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Abstract: Numerical weather prediction models require an accurate parametrization of the energy
budget at the air-ground interface, that can be obtained only through long-term atmospheric
boundary layer measurements at different spatial and temporal scales. Despite their importance, such
measurements are still scarce even in well-characterized areas. In this paper, a three-year dataset from
four micrometeorological stations run by the Regional Agency for Environmental Protection of Lazio
was analyzed to estimate albedo, zero-displacement height, roughness length and surface properties
over Rome and its suburbs, characterizing differences and interconnections between urban, suburban
and rural areas of the same municipality. The integral albedo coefficient at the zenith for the urban
station was found to be almost twice that for suburban and rural stations. The zero-displacement
height of the urban site was strongly dependent on wind direction, with values varying between 12.0
and 17.8 m, while the roughness length (x1.5 m) was almost independent of upwind direction, but it
was significantly higher than the typical values calculated for rural stations (=0.4 m). The apparent
thermal capacities and thermal conductivity at all the non-urban sites were in fair agreement with
each other and typical of soils with relatively low water content, as expected for a relatively dry
Mediterranean area like Rome, while the apparent thermal diffusivity reflected the presence of
different soil types.

Keywords: boundary layer scheme; surface parameters; albedo; aerodynamic properties; urban
meteorology; numerical weather prediction

1. Introduction

Although urban areas comprise a very small fraction of Earth’s land cover [1], over half of the
global population live in cities, and this percentage is expected to increase in the upcoming decades [2].
Therefore, it is important to monitor, understand, and predict the modifications occurring in local
weather and climate due to urbanization, particularly in the perspective of accurate high-resolution
weather and air-quality forecasting and climate-sensitive urban design and planning.

Cities are characterized by a high fraction of impervious surfaces, which modify both surface
energy and water balances affecting both the atmospheric boundary layer (ABL) and the weather
processes [3]. The presence of large urban agglomerations inevitably generates deep disturbances in the
dynamic and thermodynamic characteristics of the ABL, leading to a higher air pollution concentration
in winter and enhanced heat wave impact in summer [4].
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In order to monitor and predict the levels of pollution and the distribution of air temperature
near the ground, prognostic meteorological models (NWP) and photochemical models are routinely
used [5]. The combination of the two models is also the heart of near real-time systems which,
by assimilating meteorological, micrometeorological and atmospheric pollutant concentration
measurements, provide the most probable spatial representation of the phenomena. The essential
requirement for a realistic forecast model is to be able to properly reconstruct the dynamic and
thermodynamic characteristics of the ABL [6]. It is well known [7-9] that such a capability mostly
depends on the reliability of the parameterizations of the energy and water budget at the air-ground
interface. Although the NWPs most used in practical applications have sophisticated schemes for
both urban and rural environments, it is not easy to quantify their performances because of a clear
lack of long-term ABL observations [6]. Long-term urban ABL observations at different spatial and
temporal scales using various instruments have been made just in a few cities [10], mostly without using
state-of-the-art techniques. Other studies have focused on specific campaigns, often with less than one
year of measurements. So far, urban ABL research has used single- or few-point measurements [11-17].
Additionally, a reliable urban canopy representation [18] and specification of surface properties is
crucial to properly characterize urban forcing, but despite their importance in testing the quality of the
model output, which is well recognized by many authors [19], surface property measurements are still
scarce. In addition, it is worth noting that an unrealistic characterization of the meteorology in the
immediate vicinity of the soil can generate unrealistic meteorological fields even at higher altitudes.

The main objective of the present work was the estimation of albedo, soil thermal properties,
roughness length and zero-displacement height, that directly or indirectly characterized the dispersing
capacity of the ABL over Rome and its surroundings, by measurements collected in the four locations
of the ARPA Lazio micrometeorological network located in the city—one urban station, one sub-urban
and two rural. These stations included turbulence and radiation measurements in addition to wind
speed and direction, precipitation, pressure, temperature and humidity records. Some of the results
about albedo, roughness length and zero-displacement height over three out of the four locations
considered in this paper have already been published in [20], and have been reported here for the sake
of completeness. Nevertheless, to our knowledge this is the first time that such a dataset was analyzed
to estimate soil thermal properties over Rome’s area.

