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Abstract: Cities exemplify the evolving world with changing demographics and climates. Urban green spaces
play a crucial role in improving the quality of life of people through their potential to mitigate temperatures.
Therefore, comprehending their impact is of paramount interest. Given the challenges in obtaining temperature
data from urban locations, this study develops Artificial Neural Networks (ANNSs) to predict daily and hourly
temperatures in Valladolid, Spain, with a particular focus on urban allotment gardens and a forested urban
park. ANNs were built and evaluated from various combinations of inputs (X), hidden neurons (Y) and outputs
(Z) under the practical rule of "making networks simple, to obtain better results". The best performing model was
6-Y-1 ANN architecture with an impressive result of Root Mean Square Error (RMSE) = 0.42°C in the urban
garden called Valle de Ardn. However, other five ANN architectures were also tested (7-Y-5; 6-Y-5; 7-Y-1; 3-Y-Z
and 2-Y-1). ANNs dedicated to urban temperature analysis hold immense potential for urban planning and
research, aiding in understanding the urban climate, forecasting future temperatures, identifying temperature
mitigation strategies and even for managing urban crops.

Keywords: urban temperature; urban climate; urban gardens; urban parks; urban green spaces;
urban climate mitigation; artificial neural networks; predictions.

1. Introduction

Urban climate research and urban temperature analysis are receiving significant attention. In
this context, they are studied from an innovative approach such as Artificial Neural Networks
(ANNS).

In response to climate threats and the consequences of the urban heat island (UHI) effect, green
spaces like urban gardens (allotment gardens in this case) and forested parks are increasingly
recognized for their capacity to mitigate these challenges. For this reason, ANNs were developed for
temperature prediction at such urban specific locations. Although studies of this nature remain
limited, several authors have explored ANNSs in various contexts, thereby reinforcing the
methodology employed in this study.

1.1. Considerations and importance of the urban climate

Currently, more than half of the world's population lives in cities, a number projected to reach
60% by 2030 [1]. Consequently, the pursuit of more sustainable, habitable and resilient cities stands
as one of the most significant challenges for urban policy and planning in the 21st century [1,2].

The term “urban” encompasses a broad range from rural towns to megacities [3]. Nevertheless,
medium-sized cities and megacities in particular, exhibit significant spatial heterogeneity [4], along
with lower albedo, higher thermal conductivity and the highest heat capacities of building materials
[5,6]. As a result, the urban climate represents distinctive microclimate that emerge from the
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combined influence of buildings and human activities, significantly impacting the thermal energy
dynamics of the city [7].

The urban heat island effect can be defined as the development of higher temperatures in the
center of the city compared to adjacent rural areas [7,8]. Many studies [6,9-11] confirmed that as the
proportion of impervious surfaces increases and the proportion of vegetation decreases within an
urban area, the UHI effect becomes more pronounced [6].

In this context, particularity in climate change scenarios, it has been identified that urban areas
are not sufficiently adapted to global warming [12]. Consequently, the UHI effect exacerbates the
already warm conditions experienced in cities [13-16] leading to increased exposure of people to
higher heat [17] and adversely affecting their quality of life [18]. Although urban green spaces are
scarce and threatened [4,19,20], their vegetation cover holds the potential to mitigate temperatures
and heat waves [17,21-23], rendering them valuable solutions for urban climate adaptation.

1.2. Artificial neural networks for urban temperatures

To determine urban temperatures, data from nearby meteorological stations (MS), located
mostly in peri-urban and rural areas, are commonly considered. However, as the UHI effect
intensifies, temperature data from MS becomes less representative of the actual urban climate.
Alternatively, installing in situ sensors throughout the city provides another method to monitor
urban temperatures. However, not all municipalities are willing to invest in this approach due to its
economic cost and the risks of theft or damage.

Therefore, ANNSs are a viable option for predicting and estimating urban temperatures. The
practicality of ANNSs lies in their ability to generate reliable results using only a limited set of urban
data, eliminating the need for constant and permanent in situ sensors.

ANNSs have the capability to leverage unknown and hidden information in climate data, which
may not be directly extractable [24,25]. Previous prediction and estimation studies of meteorological
variables have primarily focused on using measured data as inputs for the model [26]. Additionally,
other researchers have explored various artificial intelligence techniques, includes genetic
algorithms, fuzzy logic, and hybrid techniques approaches, to estimate ambient temperature [25,26].
These studies considered different time scales (monthly, daily and hourly) and incorporated
geographic coordinates (latitude, longitude and altitude) to enhance the accuracy of their forecasts.

With the interest of assessing the potential of urban green spaces, particularly urban allotment
gardens (noteworthy for their productive nature, featuring edible and dynamic vegetation) and
forested urban parks, in mitigation temperatures, this study demonstrates the feasibility of predicting
urban temperatures in these areas using ANNSs.

1.3 Other related models

This section shows references with their other estimation methods and main results obtained
with the aim of knowing, comparing, and validating what has been done in this study. Although
other related models may represent other scales, they represent the same concept of the ANNs
developed here and the same purpose of obtaining data for temperature predictions. Franco et al.
[27] found that there is a lack of such studies that use ANNs models and that focus on generating
data in places where such data is not available, so that they can be used as inputs for other models
[25]. However, some interesting studies are presented here.

Keskin et al. [28] aimed to investigate the optimal spatial prediction method for mapping
meteorological data (precipitation, temperature and wind speed) in Turkey, using some interpolation
methods (IDW, kriging, radial basis and natural neighbour). This investigation was carried out in
2005, resulting in a three-locations average Root Mean Square Error (RMSE) for a temperature of 0.94
°C with IDW, 0.75 °C with kriging and 0.70 °C natural neighbor.

