/peri-urban areas
(green shading); urban sensors in open low-rise areas (yellow shading); urban sensors in compact mid- and high-rise areas 

(pink shading). See Table 2 for abbreviations of WMO stations and sensors

Fig. 8. Change in temperature and duration of episodes of continuous temperature decrease/increase at urban sensors (circles) 
and WMO stations (crosses) in Bucharest, November 2014 to June 2016
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(e.g. more shadow, the lowest open-
ness of all sensors) lead to the highest
difference between TA and LST, as
the latter is retrieved over an area
with a variety of land cover.

The higher openness of the urban
surface across the pixels retrieved by
the SEVIRI sensors triggers a faster
and higher absorption of incident
radiation and the storage of heat com-
pared to the point locations of the
ground sensors, shadowed and less
exposed to solar radiation. The imme-
diate impact of the cold or warm air
advections is on the TA, while heat
release (cooling) and heat accumula-
tion are slower at the level of urban
surfaces. Therefore, during episodes
of rapid temperature variations, TA
values follow a similar pattern as the
whole data set, but a change may be
observed in the LST values, namely
the increasing episodes are longer
and more intense than the decreasing
ones (Fig. 12).

Both the role of the sky view factor
and land cover for the intra-urban
temperature differences are well doc-
umented (Svensson 2004, Unger
2004, Yan et al. 2014a), while large
open squares with little vegetation
have the most severe heat stress
(Chen et al. 2016). The continuous
growth and drop of the temperature
over Bucharest reveal consistent pat-
terns in this respect. Whereas the
longest episodes were recorded for
TA values measured at ground sen-
sors placed in urban locations, maxi-
mum thermal amplitudes of the
increasing and decreasing tempera-
ture episodes were registered for the
SEVIRI products, as they capture the
LST, namely the surface emissivity of
larger spaces (Table 6). For any dura-
tion of the episodes, the LST values
decrease and increase with higher
intensity than the TA of the corre-
sponding pixel (Fig. 13), as a result of
the location openness and surface
heterogeneity which give rise to
higher spatial differences and higher
potential for cooling and warming.
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3.4.  Validation

This study refers to a relatively short period which
presumably may bias the results and conclusions.
Therefore, 2 validation procedures were applied,
namely (1) the comparison with a more extended
data set, and (2) the comparison with different satel-
lite products (MODIS).

For the WMO stations, the main statistical parame-
ters of the analysis obtained using the November
2014 to November 2016 data set were compared with
the ones of a different period with a similar length
(November 2012 to October 2014). The maximum
and mean temperature variation within 1 h, and the
maximum and minimum variations between consec-

utive hours have small differences at all locations
(Table 7), pledging for the consistency of the results.

The differences between LST and TA in the ana-
lysed pixels are quite similar to those reported for
other cities. For example, Kourtidis et al. (2015) re -
port that in Athens (Greece) LST is up to 5°C lower
than TA during summer nights and up to 15°C higher
during the day, while based on MODIS LST Azevedo
et al. (2016) found differences of 0.7 to 13°C at sites
across Birmingham (UK).

The TA was compared to MODIS LST for the 275
situations when (1) the TA variations between con-
secutive hours exceeded 4°C (−4°C < MTCH < 4°C)
at the ground sensors, and (2) the LST values were
available (not contaminated by clouds) for at least 4
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Fig. 12. Change in temperature and duration of episodes of continuous temperature decrease/increase during periods of rapid
thermal  variation at 9 WMO stations and urban sensors in Bucharest, November 2014 to June 2016, for: (1) (s) TA across all 

thermal variations; (2) (h) LST and corresponding (+) TA values 

TA_urban TA_WMO LST_urban LST_WMO LST_non−urban

Average duration (min) 64.4 50.8 39.0 37.8 37.2
Maximum duration (min) 1005 675 495 495 465
Maximum continuous increase (°C) 19.1 21.8 31.2 31.1 30.3
Maximum continuous decrease (°C) −13.3 −17.9 −23.7 −22.5 −25.4
Range (°C) 32.4 39.7 54.9 53.6 55.7