2. Site and Measurements

The area under investigation is Rome, the largest city and the most populated municipality in
Italy, located in the central-western part of the country and extending over an area of approximately
5000 km?, with more than four million residents and high-density residential areas located all around
the city center. The area is characterized by a complex orography, with the Apennines mountain chain
on the eastern side across the Tiber valley. From the southeast and the northeast, the volcanic plateau
slopes toward the Tiber from the Alban hills and the Sabatini volcanic fields [21], while Mountains of
Tolfa lie to the north. To the southern-eastern side of Rome, a valley separates the Apennines from
Alban Hills; the western side of the area is characterized by low land reaching the coastal area, facing
the Tyrrhenian sea. Rome is divided by the narrow valley of Tiber, which flows through the city from
north to west (Figure 1).
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Figure 1. Location of the ARPA Lazio micro-meteorological network (BNCu, Rome city center; CDGr,
Castel di Guido; TVGr, Tor Vergata; TDCs, Tenuta del Cavaliere).

Table 1 reports name, ID, geographical coordinates, altitude above the sea level and classification
on the base of the prevailing land use (urban, suburban, rural) for each measuring site. The urban
station is located in the historic center of Rome at the top of the building where the ARPA Lazio
headquarters (Boncompagni street-urban, hereafter BNCu) is located. The suburban station of Tenuta
del Cavaliere (TDCs) is located at the edge of Rome, in an area where vegetated spots, roads and
industrial buildings coexist. Tor Vergata (TVGr) and Castel di Guido (hereafter CDGr) can be considered
rural. The last two stations, although belonging to the same class, are somehow different: CDGr is
close to the Tyrrhenian coast, while that of TVGr is in a rural inland area.

Table 1. ARPA Lazio micro-meteorological stations.

Station ID Latitude (°)  Longitude (°) Height (m a.s.l.) Land Use
Boncompagni BNCu 41.909317 12.496543 72 Urban
Tor Vergata TVGr 41.841714 12.647589 104 Rural
Castel di Guido CDGr 41.889417 12.266364 61 Rural

Tenuta del Cavaliere TDCs 41.929044 12.658332 57 Suburban

The instrumental equipment of all the stations allows for the determination of the average values
of a number of relevant meteorological and turbulent variables. In particular, the three rural/semirural
stations consist of:

e  a10-m meteorological mast having a geometry that minimizes the distortion of the air mass flow;
e  an acquisition processing and transmission system, located at the base of the meteorological mast;

e  athree-axial ultrasonic anemometer/thermometer (USA 1, Metek, GmbH) and a thermo-hygrometer
(HMP45AD, Vaisala) located at the top of the mast, operating at 10 Hz;
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e a system for measuring the incident shortwave solar radiation (direct and diffuse), and the
atmospheric and terrestrial infrared radiation located near the top of the meteorological mast
(CNR 1, Kipp and Zonen).

e abarometer (PTB110 Vaisala), located inside the plastic container that houses the measurement
acquisition system;

e arain gauge placed at the ground close to the meteorological mast;

e afluxplate (HFPO1 Hukseflux) at a depth of 5 cm for measuring the vertical heat flux in the ground;

e four thermometers placed in the soil at depths of 2.5 cm, 5 cm, 10 cm and 50 cm, respectively to
determine the vertical profile of soil temperature.

The BNCu urban station is identical to the rural stations except that the height of the mast is
6 m above the 23-m rooftop on which it is deployed, and there are no flux plate and thermometers in
the ground.

The present study considered three-year measurements, from 2013 to 2015. Anemometer and
thermohygrometer measurements were acquired at a frequency of 10 Hz, while the other measurements
were acquired at a frequency of 1 Hz.

All retrieved measurements were processed as follows and averaged over a 30-min interval.

a  Triaxial ultrasonic anemometer: the Cartesian components of the wind vector acquired at 10 Hz
(the x,y,z axes point respectively towards north, east and upwards) and the sonic temperature
corresponding to an averaging time of 30 min, compatible with the spectral gap, were considered.
The acquisition and processing system applies the Eddy Covariance technique to all the elementary
measurements [22-24]. After two rotations of the Cartesian axes to bring back the elementary
measurements of the motion components to a streamline reference system [25,26], despiking and
linear detrending, the system estimates the meteorological and micrometeorological parameters:
average wind speed and direction, average virtual temperature, standard deviation of wind
speed and direction, standard deviation of longitudinal, transverse and vertical components
of motion, standard deviation of virtual temperature, variance-covariance matrix of Reynolds
stresses, and covariance between the vertical component of motion and the virtual temperature.
From the variance-covariance matrix of the Reynolds stresses and from the covariance between
the vertical component of the motion and the virtual potential temperature the friction velocity
u*, the turbulent sensible heat flux Hy, the temperature scale T*, the Monin-Obukhov length L
and Turbulent Kinetic Energy TKE are finally estimated [23].

b  Thermo-hygrometer: the mean values of the air temperature and relative humidity are calculated
from raw data acquired through the analog ports of the sonic anemometer.

