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Abstract: This study aims to investigate spatial and temporal dynamics and relationship between air
temperature and five air humidity parameters (relative humidity, water vapor pressure, absolute
humidity, specific humidity, and vapor pressure deficit) in Novi Sad, Serbia, based on two-year data
(December 2015–December 2017). The analysis includes different urban areas of Novi Sad, which
are delineated in five built (urban) types of local climate zones (LCZ) (LCZ 2, LCZ 5, LCZ 6, LCZ
8, and LCZ 9), and one land cover (natural) local climate zone (LCZ A) located outside the urban
area. Temporal analysis included annual, seasonal, and monthly dynamics of air temperature and
air humidity parameters, as well as their patterns during the extreme periods (heat and cold wave).
The results showed that urban dry island (UDI) occurs in densely urbanized LCZ 2 from February
to October, unlike other urban LCZs. The analysis of the air humidity dynamics during the heat
wave shows that UDI intensity is most pronounced during the daytime, but also in the evening
(approximately until midnight) in LCZ 2. However, lower UDI intensity is observed in the afternoon,
in other urban LCZs (LCZ 6, LCZ 8, and LCZ 9) and occasionally in the later afternoon in LCZ 5.
Regression analysis confirms the relationship between air temperature and each of the analyzed air
humidity parameters.

Keywords: air humidity; local climate zone; urban meteorological network; urban heat island;
urban climate

1. Introduction

Population growth and climate change are addressed to be major challenges in urban
areas. Urban areas are homes to more than half of the world’s population, and thus they are
most prone to environmental transformation. Urban transformation is a result of human
activities in land use/land cover changes, with the simultaneous introduction of artificial
impervious construction materials [1], resulting in modifications in surface properties,
which contribute to microclimate changes, especially in urban canopy layer (UCL). There is
a substantial number of studies on various specific aspects of urban climate, but the changes
in atmospheric moisture in urban areas have been neglected [2–4], even though they affect
human health, energy consumption, ecological systems, and thermal comfort [4–6], though
recent studies report minor influence of humidity on human thermal comfort [7].

In densely built-up urban areas, artificial construction materials contribute to the
decrease in evapotranspiration rate [8], and the lack of vegetation [3,9] leads to the modifi-
cation in atmospheric humidity. In general, the water content of the urban atmosphere is
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low, especially in daytime, compared to the surrounding environment [10]. This situation
is known as the urban dry island (UDI) [11], which precisely means that humidity levels
are lower in urban centers and progressively increase toward peripheral areas [1]. Ac-
cording to Lokoshchenko [12], Urban Dry Island Intensity (UDII) represents the difference
in humidity between urban and the surrounding rural areas. Negative UDII values for
relative humidity (RH), water vapor pressure (Ea), saturated water vapor pressure (Es),
absolute humidity (AH), specific humidity (Q), and positive UDII value for vapor pressure
deficit (VPD) indicate that the urban area is drier than its surrounding rural area, and vice
versa [3]. Luo and Lau [3] suggest that even though both urban and rural areas experience
a decrease in RH, Ea, Q, and an increase in VPD, urban areas are experiencing a more
prominent drying trend than rural areas. However, at night the opposite may be true; i.e.,
there can be an urban moisture excess [10]. According to Yang et al. [13] and Luo and
Lau [3], there are examples demonstrating that the atmospheric humidity in many cities
has a decreasing trend that spans over the past several decades. Comprehensive studies,
measuring the differences between city and suburbs, also show that urban atmospheres
are drier than rural atmosphere in cities such as Chicago, USA [14]; London, England [15];
Belgrade, Serbia [16]; Cairo, Egypt [17]; Zaragoza, Spain [1]; Moscow, Russia [12]; Beijing,
China [13]; and Nanjing, China [4]. Differences in humidity between urban and rural areas
varied depending on the local environment, seasons, and time of the day [18]. According to
Cuadrat et al. [1], spatial pattern of UDI is significantly correlated with topography, urban
density, and vegetation. Vegetation cover in urban areas has a positive influence on air
humidity due to evapotranspiration process. In contrast, built up structures influence air
humidity negatively. They also indicate that other urban variables should be considered
when explaining air humidity patterns, such as types of land use, surface cover character-
istics, population, and traffic density. In several case studies (e.g., London, Szeged, and
Mexico City), the connection between the intensity of the Urban Heat Island (UHI) and
differences in vapor pressure (VP) is noted; i.e., urban areas were drier than suburban
(rural) areas, and RH increased during night in urban areas [18].

Various humidity parameters have been studied in urban areas, such as RH (in %) [2,13],
AH (in g/m3) [19], Q (in gwater per kgmoist_air) [3,20], Ea (in hPa) [2,21,22]; and humidity
ratio (in gwater per kgdry_air) [4]. Oke et al. [10] recognize multiple factors influencing
UCL humidity, such as synoptic conditions, urban morphology, urban thermal fields,
relative lack of vegetation, extensive impervious surfaces, urban water bodies, advection,
vertical turbulent transfer, anthropogenic sources of water vapor; as well as some particular
events (e.g., precipitation, dew, frost, snow, etc.). However, Lau and Luo [3] suggest that
there are three main drivers of UDI occurrence: changes in surface properties, vegetation
deterioration; and UHI effect, and all of these are strongly correlated to urbanization.

Compared to UHI studies, the humidity of UCL seems to be less investigated. Some of
the reasons for that are the complexity of the UCL humidity assessment and measurements
compared to temperature [10]. Yang et al. [4] state that there are gaps in the available
studies on urban humidity, which indicate a possible direction of further research. These
gaps are related to the lack of studies employing Local Climate Zones (LCZ) concept in
humidity investigation, and dominant focus on urban–rural differences, without analyzing
the fine scale differences in humidity in urban environment. Urban humidity patterns
were often analyzed by employing one urban and one rural station [5,14,15], or using the
traverse measurements [1]. The data sources are often long-term fixed stations whose
original design is not for urban climate studies, but for common meteorological issues [4].
There are state of the art technologies made for urban climate measurements which provide
high level of accuracy, but their wider applicability is limited due to the more complex
technological, financial, and knowledge requirements [23]. Modeling could be useful
in overcoming the mentioned gaps since it has important role in modern urban climate
research (e.g., [7,24]).