Table 6. Characteristics of the continuous temperature increase or decrease in different land cover conditions over Bucharest, 
November 2014 to June 2016. TA: air temperature, LST: land surface temperature
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locations, over the period November 2014 to June
2016. Additionally, SEVIRI and MODIS LST values
were also compared for the same period and condi-
tions (124 situations with available values for at least
4 locations). Despite the inherent differences in their
spatial and temporal resolutions and/or retrieving
algorithms, the 3 datasets are very well correlated
(Fig. 14), confirming the good quality of the input
data and the potential for joint utilisation.

In order to illustrate the utility of both SEVIRI and
MODIS products for monitoring daily and sub-daily
temperatures, we examined selected episodes of
rapid thermal variation. For example, on 15−16 Au -
gust 2015 and 01−02 September 2015, the mean air
temperature over Bucharest oscillated by more than
15°C in 24 h. The LST values retrieved from the

available MODIS and SEVIRI images confirm the
amplitude of the daily variations (Supplement 2 at
www. int-res. com/ articles/ suppl073 p233 _ supp2. pdf),
despite the inbuilt differences of the 2 products.
SEVIRI LST is usually overestimated compared to
MODIS LST (Gao et al. 2013), but the general pattern
is always preserved, so that the missing information
from a certain data set can be obtained from more
complete images with sufficient confidence.

4.  CONCLUSIONS

At temperate latitudes, temperature variations may
be important in urban environments, with differ-
ences due to the very local heterogeneity, and moni-
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Maximum and mean temperature variation (°C) Maximum and minimum temperature variation (°C) 
within 1 h: (2014−2016) / (2012−2014) between consecutive hours: (2014−2016) / (2012−2014)

BAN AFU FIL BAN AFU FIL

Max 11.7 / 11.4 12.5 / 12.3 12.7 / 12.1 7.1 / 7.0 5.1 / 4.8 5.0 / 5.3
Min −9.0 / −8.3 −10.3 / −10.7 −8.8 / −8.5
Mean 1.03 / 1.02 0.89 / 0.84 0.85 / 0.79

Table 7. Statistical parameters of the results for 3 WMO stations in Bucharest, November 2014 to November 2016 vs. 
November 2012 to October 2014. See Table 2 for abbreviations of WMO stations

Fig. 13. Intensity and
duration of episodes of
(×) continuous air tem-
perature decrease/in-
crease and (h) corre-
sponding LST, during
rapid thermal varia-
tions at WMO stations
and urban sensors in
Bucharest, November 

2014 to June 2016

http://www.int-res.com/articles/suppl/c073p233_supp2.pdf
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toring the phenomena may be jointly supported by
ground sensors and remote sensing, providing bene-
fits for current applications and climate studies. This
study makes use of air temperatures provided by
sensors placed in urban and standard WMO condi-
tions and satellite remote sensing data. The urban
network implemented over Bucharest in October
2014 consists of 6 sensors measuring air temperature
in different locations and built urban zones, adding
new data to those provided by the 3 WMO stations,
while the SEVIRI MSG satellite products may supply
valuable spatial and temporal information. Both
ground UMNs and remote sensing have known limi-
tations, such as spatial discontinuity or the spatial
representativeness of the locations in the case of
ground sensors, and the dependence on cloudiness
for satellite imagery. How ever, the advantages of
using ground and re mote sensing data together for
evaluating the sub-daily thermal variations in urban
environments were demonstrated, and the results
may support further investigations. The 2 categories
of data are very well correlated, so that they may be
used either jointly or alternatively in order to obtain
improved spatial and temporal patterns and for
empirical validation.