¢ Radiometric system: the radiometric system consists of two pyranometers (to measure the
downward and upward solar radiation) and two pyrgeometers (to measure the downward and
upward infrared radiation). Once the correction of longwave radiation has been done the average
value of global solar radiation (sum of direct and diffuse radiation), reflected solar radiation
(albedo), atmospheric infrared radiation and terrestrial infrared radiation is estimated.

d  Heat Flux Plate: the average value of the heat flux in the soil is obtained from the raw data
produced by the flux plate placed in the soil at a depth of 5 cm. It is worth noting that this
estimation does not necessarily represent the flux of heat by conduction, which occurs at the
air-ground interface.

e  Thermometers in the ground: in each non-urban measurement station four thermometers are
placed at 2.5, 5, 10 and 50 cm, respectively. The mean temperature profile is obtained averaging
the raw data acquired at each of these four levels.
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3. Results

The time series retrieved from the four measuring points described in the previous section allowed
for the characterization of the following parameters:

e  The integral albedo and its variability with land-use and solar elevation angle, that is crucial to
parameterize the surface radiative budget in both urban and rural areas.

e  The soil thermal characteristics for rural and suburban sites, the apparent thermal conductivity,
the apparent thermal capacity and the apparent thermal diffusivity defined as the ratio of the two.
This allows for the estimation of the heat flux Gy at the soil surface. Note that this parameter
cannot be measured directly, while it is relatively simple to measure the heat flux into the ground
just below the surface. However, it has to be taken into account as the energy budget in urban
areas depends not only on the heat flux Gy but also other terms such as the anthropogenic heat
and the thermal store of buildings, that cannot be deduced from the available measures [27].

e  The roughness length and displacement height parameters that govern the surface exchange of
momentum between the atmosphere and the soil.

3.1. Global Albedo

One piece of information required in a NWP model for the correct quantification of the surface
radiative budget is the Integral Albedo Coefficient (A), defined as the ratio between the incoming
shortwave radiation from the sun (direct and diffuse) and the part reflected from the surface.
The coefficient A depends on both the type of reflective surface and the solar elevation angle ¥,
as well as the water content of the soil. In general, given a certain water content and certain optical
surface characteristics, A decreases with increasing ¥ values, tending toward an asymptotic value for
high values of ¥. According to [28]:

A(Y) :Ao—i—(l—Ao)-exp[—a-‘P—b-(l—AO)z] (1)

where g and b are two parameters to which the values 0.1 and 0.5 are generally assigned, respectively,
and A is the Integral Albedo Coefficient at the zenith.

Figures 2-5 show the behavior of A retrieved by Equation (1) as a function of the incident solar
radiation (all data were averaged over 2° solar elevation angle intervals, including observations in
both clear and cloudy conditions)The integral albedo coefficient decreases with the increase of the
solar elevation angle, as foreseen by Equation (1), and its behavior is consistent with that reported
in [29], including the scatter of the measurements usually attributed to both a sudden variation of the
incident solar radiation (because of the fast passage of cloudy) and/or instrumental noise.
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Figure 2. Integral Albedo for TVGr.
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Figure 3. Integral Albedo for TDCs.
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Figure 5. Integral Albedo for BNCu.

Figure 6 shows the average Integral Albedo Coefficients as a function of the solar elevation
angle for all the sites. Similar absolute values and behavior were found for the three non-urban sites,
while for BNCu A turned out to be both significantly higher (because of the greater reflectivity of the
surroundings surfaces) and less dependent on the solar elevation angle. The observed behavior was
suggested to double the value commonly used for a in Equation (1) from 0.1 to 0.2.
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Figure 6. Integral albedo coefficients as a function of solar elevation angle for all the sites.

In addition, the A value at the zenith (A) for all sites, defined as the average value of A when the
angle of solar elevation was higher than 40°, is listed in Table 2.

Table 2. Integral Albedo Coefficients at the zenith for all the sites.