The concept of LCZs emerged in 2012, and ever since is widely accepted classification
scheme of urban and surrounding areas for the purposes of urban climate research [25]. Nu-
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merous LCZ-based urban meteorological networks (UMNs) were developed (e.g., NSUNET
in Novi Sad, Serbia [26–28]; UMN in Szeged, Hungary [29–31]; BUCL network in Birming-
ham, UK [32,33]; MOCCA network in Ghent, Belgium [34]; and MUSTARD network in
Dijon, France [35]) the meteorological data from the UMNs has proven to be useful in the
studies of temperature and humidity characteristics in cities [4,22,36]. Kopp et al. [37] em-
phasize the importance of knowing ecohydrological properties of LCZ in their applicability
in research related to urban adaptation to climate change.

The present work wants to increase the knowledge on local-scale urban humidity char-
acteristics by providing a detailed long-term meteorological data in various local climate
zones (LCZs) in diverse built-up and natural environments of a central European city of
Novi Sad (Serbia). This analysis could be used for the development of climate-sensitive
urban design to tackle the negative aspects of urbanization and climate change in cities.
The occurrence of heat waves as well as their intensity are expected to increase [38–41]. To
mitigate intensive heat stress and thermal discomfort it is very important to contribute to
climate sensitive urban design and provide guidelines for the warmer future [38]. This
is achieved by studying various aspects of weather and microclimate, not only tempera-
ture, and their influence on human health, air pollution, urban ecological systems, and
thermal comfort.

The following tasks have been performed in this study:

• Analysis of humidity characteristics in LCZs of Novi Sad on annual, seasonal, and
monthly level as well as during heat wave (HW) and cold wave (CW) period;

• Assessment of the influences of air temperature on humidity in LCZs of Novi Sad; and
• Discussion of the main findings and provision of major conclusions for future humidity

studies in cities.

2. Study Area, Data, and Methods
2.1. Study Area

The investigated city is Novi Sad, located in the northern part of Serbia, in Central
Europe (45◦15′ N, 19◦50′ E). The city has developed on the flat terrain of the Pannonian Plain
(80–86 m a.s.l.) with only a smaller fraction of the city located on the slopes (90–200 m a.s.l.)
of the low Fruška Gora Mountain (the highest peak is 539 m a.s.l.) located to the south of
the city. Between the city and the mountain is the Danube River that separates the most
urbanized part of the city from the southern hilly terrain. In addition to the Danube River,
the Danube-Tisa-Danube Canal is another water body that flows in the northern part of the
city (Figure 1).

The City of Novi Sad is characterized by the Cfb temperate climate [42] with the coldest
month of January (Tmean = 0.2 ◦C), the warmest month of July (Tmean = 21.9 ◦C), and the
annual Tmean of 11.4 ◦C during the climatological standard normal period (1981–2010)
provided by the Republic Hydrometeorological Service of Serbia. In the same period, the
mean annual precipitation was about 647 mm. The lowest mean monthly relative humidity
was in May (RHmean = 66%), the highest in December (RHmean = 86%), and the annual
RHmean was about 74%.

The urbanized area of the city is about 112 km2 with a population of 325.000. The city
was delineated in LCZs [43] with the application of the automated GIS method (see [29]).
As a result, an easy-to-understand LCZ map was obtained with delineated seven built-up
and three land cover LCZ types. The built-up zones are compact midrise (LCZ 2), compact
low-rise (LCZ 3), open midrise (LCZ 5), open low-rise (LCZ 6), large low-rise (LCZ 8),
sparsely built (LCZ 9), and heavy industry (LCZ 10). The land cover zones are dense
trees (LCZ A), low plants (LCZ D), and water (LCZ G). Downtown area is densely built
with compact low-rise houses (LCZ 3) and midrise buildings (LCZ 2). Residential and
commercial areas with midrise buildings in open green spaces (LCZ 5) are located around
the downtown. North, west, and south of this area are characterized with low-density
residential housing (LCZs 6 and 9). Moreover, in the northern part of the city are located
industrial areas with large low-rise warehouses (LCZ 8) and heavy industry (refinery)
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(LCZ 10). The predominant agricultural area with low plants (e.g., corn and maize) (LCZ
D) is located to the west, north, and east of the city, while north of the city is also located a
managed forested area (LCZ A) [44]. Spatial analysis of urban climate parameters using
the concept of LCZs allows detailed analysis considering local surroundings at the finer
scale. LCZs are already used for the assessment of land surface temperatures (LSTs) in the
city of Novi Sad [45] and spatial patterns of precipitation [46].

Figure 1. Location of the City of Novi Sad in Europe and in Serbia [44].

2.2. Data

We have used data from two different sources for the two-year period (December
2015–December 2017):

(i) Average hourly RH and Ta data from 14 stations that are part of the NSUNET
(Figure 2). The stations are equipped with fully calibrated air temperature and relative
humidity General Electric Measurement & Control Company’s ChipCap 2 sensors
(precision and accuracy ±2%RH, ±0.3 ◦C, 14bit). Sensors are individually calibrated
and tested by manufacturer, performing at ±2% from 20% to 80% RH (±3% over en-
tire humidity range), usable without further calibration or temperature compensation.
The sensors are placed in radiation protection screens [27,28].