This is the first study on the sub-daily thermal vari-
ations using the data sets retrieved by the stationary
sensors placed in urban conditions in Bucharest. The
data sets cover a limited period (2 yr), but provide
continuous measurements at a very-fine temporal
scale (10 min), while the results are validated by
comparison with a TA data set for a different period
(2012−2014) and with LST data retrieved by different
satellite-borne sensors (MODIS). The approach
pledges for the use of quantitative indicators relevant
for urban climate studies, such as the daily and
hourly range and the continuous increasing or
decreasing of the TA. Apparently, the specific condi-
tions at the site CER, such as the very low openness,
give rise to unexpected values for some parameters.
However, they are all completely in line with the
general pattern capturing the thermal properties of
the city, while the deviations are explained by the
very local characteristics of the location. The results
clearly reveal the high importance of the location of
sensors placed in urban conditions.

The average of the ground sensor data shows that
the air temperature variations in Bucharest may
reach 20°C in 24 h, and can exceed 4°C between con-
secutive hours. The rapid thermal variations are in -
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fluenced by the very local conditions, and the urban
influence is very well emphasized both by TA and
LST values. Compact high-rise locations are warmer
than the low-rise ones and at the WMO stations,
while the temperature variations are lower in urban
locations because they are better sheltered and sur-
faces have higher thermal inertia than in peri-urban
neighbourhoods. Increased intra-urban heterogene-
ity triggers higher differences between the TA and
satellite-derived LST. For continuously increasing or
decreasing temperatures, LST varies with higher in -
tensity than TA, as a result of the location openness
and surface heterogeneity which is better captured
by remote sensing images than by in situ sensors.

The combined use of satellite products and ground
data is supported by the very good correlations be -
tween the data sets, and further research is needed to
explore the genetic factors and potential applications
of the results in different fields, such as biometeorol-
ogy, aviation or energy. The results may be used to
meet the planners’ need to spatially visualise the
problems, using GIS-based urban climatic maps, and
quasi-continuous values over large spatial domains
(Ng & Ren 2015, Chen et al. 2016). Continuous col-
lection of new data is required for future urban cli-
mate studies.
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neer Dan Cioca, Marian Corcodel and Marian Dumitrana)
for their support in implementing the UMN of Bucharest.

LITERATURE CITED

Azevedo JA, Chapman L, Muller CL (2016) Quantifying the
daytime and night-time urban heat island in Birming-
ham, UK:  a comparison of satellite derived land surface
temperature and high resolution air temperature obser-
vations. Remote Sens 8: 153

Bassett R, Cai X, Chapman L, Heaviside C and others (2016)
Observations of urban heat island advection from a
high-density monitoring network. QJR Meteorol Soc 142: 
2434−2441

Briga M, Verhulst S (2015) Large diurnal temperature range
increases bird sensitivity to climate change. Sci Rep 5: 
16600

Chapman L, Muller CL, Young DT, Warren EL, Grimmond
CS, Cai XM, Ferranti EJ (2015) The Birmingham Urban
Climate Laboratory:  an open meteorological test bed.
Bull Am Meteorol Soc 96: 1545−1560

Chen X, Zhao H, Li P, Yin Z (2006) Remote sensing image-
based analysis of the relationship between urban heat
island and land use/cover changes. Remote Sens Environ
104: 133−146

Chen L, Yu B, Yang F, Mayer H (2016) Intra-urban differ-
ences of mean radiant temperature in different urban
settings in Shanghai and implications for heat stress
under heat waves:  a GIS-based approach. Energy Build
130: 829−842

Cheval S, Dumitrescu A (2015) The summer surface urban
heat island of Bucharest (Romania) retrieved from
MODIS images. Theor Appl Climatol 121: 631−640

Cheval S, Dumitrescu A, Bell A (2009) The urban heat island
of Bucharest during the extreme high temperatures of
July 2007. Theor Appl Climatol 97: 391−401

Dobrovolný P (2013) The surface urban heat island in the
city of Brno (Czech Republic) derived from land surface
temperatures and selected reasons for its spatial variabil-
ity. Theor Appl Climatol 112: 89−98