Station Ay

BNCu 0.3016
TVGr 0.1673
TDCs 0.1606
CDGr 0.1640

For all non-urban stations Ay ~ 0.16, which was the typical value for a vegetated surface
(Tables 11-4 and 11-8 in [30]). On the other hand, the A related to the urban station BNCu was almost
double. Even if such a result was expected, [29] reports A for urban areas to be in the range 0.10-0.27,
while in this case the retrieved value was slightly higher than the upper limit of it: this measurement
station, unlike typical urban stations considered in most papers, is located within an area completely
devoid of vegetation, with concrete buildings of medium height (30-m tall on average) densely packed
and a road network structured in deep canyons.

As mentioned in the Introduction, the presented albedo results have to be considered as an
integration of what was published in [20].

3.2. Soil Thermal Properties

In the parameterizations used by NWPs, the thermal properties of the soil are crucial to estimating
the heat flux at the air-soil interface, the surface temperature of the soil and the vertical distribution of
the heat into the ground. Generally, in the NWP models these parameters are tabular values assigned
on the basis of the prevailing land-use of the soil, i.e., they are just a rough approximation of real
terrain characteristics. The availability of the three-year series of data acquired in Rome’s area allows a
more realistic estimate of them, even if the soil water content is not explicitly known.

For the three non-urban micrometeorological stations, the half-hour average values of the vertical
heat flux G into the ground at 5 cm and the average temperatures of the ground at 2.5 cm, 5.0 cm,
10 cm and 50 cm were considered. To obtain the value of G at 5 cm, the flux obtained from the plate
was corrected to take into account both the difference in thermal capacity between the ground and the
material of which the plate was made and its geometry [31,32].

3.2.1. Apparent Soil Thermal Capacity

The process of heat transmission from the air-soil interface into the ground is well known.
In general, the prevailing mechanisms are conduction, convection and irradiation. Experimentally,
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it has been evidenced that the main mechanism of heat transmission is conduction and, if the soil is flat
and homogeneous, the transfer of heat from the atmosphere into the ground below is mainly a pure
vertical conduction as shown in [33,34]. In Refs. [35,36] the situation in which convection is present
but not prevalent has also been considered. Taking into account conduction as the main mechanism,
with z on the vertical axis positive downwards and Cs the Apparent Thermal Capacity of the ground,
the relationship between G at the depth z and the temperature variation is [33]:

dG oT
g = - SE (2)

that represents the mathematical representation of the principle of energy conservation at a depth z.

Integrating Equation (2), the value of Cs can be determined as shown in Appendix A.

The thermal capacity computed in this way was representative for a layer of soil between 50 cm
and 5 cm. If the soil were completely homogeneous along the vertical, the characterization would
be complete. However, the thermal property of soil also depends on its water content, which varies
with precipitation. The dataset presented here does not consent to determine such a parameter,
but nonetheless C can still be estimated assuming it is a stochastic variable whose static properties are
summarized in Table 3; which means, in turn, that the provided estimation relies on the assumption
that soil water content variation during the three-years is characteristic of the area.

A considerable agreement was observed between all the stations, with lower values for the
suburban station TDCs (Table 3). According to [33], all the values are typical of soils with relatively
low water content characteristic of a relatively dry Mediterranean area like Rome.

Table 3. The thermal capacity of the soil Cs for the three non-urban stations. Reference value for the
soil layer between 5 and 50 cm of depth.

Station Mean (J K-1 m~3) Median (J K-"Tm=3)  Interquartile Range ( K~1 m~3)
TVGr 1.294 x 10° 1.000 x 10° (0.657 + 1.576) x 100
TDCs 0.999 x 10° 0.705 x 106 (0.470 + 1.144) x 10°
CDGr 1.491 x 10° 1.148 x 10° (0.676 + 1.832) x 10°

Figures 7-9 present Cg probability densities determined for all the sites. All of them show
a similar behavior, with a clear lack of symmetry with respect to the maximum value and a tail
extending towards high values that is well represented by asymmetric two-parameter distributions
such as log-normal, Weibull or gamma. The tail of these distributions could be associated with heavy
precipitation episodes (capable of increasing soil water content) [33], that are not expected to be
predominant in the Mediterranean region.
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Figure 7. Probability density of soil Apparent Thermal Capacity for TVGr.
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Figure 9. Probability density of soil Apparent Thermal Capacity for CDGr.
3.2.2. Apparent Soil Thermal Conductivity