These stations are located in LCZ 2 (two stations), LCZ 5 (five stations), LCZ 6
(3 stations), LCZ 8 (1 station), LCZ 9 (2 stations), and LCZ A (one station). Supplementary
Materials provide additional information about the typical surface properties of 250 m
radius environment around stations for each LCZ (obtained from [47]); and

(ii) 7 h, 14 h, and 21 h measurements of air pressure, from the official meteorological
station of the Republic Hydrometeorological Service of Serbia (RHMZ) (Figure 2). Air
pressure (in mb) data were used for the calculation of Q.

In this regard, a comprehensive database was created for further detailed analysis of
humidity characteristics and influencing factors in the city and its surroundings.

2.3. Methods

Differences between the humidity indicators were investigated between urban LCZ
sites (LCZs 2, 5, 6, 8, 9) and natural LCZ A as a reference site. LCZ A is selected as a
reference site for following reasons:

1. LCZ A represents the zone with dense trees on a local scale, where evapotranspiration
rate is higher than in other urban LCZs in Novi Sad; and

2. LCZ A can also be considered as a natural (rural) LCZ in the vicinity of Novi Sad.
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We examine several different humidity indicators (measures of humidity): RH, Ea,
VPD, AH, and Q.

Figure 2. LCZ map of the City of Novi Sad with used NSUNET stations (black triangle in red circle) and RHMZ station
(indicated by an arrow): Photos of 1. NSUNET stations (two examples are shown in (a) and (b), and 2. official weather
station from RHMZ (located 2 km north of the city). NOTE: On the LCZ map of the City of Novi Sad (NSUNET) stations,
the numbers that identify station have a following meaning: the first number represents LCZ and the second number
represents the number of the station within the given LCZ.

According to Yang et al. [4], RH is one of the most widely used measure for humidity
research. Its popularity is due to its simple mathematical expression and understand-
ability [10,13]. It is a function of temperature and water vapor content in the air. It is
highly controlled by temperature, and patterns of RH typically exhibit a close inverse
relationship with temperature [4]. RH as an indicator represents the ratio (%) of the actual
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vapor pressure to the saturation vapor pressure at the given temperature and pressure.
It shows how close the air is to saturation at the present temperature, but it is not the
direct (absolute) measure of moisture content or its vapor deficit, which means that it is not
suitable for the assessment of horizontal and vertical differences in moisture content across
the landscape. Even though it cannot be used to describe if the air is more or less moist,
RH is useful in predicting the likelihood of condensation [10].

Different measures have been used to determine the actual vapor content in the air:
vapor pressure (hPa), dew point temperature (◦C), absolute humidity (g/m3), specific
humidity (g water/kg moist air), and humidity ratio (g water/kg dry air). To determine the
humidity of the urban area of Novi Sad, we use some of the direct measures of atmospheric
humidity: VPD, Q, AH, and Ea.

Actual vapor pressure (Ea) in hPa is calculated as following [3]:

Ea = Es× RH/100 (1)

Saturated vapor pressure (Es) in hPa is calculated with the Bolton equation [3,48]:

Es = 6.112× exp
(

17.67× T
243.5 + T

)
(2)

where T is temperature in ◦C.
Absolute humidity (AH) is a direct measure of atmospheric humidity and represents

the ratio of the mass of the water vapor in the total air volume [10]. We calculated the AH
following Vaisala [49] formula:

AH = C× (Ea× 100)
(273.15 + T)

(3)

where C = constant 2.16679 gK/J.
Specific humidity (Q) represents the mass ratio between the mass of the water vapor

and the mass of the moist air, and it is a conservative humidity measure, which means
that the humidity of an air parcel does not change even if the pressure or the temperature
changes [10]. We calculated Q (in g/kg) following formula [3]:

Q =
622× Ea

P− 0.378× Ea
(4)

It should be mentioned that Q values are calculated using P values from the offi-
cial meteorological station of the Republic Hydrometeorological Service of Serbia, which
records the data three times a day (07:00, 14:00, and 21:00). Therefore, hourly analysis of Q
could not be performed.

Vapor pressure deficit (VPD) is an important indicator for studying the water cycle
in the climate system because it provides a measure of the difference between the actual
amount of vapor in the air and the saturated vapor [3,50,51]. This means that VPD shows
the difference between how much moisture the air can hold before saturating and the
amount of moisture actually present in the air and is also known as drying power of the
air [52,53]. It is a difference between actual and saturated vapor pressures (Ea−Es). It is
strongly connected to the UHI effect because it induces an increase in saturated pressure
which leads to water vapor deficit [54].

Vapor pressure deficit (VPD) in hPa is calculated as follows [3]:

VPD = Es− Ea (5)

Bearing in mind that most of the humidity indicators are connected to the temperature,
and could not be discussed independently, we discussed temperature patterns and their
relationship with humidity indicators. The data on T and RH was obtained from 14 stations
located in 6 LCZs (2, 5, 6, 8, 9, A) which are part of NSUNET.
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Dataset was preprocessed by suitable anomaly detection algorithm for climate time
series which detects outliers based on an autoregressive cost update mechanism [55]. After
preprocessing all the stations with more than 5% of missing data were excluded, leaving
the 14 stations in 6 LCZs in Novi Sad. Detailed procedure od quality control process is
described in Milošević et al. [44]. According to Mayer et al. [56], urban moisture charac-
teristics depend on specific site conditions within UCL, current weather and climate zone
of the area, and temporal factors such as time of the day and season, because they affect
energetic processes related to the emission or condensation of water vapor. Therefore, we
analyzed annual, seasonal, monthly, and daily dynamics of air temperature and several
air humidity indicators in 6 LCZs in Novi Sad, Serbia. For daily dynamics assessment we
chose HW and CW periods, because of their extreme yet relatively stable meteorological
conditions during the few consecutive days. The periods of HW and CW are defined
as periods of minimum 5 consecutive days with maximum daily temperatures signifi-
cantly higher/lower than normal values, according to the Republic Hydrometeorological
Service of Serbia. In this case, HW period occurred 20–25 June 2017, and CW occurred
6–12 January 2017.