Dousset B, Gourmelon F, Laaidi K, Zeghnoun A and others
(2011) Satellite monitoring of summer heat waves in the
Paris metropolitan area. Int J Climatol 31: 313−323

Eliasson I (1996) Intra-urban nocturnal temperature differ-
ences:  a multivariate approach. Clim Res 7: 21−30

Erell E, Williamson T (2007) Intra-urban differences in
canopy layer air temperature at a mid-latitude city. Int J
Climatol 27: 1243−1255

Fabrizi R, Bonafoni S, Biondi R (2010) Satellite and ground-
based sensors for the urban heat island analysis in the
city of Rome. Remote Sens 2: 1400−1415

Gao C, Jiang X, Li ZL, Nerry F (2013) Comparison of the
thermal sensors of SEVIRI and MODIS for LST mapping.
In:  Künzer C, Dech S (eds) Thermal infrared remote
sensing:  sensors, methods, applications. Springer, Dor-
drecht, p 233−252

Georgescu M, Miguez-Macho G, Steyaert L, Weaver C
(2008) Sensitivity of summer climate to anthropogenic
land-cover change over the Greater Phoenix, AZ, region.
J Arid Environ 72: 1358−1373

Guo CY, Pan WC, Chen MJ, Tsai CW, Chen NT, Su HJ
(2014) When are we most vulnerable to temperature
variations in a day? PLOS ONE 9:e113195

Hadjimitsis DG, Retalis A, Michaelides S, Tymvios F, Paronis
D, Themistocleous K, Agapiou A (2013) Satellite and
ground measurements for studying the urban heat island
effect in Cyprus. In:  Hadjimitsis DG (ed) Remote  sensing
of environment:  integrated approaches. InTech. www.
intechopen.com/books/remote-sensing-of-environ ment-
integrated-approaches/satellite-and-ground-measure
ments-for-studying-the-urban-heat-island-effect-in-cyprus

Jamei E, Ossen D (2012) Intra urban air temperature distri-
butions in historic urban center. Am J Environ Sci 8: 
503−509

Kourtidis K, Georgoulias AK, Rapsomanikis S, Amiridis V
and others (2015) A study of the hourly variability of the
urban heat island effect in the Greater Athens Area dur-
ing summer. Sci Total Environ 517: 162−177

Lau KKL, Lindberg F, Rayner D, Thorsson S (2015) The
effect of urban geometry on mean radiant temperature
under future climate change:  a study of three European
cities. Int J Biometeorol 59: 799−814

Magnano L, Boland J, Hyndman R (2008) Generation of syn-
thetic sequences of half-hourly temperature. Environ-
metrics 19: 818−835

Majkowska A, Kolendowicz L, Półrolniczak M, Hauke J,

245

https://doi.org/10.3390/rs8020153
https://doi.org/10.1002/qj.2836
https://doi.org/10.1038/srep16600
https://doi.org/10.1175/BAMS-D-13-00193.1
https://doi.org/10.1016/j.rse.2005.11.016
https://doi.org/10.1016/j.enbuild.2016.09.014
https://doi.org/10.1007/s00704-014-1250-8
https://doi.org/10.1007/s00704-008-0088-3
https://doi.org/10.1007/s00704-012-0717-8
https://doi.org/10.1002/joc.2222
https://doi.org/10.3354/cr007021
https://doi.org/10.1002/joc.1469
https://doi.org/10.3390/rs2051400
https://doi.org/10.1080/01431161.2014.928448
https://doi.org/10.1016/j.jaridenv.2008.01.004
https://doi.org/10.5772/39313
https://doi.org/10.3844/ajessp.2012.503.509
https://doi.org/10.1016/j.scitotenv.2015.02.062
https://doi.org/10.1007/s00484-014-0898-1
https://doi.org/10.1002/env.905
https://doi.org/10.1007/s00704-016-1737-6


Clim Res 73: 233–246, 2017

Czernecki B (2017) The urban heat island in the city of
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