The one-dimensional theory of the heat thermal conductivity relates the heat flux G at depth z to
the ground temperature vertical gradient:

aT
G= _ks Z (3)

where k; is the Apparent Thermal Conductivity. At the three non-urban locations, heat flux is measured
at a depth of 5 cm and temperature at depths zq = 2.5, z; = 5 and z3 = 10 cm. From these measurements,
ks values can be determined as described in Appendix B. Additionally, in this case, retrieved values are
characterized by a high variability mostly attributable to the strong dependence of ks on soil water
content. Table 4 reports ks mean, median and interquartile range for both rural and suburban stations.
Comparing the mean and the median values, the difference between rural (TVGr and CDGr) and
suburban (TDCs) stations is considerable. The thermal conductivity of rural soils is almost double that
of the suburban, and the interquartile interval of the former is smaller than the analogous interval for
the suburban station.
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Table 4. Soil Thermal Conductivity for the non-urban stations. Value for the soil layer between depths
0 and 5 cm of depth.

Station Mean K- 1m™1) Median (J K-"1m™1) Interquartile Range (J K-1 m™1)

TVGr 0.726 0.660 (0.498 = 0.831)
TDCs 0.610 0.371 (0.230 + 0.698)
CDGr 0.796 0.645 (0.473 = 0.577)

Figures 10-12 show the probability density of the soil Apparent Thermal Conductivity obtained
from the semi-hourly measurements at the three non-urban locations. Additionally, in this case,
the distributions are not symmetrical and are characterized by a long tail towards the highest values
representing sparse rain events of different intensities along the year.
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Figure 10. Probability density of soil Apparent Thermal Conductivity at TVGr.
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Figure 11. Probability density of soil Apparent Thermal Conductivity at TDCs.
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Figure 12. Probability density of soil Apparent Thermal Conductivity at CDGr.

It is worth noting that the measures involved in the thermal conductivity estimation were located
in the soil layer between the surface and the depth of 10 cm. Therefore, ks was relative to a portion of
soil whose thermal characteristics could substantially differ from the soil portion below because of the
normal agricultural operations activities.

3.2.3. Apparent Thermal Soil Diffusivity

The last differential relation describing the heat transmission into the ground, is supposed to be
horizontally homogeneous in space and time, and is described through Fourier’s law:

aT T
o Doz @

where ¢ is time, z is the depth and D the Apparent Thermal Diffusiveness, which depends on the water
content of the soil. The method used to calculate the apparent thermal diffusivity from Equation (4) is
given in Appendix C.

The estimated values of D show a daily and a seasonal variability that is linked to the water
content in the soil. Additionally in this case, D was assumed as a stochastic variable whose statistical
properties are summarized in Table 5. As expected, the D value for the rural station TVGr is slightly
higher and compatible with the presence of sand soil [33], while in the other two stations the diffusivity
value seems closer to the typical values of clay soil.

Table 5. The apparent thermal diffusivity of soil D for the three non-urban stations. The reference value
is for the soil layer between 0 and 5 cm of depth.

Station Mean Value (m~2s5-1)  Median (m~2s71) Interquartile Range (m=2 s~1)
TVGr 0.497 x 10~° 0.337 x 107° (0.256 + 0.471) x 107°
TDCs 0.171 x 107° 0.083 x 107° (0.048 + 0.142) x 107°
CDGr 0.237 x 10°° 0.149 x 107° (0.095 + 0.240) x 107°

The variability of D is highlighted by the density probabilities reported in Figures 13-15, that also
in this case can be well represented by an asymmetric two-parameter distribution with the right tail
linked to rain events of varying intensity distributed throughout the year.
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Figure 15. Probability density of Apparent Thermal Soil Diffusivity at CDGr.

As previously mentioned, D and K; retrievals refer to the soil layer between 0 and 10 cm, while C
is estimated with respect to a deeper soil layer (5-50 cm). To verify whether the latter value differed
from that calculated for the surface, the relationship between D, ks and C; can be ascertained from the
following relation [33]:

C's = ks / D (5)
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Table 6 reports the values of Cs; determined in the layer 5-50 cm and 0-10 cm for the three
non-urban sites. For the rural station TVGr the variation was minimal, implying that the soil was fairly
homogeneous along the vertical and little disrupted by human activities. Conversely, the differences
were much more marked for the rural station CGD and for the suburban station TDCs, where C;
value at the surface was about three times larger than that between 5 and 50 cm. Such a difference
could be explained considering that TVGr soil is mainly wild, with only sporadic cuts of spontaneous
vegetation, while CDGr and TDCs soil are subject to regular agricultural activity (Land use and soil
maps of these areas can be found at [37]).