3. Results and Discussion
3.1. Annual Variations in Air Temperature and Air Humidity Parameters (RH, VPD, Q, AH, Ea)
among LCZs

Annual variations of mean air temperatures, RH, VPD, AH, Q, and Ea are presented
in Table 1. On an annual level, mean air temperatures (Tmean) tend to decrease from more
compact built-up LCZ 2 to less densely built-up LCZs (6 < 8 < 9 < 5) and natural LCZ
A. The greatest difference occurs between LCZ 2 and LCZ A (TLCZ 2-LCZ A=1.9 ◦C), while
intra-urban differences are significantly lower (TLCZ 2-LCZ 6 = 0.6 ◦C). This is confirmed
in previous studies from Novi Sad, Serbia [44]; Szeged, Hungary [30,31]; and Berlin,
Germany [57]. Further attention to air temperature dynamics will be paid in the context of
its relationship with air humidity. Detailed analysis of air temperature dynamics in LCZs
of Novi Sad is available in [44].

Table 1. Mean annual variations in air temperature and air humidity parameters among LCZs in Novi Sad (Serbia) in the
period December 2015–December 2017. NOTE: Red cells indicate maximum values of analyzed parameters; and blue cells
indicate minimum values of analyzed parameters.

Parameter
LCZ Class Max Urban-Natural

Difference
Max Intra-Urban

Difference

2 5 6 8 9 A ∆LCZ X-LCZ A ∆LCZ X-LCZ Y

T (◦C) 14.13 13.9 13.52 13.76 13.77 12.25 1.88 LCZ 2-LCZ A 0.61 LCZ 2-LCZ 6

RH (%) 72.54 78.86 78.97 78.34 77.91 82.52 −9.98 LCZ 2-LCZ A 6.43 LCZ 6-LCZ 2

VPD (hPa) 6.17 5.03 5.08 5.42 5.47 4.01 2.16 LCZ 2-LCZ A 1.14 LCZ 2-LCZ 5

Q (g/kg) 6.44 6.85 6.71 6.76 6.65 6.55 0.30 LCZ 5-LCZ A 0.41 LCZ 5-LCZ 2

AH (g/m3) 7.74 8.24 8.06 8.11 8.03 7.91 0.33 LCZ 5-LCZ A 0.5 LCZ 5-LCZ 2

Ea (hPa) 10.37 11.04 10.78 10.85 10.74 10.54 0.5 LCZ 5-LCZ A 0.67 LCZ 5-LCZ 2

Mean annual values of RH show direct inverse relationship with the mean air tem-
perature. The lowest values are observed at LCZ 2, and the highest values are observed in
LCZ A (RHLCZ 2-LCZ A = −9.9 %). The differences in mean RH values are smaller among
the intra-urban LCZs (9 < 8 < 5 < 6) and they are ~1%, except for the LCZ 2, where mean
RH values express the difference up to 6.4% (RHLCZ 6-LCZ 2). Similar results in annual RH
being greater in rural than in urban areas are reported in Moscow, Russia [12]; Nanjing,
China [4]; Chicago, USA [14]; London, UK [15]; and Zaragoza, Spain [1]. The opposite
result was reported in Vujović et al. [58], where RH at urban site was greater than at rural
site in Belgrade, Serbia. They stated that the reason for that, as well as for the increase in
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Ea at urban site, might be that surface dew point at the rural site was reached earlier, more
often, and lasted longer than in the urban environment. Other than that, they considered
anthropogenic releases of water vapor from combustion in the city [58].

Mean annual values of VPD show low differences among LCZs. The lowest values are
observed in LCZ A while the highest values are observed in LCZ 2. Intra-urban differences
in moisture deficit are lower than between urban and natural LCZs. The differences vary
from 1.14 hPa (VPDLCZ 2-LCZ 5) between urban LCZs, to 2.16 hPa (VPDLCZ 2-LCZ A) between
urban and natural LCZs. This means that on annual level, VPD is present in urban LCZs,
especially in densely built up LCZ 2. The result is in accordance with the results from
previous studies, such as Yangze River Delta Urban Agglomeration (YRDUA), China [3].

The values of Q, AH, and Ea show similar pattern on annual level. The major dif-
ferences occur between intra-urban LCZs, i.e., LCZ 5 (highest values) and LCZ 2 (lowest
values). When observing the urban–natural differences, the major differences are noticed
between LCZ 5 and LCZ A, for all three parameters. The highest values of absolute humid-
ity parameters (Q, AH, and Ea) in LCZ 5 might be connected to morphological structure of
LCZ 5 in Novi Sad, which consist of combination of impervious surfaces (buildings and
boulevards) and green (pervious) surfaces. This type of morphological structure might
tend to retain moisture from precipitation longer than in natural areas. On the other hand,
a study from Szeged [22] reports that for annual and seasonal means of Ea, there is no clear
relationship noticed between Ea and the morphology of LCZs. Other than that, as stated
in [58], it might be that surface dew point at the natural site was reached earlier, more
often, and lasted longer than in urban environment. However, it should be noted that the
differences are below 1 (g/kg, g/m3, hPa), which indicate that the variations on annual
level are rather low.

The results show relatively low differences between the values of different parameters
among LCZs, except for RH. The analysis of annual mean differences in air temperatures
and humidity indicators show rather general overview, but more detailed temporal analysis
is needed to identify clearer patterns and more precise dynamics.

3.2. Seasonal Variations of Air Humidity Parameters (RH, Ea, Q, VPD, AH)

Seasonal distribution of mean values of humidity parameters (RH, Ea, Q, VPD, and
AH) are presented in Figure 3. Mean seasonal RH values are the lowest in LCZ 2, and the
highest in LCZ A in all seasons. The other urban LCZs (5, 6, 8, and 9) exhibit relatively
similar mean values in winter and summer, and relatively small differences in spring
(9 < 5 < 6 < 8) and autumn (8 < 5 < 9 < 6). In all seasons, RH values exhibit wide ranges (up
to 40%), except for the winter season, when the ranges are narrower, but certain outliers
are observed in LCZs 5, 6, 8, 9, and A. Yang et al. [4] also reported no significant seasonal
variations for RH.

The values of Ea are the highest in summer but are very similar between the LCZs,
and the values range is quite narrow. Slightly lower values are observed in LCZ 2. In
spring and autumn, the values are rather similar between the LCZs. In winter, Ea values
are the lowest in all LCZs, again with the small differences between LCZs. In winter, the
values range is a bit wider than in other seasons.

Similar as Ea, Q values range is narrow in spring, summer, and autumn, and a bit
wider in winter, when the values are the lowest. Higher values occur in spring and autumn,
and the highest in summer. No significant differences among LCZs are observed. Similar
results for Ea are observed in Szeged [22]. The largest values of Ea and Q in the summer
could be explained with the high air temperatures in summer, which increases air capacity
to hold water vapor resulting to the increase in Ea and Q [59].

AH values exhibit the largest mean seasonal values in summer (11–12 g/m3). The
highest AH values in summer occur in LCZ 5 and the lowest in LCZ 2. Similar pattern
for AH is observed in spring, but with lower mean values (7–8 g/m3). In Novi Sad, the
main differences between LCZ 2 and LCZ 5 are reflected in the level of compactness. LCZ 2
is very densely built-up, with low level of greenery, whereas LCZ 5 is more open with
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more space between the buildings and more green spaces. As stated in [22], a microscale
environment, pereambility of the surface, and the vegetation cover might be decisive
factors for differences in moisture content. In autumn, the mean AH values are slightly
higher (~9 g/m3), but there is no significant difference between the LCZs. In winter, mean
AH values in all LCZs are rather similar (~5 g/m3). The value ranges are wider in winter,
spring and in summer, while in autumn they are narrower. Ea, Q, and AH values are the
lowest in winter, which might be explained with the low air temperatures that are limiting
maximum water vapor content to small amounts [2].

VPD values are the highest in summer season, and the lowest in winter. In all seasons,
the largest VPD is observed in LCZ 2, and the lowest in LCZ A. In summer and spring, the
value range for all LCZs is wider than in autumn and winter seasons.

Figure 3. Seasonal distribution (December 2015–December 2017) of humidity parameters (RH, Ea, Q, VPD, and AH)
between the LCZs in Novi Sad.

3.3. Monthly Dynamics of Air Temperature and Humidity Parameters (RH, VPD, Q, AH, Ea)

Monthly dynamics of mean air temperature and humidity parameters (RH, VPD, Q
AH, and Ea) are shown in Figure 4. As expected, air temperatures in all LCZs are the
lowest in winter and the highest in summer months. Mean air temperature is the lowest in
LCZ A in all months, and the highest in LCZs 8 and 2, and the difference between them
is the largest in summer months (June, July, and August). Similar results are reported
in [44] where the largest differences in mean air temperature occurred between LCZ 2 and
LCZ A (2.0 ◦C). On the other hand, RH monthly variations are smaller. RH values that
vary from 80 to 95% are observed in the colder period, from October to March. In the
warmer period of the year (from April to September), RH values vary between 60 and 80%.
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The lowest values are observed in April and in July. The largest differences are observed
between LCZ 2 and LCZ A, and the differences vary from 5% in December to 13% in July.
This confirms the statement of Yang et al. [13] that monthly mean RH decreases with the
increase in urbanization.

Figure 4. Monthly averages (December 2015–December 2017) of air temperature and humidity parameters (RH, VPD; Ea) in
LCZs of Novi Sad. NOTE: Full Figure S4 (with AH and Q values) can be found in Supplementary Materials.

VPD values are the lowest during winter months (December–February) in all LCZs
(VPD < 2 hPa). In transitional seasons (spring and autumn), VPD values are larger, but they
peak in summer months (July and August). The curves are narrowed from September to
January, slightly widened from February to April, and more widened from May to August.
VPD values vary between the LCZs, and are the lowest in LCZ A, and the highest in LCZ 2
in all months.

The values of Q, AH, and Ea show a similar trend, which is compatible with the trend
of Ta. This is expected since the rise of air temperatures contributes to the increase in Q and
Ea, due to the rising capacity of the air to hold water vapor [54,59]. The lowest values are
observed in winter, slightly higher in spring and autumn, and the highest in summer for
all three parameters. The curves are narrow in all months, meaning that the values show
no or minimal differences among the LCZs, except for the LCZ 2 where the slightly lower
values are observed for the Q, AH and Ea.

Monthly mean differences between urban LCZs (2, 5, 6, 8, and 9) and rural LCZ A in
air temperature and humidity parameters (RH, VPD, and Ea) are shown in Figure 5. RH is
higher in LCZ A than in all other urban LCZs. The greatest differences between LCZ A
and urban LCZs occur in July, e.g., when LCZ A has higher RH values compared to other
urban LCZs, ranging from ~6% (RHLCZ A-LCZ9) to ~14% (RHLCZ A-LCZ 2). The differences
among urban LCZs and LCZ A are the most pronounced for LCZ 2 in all months. VPD is
also larger in urban LCZs compared to LCZ A, with the greatest differences in summer
months (July and August) in all urban LCZs. Ea, Q, and AH express similar dynamics in
urban LCZs, except for the LCZ 2. Negative values of all three parameters (Q, AH, and
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Ea) between LCZ 2 and LCZ A emerge from February to September, meaning that those
humidity parameters are lower in densely built LCZ 2 than in natural LCZ A in warmer
part of the year. According to [3], differences between humidity indicators (negative
for RH, AH, Q, Ea, and positive for VPD) between urban and rural areas indicate the
presence of urban dry island (UDI). Given that the differences in RH, Q, AH, and Ea are
negative, and the difference in VPD is positive between LCZ 2 and LCZ A in the period
from February to September, it can be concluded that UDI emerges in this period in LCZ 2
in Novi Sad. The UDI intensity for all humidity indicators is <1, except for the RH values.
The most intensive UDII is observed in July, when the urban–rural difference peaked for
most humidity indicators. Similar results were reported in Belgrade [58] with the peak also
in July, and in Matsuyama City, Japan, but the UDII peaked in August [60]. Unlike warmer
months of the year, in the colder period (October to January), LCZ 2 experiences slight
urban moisture excess (UME). Similar situation is observed in Szeged [22].