Table 6. Apparent Thermal Capacity in the surface layer of soil and in the deep layer in the three
non-urban locations.

Station Mean C;—Deeper Layer  K-1m~1) Mean Cs—Surface Layer (J K- m~1)

TVGr 1.491 x 107 1.461 x 107®
TDCs 0.999 x 107° 3.567 x 1076
CDGr 1.294 x 1076 3.358 x 107

3.3. Surface Roughness Parameters

The effect of surface irregularities on the vertical profiles of the average wind speed was
parametrized with two different quantities, namely the zero-plane displacement height d and the
roughness lengths zy, that account for the influence of large obstacles and surface roughness, respectively.
To integrate and extend the analysis performed in [20], the following two subsections present d and z
values for all the sites included in this study.

3.3.1. Zero-Plane Displacement Height

The parameter d represents the actual altitude from which the vertical profile of a variable starts
because of the distortion of the air mass flux caused by significant geometric irregularity upwind to the
site of measure. Morphological characteristics of the area around the three non-urban stations suggests
that in these sites the parameter d can be neglected in all cases (i.e., d = 0 regardless of wind direction),
while the opposite situation holds for the urban site BNCu.

Following the method described in [38], under convective conditions the parameter d can be

estimated from ;
_ L Ow
d=z-7 [1 (a-u*)] ©)

where 0y, is the standard deviation of the vertical wind component and the coefficients a, b can be set at
1.07 and 4.29, respectively.

In principle, d could also be estimated in stable conditions, but in this case the acquired measurements
turned out to be too noisy to perform a reliable analysis. In all probability, the intrinsic, instrumental noise
added up to oy, perturbations caused by gravity waves and submeso winds [39].

Taking into account convective (i.e., Hy > 0) conditions only, the selected half-hourly values
acquired by the BNCu sonic anemometer installed at 30 m above the ground level were used to
estimate d as a function of wind direction, clustering the results into sectors centered on the eight
cardinal directions.

The results in terms of mean and median d values (Table 7) appeared to be strictly dependent on
wind direction, reflecting the inhomogeneous distribution of buildings around the measurement site.




Atmosphere 2020, 11, 147 14 of 20

Table 7. Zero-plane displacement height and roughness length zj for the eight cardinal wind directions
retrieved at BNCu stations.

Sector dMean (m) dMedian(m) zpMean (m) zy Median (m)
N 14.265 14.954 1.901 1.931
NE 16.397 17.593 1.631 1.654
E 12.021 11.675 1.924 1.969
SE 11.992 12.38 1.04 1.005
S 17.766 19.149 1.348 1.373
SW 16.089 17.144 1.377 1.348
W 13.904 14.674 1.263 1.255
NW 12.852 13.646 1.458 1.365

3.3.2. Roughness Length

The relationship of the Monin—Obukhov Similarity Theory (MOST) which describes the vertical
profile of the average wind speed U is:

U z—d z—d
= . - = - 7
= () ) ”
where k is the constant of von Karman (equal to 0.4) and z is the altitude at which U refers. The similarity
function for the vertical wind profile ¥, depends on the stability condition of the surface layer.

Considering the stability parameter ¢ defined as C = (z—d)/L, when C < 0 (i.e., in convective
situations) the similarity function is given by the following relationship:

2
¥,0(0) —1n[(1zx2)-(142rx) ]—Ztan_l(x)—i—g @®)
where:
x=(1-160)"4 ©)

This relationship is accurate when |C| < 1.5, that is, when the turbulence is reasonably far from free
convection. In stable situations, when C > 0, we have instead.:

¥, (C) = —17[1 — exp(—0.29C)] (10)

By inverting Equation (8), the roughness length z; can be determined as:

_ z—d
exp[% +‘~Pm(C)]

20 (11)

Using the latter equation, the mean and the extremes of the interquartile range values of z,
as well as the number of available measurements were calculated for the four measurement sites
as a function of the eight cardinal wind directions. Results are summarized in Table 7 (BNCu) and
Tables 8-10 (TVGr, TDCs, CDGr). To avoid the inclusion of unreliable measures in the analysis,
data with U<1ms™! and u* < 0.05 m s~! were discarded, and only convective or weekly stable
conditions (—1.5 < C < 0.5) were considered. For the three non-urban stations d was set to zero, while for
BNCU, values from the previous subsection were used.
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Table 8. Surface roughness z; for TVGr.