Figure 5. Monthly mean differences in air temperature and humidity parameters (RH, VPD, and Ea) between urban LCZs
(2, 5, 6, 8, and 9) and rural LCZ A (positive difference—blue, negative difference—red). NOTE: Full Figure S5 (with AH and
Q values) can be found in Supplementary Materials.

3.4. Daily and Hourly Differences during HW and CW

Air humidity conditions vary significantly throughout the day, and therefore the form
and intensity of UDI could express large daily variations [1]. Hourly differences in air
temperature and air humidity parameters during the extreme events, HW and CW, are
analyzed. Figure 6 shows hourly differences in Ta, RH, Ea, VPD, and AH during HW
(20–25 June 2017).

The analysis of hourly dynamics of temperature and air humidity parameters during
HW confirmed that air humidity parameters are influenced by temperature dynamics
(Figure 6—left). The influence is most pronounced for RH dynamics, which show an
inverse relationship with air temperature dynamics, and for VPD, whose dynamic is
synchronized with air temperature dynamics. The opposite T and RH dynamics are
confirmed in previous studies as well [3,4,9,13,54]. During the HW period, Ea and AH did
not show such clear patterns. However, averaged hourly results for the HW period give
somewhat clearer insights (Figure 6—right).

RH values are lower during the daytime and start to increase in the later afternoon
about 3 hours before the sunset, as the temperatures begin to drop. During the daytime,
there is no substantial difference in RH values between LCZs. However, during the evening
and in nighttime, the differences emerge, showing the lowest RH values in LCZ 2 (60–80%)



ISPRS Int. J. Geo-Inf. 2021, 10, 810 12 of 21

and the highest values in LCZ A (up to 100%). RH differences between urban and natural
LCZs in Brno are also highlighted around the sunset [24]. The highest urban–rural RH
differences are observed in the nighttime in Lodz as well [2]. The highest values of RH in
all the LCZs are observed about 2 hours before the sunrise.

Figure 6. Hourly changes in (a) air temperature (Tmean (◦C)), (b) relative humidity (RH (%)), (c) vapor pressure deficit (VPD
(hPa)), (d) atmospheric water vapor pressure (Ea (hPa)), and (e) absolute humidity (AH (g/m3)) during all days of the heat
wave (left), and hourly average for the heat wave period (right).
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VPD dynamics follow the air temperature dynamics, meaning that higher VPD values
are observed during the day, while during the nighttime, VPD drops. The VPD values vary
between 30 and 40 hPa in the daytime, and 0 and 10 hPa in the nighttime. In the morning,
there is no significant differences in VPD values between the LCZs. However, around the
noon, the differences start to be slightly pronounced, especially between LCZ A where the
lowest values are observed, and LCZ 2 and LCZ 5 where the values are higher. Following
the sunset and in the nighttime, the differences among the LCZs become more pronounced.
In the nighttime, the greatest VPD values are observed in LCZ 2, and the lowest in LCZ A.
Even though there are certain differences in VPD among the LCZs, the differences vary
between 2 and 9 hPa are the most pronounced in the evening after the sunset.

Ea does not show such a clear pattern during the whole HW period as RH and VPD,
and it does not seem to show the clear influence of the air temperature on its dynamics.
However, Ea values show an interesting pattern during the HW period on the daily level.
It is observed that its values increase at the sunrise and start to decrease around the noon.
The decrease lasts until about 4 hours before the sunset, when they start to increase again.
A second decrease is observed around the midnight, and it lasts until the sunrise. During
both decrease periods, the Ea values vary between 15 hPa (LCZ A) and 17 hPa (LCZ 6 and
LCZ 8). Similar double peak in Ea is also observed in Szeged [22] as well as in Lodz [2].
This pattern might be associated with daily dynamics in urban boundary layer, where the
evaporation increases in the morning due to the insolation, and later the convection pushes
the near-surface moisture to the higher levels of urban boundary layer. As the sunset
approaches, the insolation is reduced which leads to UBL collapse, and the descendance of
moisture back near to the surface [22]. Double peak in humidity ratio is observed by [4].
Another interesting observation is that the Ea values in LCZ 2 are the lowest among the
urban LCZs. During both increase periods, Ea values vary between 17 hPa (LCZ 2) and
20 hPa (LCZ 5). In the periods of the Ea increase it is observed that the increase in Ea values
is the lowest in LCZ 2.

AH levels show unclear patterns as well. However, average hourly values show that
during the HW period AH values vary from 11. g/m3 to 14.5 g/m3. The values start to
increase 1 h before the sunrise. The highest values of AH are observed 1–2 h after the
sunrise, and then they start to decrease. The lowest AH values are observed at nighttime,
2–5 h before the sunrise. The lowest AH is observed in LCZ 2, except for the period 2 h
before the sunrise, when the lowest AH is observed in LCZ A. The highest AH is observed
in LCZ 8 and LCZ 5 at 1–3 h after the sunrise. According to Moriwaki et al. [60], this
might be the consequence of evaporation from the surfaces—latent heat flux, which is
larger during the daytime because of the solar radiation, which enhances evaporation and
absolute humidity in the atmosphere. Similar trend has been observed in Matsuyama City,
Japan [60].

Figure 7 shows hourly differences in air temperature and humidity parameters (RH,
Ea, VPD, and AH) between urban LCZs (2, 5, 6, 8, and 9) and rural LCZ during the HW.

Hourly differences between urban LCZs (2, 5, 6, 8, and 9) and rural LCZ A (LCZ
X–LCZ A) in air temperature and humidity parameters (RH, Ea, VPD, and AH) are shown
in Figure 7. Hourly analysis of air temperature shows that UHII is well developed during
the nighttime, in all urban LCZs, with the temperature differences up to ~5 ◦C (around
midnight, T LCZ 2-LCZ A). Meanwhile, in the morning, until the noon, slight urban cold
island is observed in LCZ 2 (T LCZ 2-LCZ A ≤ −1 ◦C). The analysis of the air humidity
parameters dynamics shows that UDII is most pronounced during the daytime, but also
in the evening (approximately until midnight) in LCZ 2. However, lower intensity UDI is
observed in the afternoon, in other urban LCZs (6, 8, and 9) and occasionally in the later
afternoon in LCZ 5. This is opposite from the results from the Munich, where UME is
present in summer month (August) [56].

Figure 8 shows dynamics of air temperature, relative humidity, atmospheric water
vapor pressure, vapor pressure deficit, and absolute humidity differences during the cold
wave (6–12 January 2017).
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Figure 7. Hourly differences in air temperature and humidity parameters (RH, Ea, VPD, and AH) between urban LCZs (2,
5, 6, 8, and 9) and rural LCZ A (positive difference—blue, negative difference—red) during the HW.

During the six days of extremely low temperatures from 6 to 12 January 2017, the
temperature varied between −4 and −19 ◦C. Average hourly values of the mean air
temperature for CW period are the highest 2–3 h before the sunset, and the lowest around
the midnight (Figure 8).

As during the HW period, the influence of air temperature on relative humidity is
observed during the CW period as well. RH varies from around 50 to 100% during this
period. The lowest RH (65–75%) is present around the noon and as the day progresses to
sunset, and air temperature further decreases, RH values increase. During the daytime,
the differences in RH between the LCZs are lower, and they are ranging from 67% in LCZ
2 and LCZ 6, to 70–75% in other LCZs. RH is higher but stable between the sunset and
sunrise. The highest values of RH during the nighttime are observed in LCZ A (85–90%),
and the lowest are observed in LCZ 2 (75–80%), which shows inverse relationship with
temperature values in LCZs. The variations in RH during the day in colder period are
lower than during the warmer period, which could relate to the fact that in wintertime cold
air is usually close to saturation [2].

VPD shows very low values in the CW period, ranging from 0 to 2.5 hPa. A somewhat
clearer pattern is noticed observing hourly averaged values during the CW. In the nighttime,
VPD values are very low, just above 0 (0.4–1 hPa), and during the daytime, the VPD
increases up to 1.6 hPa at 3 h before the sunset. The highest VPD is observed in LCZ 2, and
the lowest in LCZ A.

Similar to VPD, Ea is low during the CW period, and varies from 1.8 to 4.5 hPa. The
highest average Ea occurs around the sunset (3.5–3.8 hPa), and the lowest around the
midnight (2.8–3 hPa). The differences among the LCZs are small, but it is noticed that the
highest Ea are observed in LCZ 5 during the nighttime and in LCZ 8 during the daytime,
while the lowest Ea is observed in LCZ A during the nighttime and in LCZ 2 and LCZ 6
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during the daytime. According to Fortuniak et al. [2], urban–rural differences VPD rarely
reach 1 hPa in winter time, which is confirmed in this case.ISPRS Int. J. Geo-Inf. 2021, 10, x FOR PEER REVIEW 15 of 22 

 

 

Figure 8. Hourly changes in (a) air temperature (Tmean (◦C)), (b) relative humidity (RH (%)), (c) vapor pressure deficit (VPD
(hPa)), (d) atmospheric water vapor pressure (Ea (hPa)), and (e) absolute humidity (AH (g/m3)) during all days of the cold
wave (left), and hourly average for the cold wave period (right).
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AH is at very low level as well during the CW period (2.3–3.1 g/m3), and it shows al-
most identical pattern as Ea. The highest AH is observed around the sunset (2.8–3.1 g/m3),
and the lowest around the midnight (2.3–2.5 g/m3). The differences between LCZs are
low, but the pattern is the same as for the Ea. Low temperatures affect water vapor content
in terms that they keep water vapor content small, and that way reduce differences in
absolute humidity [2].

Figure 9 shows hourly dynamics of air temperature and air humidity parameters
during CW. Low intensity UDI is observed in LCZ 2 and LCZ 6 during the daytime.
Interestingly, LCZ 8 occasionally experiences slight UME during the daytime. During
the nighttime all LCZs experience UME, which was previously noticed in Munich, Ger-
many [56]. LCZs 8 and 5 occasionally experience slight UME during the daytime, while
other LCZs (LCZ 2, LCZ 6, and LCZ 9) mostly experience UDI during the daytime.

Figure 9. Hourly differences in air temperature and humidity parameters (RH, Ea, VPD, and AH) between urban LCZs (2,
5, 6, 8, and 9) and rural LCZ A (positive difference—blue, negative difference—red) during the CW.

3.5. Relationship between Air Temperature and Humidity Parameters (RH, VPD, Q, Ea, and AH)

Previous analysis has shown that air temperature might affect humidity parameters.
For that reason, we conducted more detailed analysis to assess the relationship between
air temperature and humidity parameters. We used mean values of the two-year data
(December 2015–December 2017) for RH, VPD, Q, Ea, and AH for one urban (LCZ 2) and
natural LCZ (LCZ A), which exhibited major differences in previous analysis. The results
are presented in Figure 10.
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Figure 10. Relationship between (a) air temperature T (◦C) and relative humidity RH (%), (b) air temperature T (◦C) and
vapor pressure deficit VPD (hPa), (c) air temperature T (◦C) and specific humidity Q (g/kg), (d) air temperature T (◦C)
and atmospheric water vapor pressure Ea (hPa) and (e) air temperature T (◦C) and absolute humidity AH (g/m3) in
LCZ 2 and LCZ A during the two-year period in Novi Sad. NOTE: Full Figure S10 (for all LCZs) can be found in
Supplementary Materials.