Sector Mean z 25° Percentile 50° Percentile 75° Percentile Number of Data
N 0.175 0.047 0.085 0.173 2597
N-E 0.199 0.046 0.097 0.206 2397
E 0.236 0.074 0.155 0.267 3004
S-E 0.324 0.095 0.219 0.421 2660
S 0.512 0.347 0.476 0.625 5305
S-W 0.189 0.069 0.13 0.233 6856
W 0.175 0.031 0.063 0.145 2373
N-W 0.274 0.059 0.126 0.332 1670

Table 9. Surface roughness z for TDCs.

Mean z 25° Percentile 50° Percentile 75° Percentile Number of Data
N 0.561 0.24 0.465 0.763 3174
N-E 0.68 0.211 0.584 1.054 6681
E 0.887 0.198 0.84 1.546 2267
S-E 1.268 0.967 1.344 1.627 3675
S 0.195 0.03 0.079 0.225 2116
S-W 0.107 0.02 0.042 0.087 5532
' 0.275 0.037 0.107 0.354 2049
N-W 0.332 0.101 0.197 0.41 2690

Table 10. Surface roughness zg for CDGr.

Sector Mean z 25° Percentile 50° Percentile 75° Percentile Number of Data
N 1.299 0.998 1.362 1.673 3835
N-E 0.492 0.091 0.269 0.754 9624
E 0.155 0.048 0.096 0.18 4010
S-E 0.182 0.087 0.137 0.212 3546
S 0.212 0.102 0.16 0.241 2583
S-W 0.383 0.197 0.331 0.496 3751
Y 0.427 0.252 0.363 0.54 7221
N-W 0.626 0.294 0.555 0.87 1408

The parameter z for the urban station varied little with the wind sector and was significantly
higher than the typical values obtained for rural and suburban stations, reflecting the geometrical
complexity that characterized a compact urban environment. As expected, CDGr, TDCs and TVGr sites
showed a significant increase of zj in the sectors where relevant geometric irregularities (upwind of the
station) were present, highlighting the importance of wind direction in investigating and modelling
complex environments.

4. Summary and Conclusions

Modelling complex phenomena such as pollutant dispersion or urban heat island requires a
reliable estimation of surface properties that can be obtained only through long-term ABL observations.
In this paper, a three-year dataset of micrometeorological measurements (albedo, surface properties,
zero-displacement height and surface roughness) from four stations located in the city of Rome and its
suburbs were analyzed and presented.

As expected, the integral albedo coefficient at the zenith for the urban station was found to be
almost twice that for suburban and rural stations, with a value slightly higher than the maximum
reported in literature, while its behavior as a function of solar elevation was in agreement with that
previously published.
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The zero-displacement height of the urban site located in Rome’s city center turned out to
be strongly dependent on wind direction, as a consequence of the complex and inhomogeneous
building distribution around the station, with values varying between 12.0 and 17.8 m. Conversely,
the roughness length was almost independent of upwind direction however, it was significantly
higher than the typical values calculated for the non-urban station (approximately 1.5 and 0.4 m,
respectively), although the different measurements height of the stations prevented a direct comparison
of the results. In addition, CDGr, TDCs and TVGr sites were characterized by a strong increase
in zg (up to a factor = 12) in sectors where relevant terrain irregularities upwind of the station were
recognizable by sight, reflecting the role of wind direction in modelling real surfaces.

For the first time, as far as we know, in situ data were used to estimate soil thermal properties over
Rome’s area. Apparent thermal capacities and thermal conductivity at all the non-urban sites were in
fair agreement with each other and typical of soil with relatively low water content, as expected for a
relatively dry Mediterranean area like Rome. On the contrary, apparent thermal diffusivity appeared
to be higher at TVGr than at the other two sites, reflecting the presence of different soil types, sand
and clay soil at TVGr and CDGr/TDCs, respectively. In addition, the probability density of all the
three parameters (regardless of the measurement site) showed a similar behavior, well-represented by
an asymmetric two-parameter distribution such as log-normal, Weibull or gamma, with a long tail
extending towards high values indicating the presence of heavy but sparse precipitation episodes,
as expected in Mediterranean regions
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Appendix A

Taking the depth z positive downwards, between the vertical heat flux G at z and the time variation
of the mean temperature of the soil T at the same depth holds the relation expressing the principle of
energy conservation given by Equation (2), where the Apparent Thermal Capacity is present. We can
integrate this relation from 5 cm depth (z;), where G and T, has been measured, down to 50 cm (z4),
where T, is available. The measurements of T4 obtained in the years at the non-urban stations have
shown that its daily variation is negligible, and the annual variation is very small.