The statistically significant relationship between air temperature and humidity param-
eters are detected (p < 0.01) for all of the analyzed parameters and LCZs. The average air
temperatures in both urban and natural LCZs (2 and A) are negatively correlated with RH
(R = −0.63 in LCZ 2; R = −0.62 in LCZ A), and strongly positively correlated with VPD
(R = 0.77 in LCZ 2; R = 0.69 in LCZ A), Q (R = 0.85 in LCZ 2; R = 0.88 in LCZ A), Ea (R = 0.84
in LCZ 2; R = 0.88 in LCZ A), and AH (R = 0.81 in LCZ 2; R = 0.85 in LCZ A). Inverse
relationship between air temperature and relative humidity is recorded also in studies from
other regions [1,4], and is confirmed in this case as well at all levels of temporal analysis
(annual, seasonal, monthly, and daily/hourly during HW and CW periods). Significant and
strong correlation between air temperature and humidity parameters confirms the previous
statements [2–4] that air humidity is under influence of air temperature. The results from
this and previous studies (e.g., [44,47]) showed that LCZ 2 in Novi Sad tends to be the
warmest area of the city, with the presence of UHI especially during the nights in summer,
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when UHI reaches up to 5.5 ◦C (LCZ 2–LCZ A) at sunset +1 during the HW [44]. In this
study, the results of monthly analysis of air temperature and air humidity indicators, show
that UDI occurs in the warmer part of the year (from February to September) in LCZ 2,
which is the most densely built-up area in the city. Daily/hourly analysis during HW and
CW periods, indicates that UDII is the most pronounced in LCZ 2 at daytime. According
to [54], urban areas are densely populated, and their morphology has changed in recent
decades by converting green areas into impervious and densely built-up areas, which,
among other things, increases anthropogenic air pollution, which also affects atmospheric
humidity; however, further research is needed to specify the impact [54].

4. Conclusions

Even though air humidity directly influences human health, air pollution, energy
consumption, urban ecological systems, and (at certain level) thermal comfort [4], this
topic is less documented in the scientific community in contrast to the air temperature
patterns. This exists because of two factors: a) partly due to the lack of the reliable data,
and b) because of less clear humidity indicator patterns. To achieve higher level of accuracy
regarding the air humidity patterns in various urban areas of Novi Sad, we have used both
absolute and relative humidity measures comparing their spatial and temporal dynamics.
The present study provides insight into the spatio-temporal patterns of air humidity in
the city of Novi Sad, using five parameters (RH, VPD, Ea, Q, and AH) gathered from the
long-term data (December 2015–December 2017) for five urban LCZs (LCZ 2, LCZ 5, LCZ
6, LCZ 8, and LCZ 9) and one natural LCZ A. Additionally, their relationship with air
temperature was analyzed in order to assess the influence of air temperature on various
indicators of air humidity. Following can be concluded:

(a) Air humidity patterns in urban areas relate to the level of urbanization. Therefore,
the application of LCZ scheme is important for air humidity spatial dynamics, and
could contribute to comparability of the results between different cities. The results
show that UDI occurs in LCZ 2 from February to September. In other urban LCZs (5,
6, 8, and 9) this is not the case.

(b) During the HW period, the air humidity dynamics show that UDII is most pronounced
during the daytime, but also in the evening (approximately until midnight) in LCZ
2. However, lower intensity UDI is observed in the afternoon, in other urban LCZs
(LCZ 6, LCZ 8, and LCZ 9) and occasionally in the later afternoon in LCZ 5.

(c) All air humidity parameters are significantly correlated to air temperature dynamics.

There are certain limitations of this study that should be addressed in the future
research of similar topic. First, Novi Sad Urban Meteorological Network (NSUNET) was
active in the period 2014–2017. Analysed period (December 2015–December 2017) is the
period that showed the most stable data, which was confirmed through quality control
process. A longer period data set would provide more insightfull picture of the humidity
patterns of Novi Sad. Second, after the quality control process, some of the stations were
excluded due to missing data, so we used data from uneven number of the stations per
LCZ (e.g., LCZ 2—two stations, LCZ 5—five stations, LCZ 6—three stations, LCZ 8—one
station, LCZ 9—2 stations, and LCZ A—one station). The LCZs with a lower number of
stations might have less reliable results. Third, local climatic background (Cfb temperate
climate, and fully humid and warm summers [42]) influenced the results of our study, so
more intense differences in air humidity patterns (especially at the absolute values) among
LCZs might be present in cities of different geographical regions. Furthermore, as stated in
Yang et al. [4] most of the studies related to air humidity were conducted in medium sized
cities (as was our study), so the studies from large-sized cities might have different results.

In general, the results presented in this study indicate that level of urbanization affects
air humidity values and dynamics, and not only air temperature, which was expected.
However, not all urban areas experience air humidity dynamics the same way due to
the different urbanization pace, land use patterns, and vegetation presence. Therefore,
the LCZs can have critical roles in spatial analysis of urban climate parameters other
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than temperature, such as humidity parameters. Because urban air humidity influences
human health, air pollution, ecological systems, and thermal comfort, more effort should
be invested in further analysis and understanding of the urban humidity patterns on local
and micro scale.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijgi10120810/s1. In supplementary materials you can find full data Figures 4, 5, and 10,
as well as typical surface properties of 250 m radius environment around stations for each LCZ
(obtained from [47]).
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