To estimate the apparent heat capacity of Cs every 30 min we have integrated Equation (2) from z,
to zp assuming that the thermal capacity of the soil does not vary with the depth in this soil layer:

b4) 22
G aT
_az . dz = GZ — G4 == _CS _at ° dZ (Al)

Z4 Z4

The time behavior of the temperature at z;, z3 and z; allows a numerical estimate of the relative
temporal derivatives. The numerical method used is discussed below. The Equation (A1) can therefore
be rewritten as:

z3 )
aT aT
GZ_G4:_CS EdZ‘l‘ E'

24 Z3

dz (A2)
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By approximating the integrals with the trapezoid method, the previous relationship becomes:

Cs[(%lg + ?9_11;|4) 24223 +(%_]i:|2 + %_]1; 3). 23522] = (AS)
= 5[ Gy za-2) + Gl (s - 22) + Gl (23 - 22)]

G;—Gy

IR

This relationship can be further simplified by taking into account that at depth z4 = 0.5 m the
vertical heat flux is substantially zero and the temperature at the same depth shows practically
negligible daily variations. This means that:

T
S, =061 =0 (A4)
And 5 5
Cs| T T
Gz=7[§3'(z4—zz)+ gz(%—zz)] (A5)

In this equation the only unknown variable is the thermal capacity of the soil that is:

ZGZ

ql, - (za-22) + %, (23— )]

Cs = (A6)

The latter equation allows for the estimation of the soil thermal capacity, whose value may vary
over time (for example, depending on the water content of the soil itself). Nevertheless, this equation
presents a singularity when the denominator tends to zero and when both the numerator and the
denominator tend to zero; in addition, C; can be only positive. To overcome this problem, it has
been assumed that the variation in time of C; is relatively slow, so slow to be allowed to determine it
as follows:

o first of all, Cs is calculated using Equation (A6) at a specific time-step f;;

e if it is negative, or positive but either higher than 107 or lower than 10°> (J K! m™3), C; at tjis
assumed to be equal to that calculated at the previous time-step, t; — 1;

e in all other cases, C; is calculated as

Co(t)) = a- Cus(t)) + (1 - ) - Cs(tj1) (A7)
where a is 0.9.
Appendix B
The Apparent Thermal Conductivity ks can be obtained by inverting Equation (3):
G

T
Jz

ks = (AS)

In this work, k; is estimated every 30 min with a finite difference approach using the heat flux G at
z and the temperature Tq, T; e T3. As the three depths at which the temperature is measured are not
equidistant, the numerical method suggested by [40] has to be used:

aT 1T,-T; T3-T
= = _[ 2=, 73 2] (A9)
Zzl, 2|z2-=21 Z3 — 2Zp
Using the latter, Equation (2.1) can be rewritten as:
ks = —C (A10)

1 -1, T,-T,
2| zp—z1 23—2p
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It is worth noting that the use of this method presents some practical problems: during the daily
evolution there are at least two instances during which the vertical gradient of temperature at different
depths is cancelled. In correspondence of these time periods, the vertical flux of heat tends toward
zero and it is not possible to estimate k; from the Equation (A10); in addition, noise contribution in
the temperatures and the turbulent heat flux measurements, especially when the latter tends to zero,
can lead to estimates of unrealistic negative values of ks, that need to be filtered out.

Appendix C

Inverting Equation (4), a relationship linking the Apparent Thermal Diffusivity to the temporal
variation of the temperature and its second spatial derivative can be obtained:

aT

_ o
D= T (A11)

072
The time series of mean temperature at depths z7, z, and z3 allow for a direct estimation of D after
having numerically approximated to the finite differences the partial derivatives present in Equation
(3). At all time-steps different from the initial and final, the numerical approximations of the first and

second partial derivative at depth z, are calculated as follows [40]:

ar —T]; _ le{_l Al12

atl, At (A12)
82Tk N Tg(Zz—Zl) +T11€(Z3—ZZ)—T12{(Z3—21) (A13)
Iz, 3(z3—21) (3-2)(2-2)

Values for which the second derivative cancels or both the derivatives tend to zero at the same
time values.
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