Antonic¢ et al. [29] used ANNs models for monthly mean values of meteorological variables (air
temperature, daily minimum and maximum air temperature, relative humidity, precipitation, global
solar irradiation and evapotranspiration) through data obtained from 127 meteorological stations in
Croatia. The inputs used (elevation, latitude, longitude, month and time series of the respective
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climatic variables) were from two meteorological stations. The results showed that the goodness of
fit per model was very high for all the climatic variables (R>>0.98), except for the mean monthly
relative humidity and monthly precipitation, for which it was somewhat lower (R?=0.84 and R2=0.80),
respectively).

Snell et al. [30] conducted a spatial prediction of daily maximum surface air temperatures using
ANNs, to generate estimates at 11 locations in the central U.S. continent, using information from a
network of surrounding stations for the 4- and 16-point cases and over a 63-year period (from 1931
to 1993) that were used as input and output vectors for the ANNSs. For the set of test data developed,
when using the ANN with 4 data points per station, the lowest RMSE value achieved was 4.905 °C.
However, by increasing the data points to 16 per station, the best RMSE value improved to 4.125 °C.
On average, 5.694 °C and 5.119 °C were obtained respectively.

Rigol et al. [31] performed a spatial prediction of daily minimum air temperature using an ANN
trained with input variables (date, field variables and neighbouring temperature observations) for a
full year, covering an area of 100 km x 100 km in UK, analyzing the internal weights of the inputs to
estimate the degree of spatial correlation between neighbouring stations, and the most influential
variables contributing to the trend. The performance when testing an ANN 33-1-1 is RMSE =3.15 °C,
of an ANN 19-4-1 is RMSE = 1.26 °C, and of an ANN 45-4-1 is RMSE =1.15 °C.

In Diez et al. [25], the prediction of daily data of global solar irradiation, and the maximum,
average, and minimum temperatures were measured. These measurements were carried out in the
agrometeorological stations of Castilla y Ledn, Spain, through the concept of Virtual Weather Station
(VWS), which is implemented with ANNs. The ANN models for daily interpolation were tested over
a period of 15 days, with a RMSE, MJ/m? of 1.23, 1.38, 1.31 and 1.04, respectively, regarding the daily
global solar irradiation. The prediction of ambient temperature also performed well when applying
the VWS concept, with an RMSE (°C) of 0.68 for the maximum temperature with an ANN of four
hidden neurons, 0.58 for the average temperature with three hidden neurons, and 0.83 for the
minimum temperature with four hidden neurons.

This article investigates the daily average ambient temperature and its hourly mean distribution,
(Ton (t),..., T23n (t)), using ANN-based models. Using data collected over several days in the city of
Valladolid, Castilla y Ledn, Spain, its daily ambient temperatures and its hourly estimate were
predicted in urban locations with a particular focus on urban allotment gardens and an urban park.

The goal of ANNs was to achieve accurate temperature predictions using the minimum number
of inputs to ensure practical applicability. To attain this goal, various ANNs were constructed and
assessed, experimenting with combinations of inputs, hidden neurons and output, until the optimal
results obtained using the 6-Y-1 ANN architecture.

2. Materials and Methods

This section outlines the following steps: (2.1) The ambient temperature data considered for the
ANNs; (2.2) The best ANNs model designed to estimate urban temperatures; (2.3) The statistics used
to analyze the results obtained by the interpolation models based on ANNSs.

2.1. The ambient temperature data considered for the ANNs

Valladolid is located in the northwestern quadrant of the Iberian Peninsula, in Spain [32]. As of
January 1, 2022, the city was home 295,639 inhabitants, as reported by the National Institute of
Statistics of Spain [33].

According to the Climate Change Adaptation Strategy of Valladolid [32], the city predominantly
lies in a flat area and its climate is categorized as Mediterranean-Continental, characterized by an
annual rainfall of approximately 400 mm/year and an average temperature that barely exceeds 12 °C.
However, climate models predict significant changes due to increase emissions, resulting in
considerable alterations in temperature trends. The most unfavorable scenarios (RCP8.5 and RCP4.5)
for Valladolid in the future indicate the following temperature changes [32]:
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e  Decrease of: Minimum temperature; extreme minimum temperature; number of frost days;
heating degree days.

e Increase of: Maximum temperature; extreme maximum temperature; thermal amplitude;
number of warm days; number of days of heat waves; cooling degree days.

For the ANNs developed in this study, the urban temperature data for Valladolid were sourced
from the period of 06/21/2022 to 07/18/2022 for training the models, and from 07/19/2022 to 07/31/2022
for validating the models.

The urban temperature data in Valladolid were collected using twelve sensors from the
University of Valladolid (Onset HOBO UA-002-64), strategically placed in four urban allotment
gardens, namely “Jardin Botinico”, “Valle de Ardn”, “Los Santos-Pilarica” and “Parque Alameda”, and
two sensors placed in a forested urban called “Campo Grande”. Furthermore, data were collected from
five nanosensors operated by the Valladolid City Council, situated in downtown places without
vegetation namely “Puente Poniente”, “Plaza San Miguel”, “Catedral”, “ Don Sancho” and “Dos de Mayo”
(Figure 1).

In each urban allotment garden, three sensors were strategically distributed (Figure 2), whereas
Campo Grande featured two sensors (Figure 3). However, for the analysis of these data using for the
ANNSs, the average hourly values of each of the locations were taken into consideration. It is
important to note that the initial data obtained from the sensors were hourly temperature readings,
while the data from the Valladolid City Council sensors were recorded every 15 minutes. These
readings were later converted into average hourly temperatures for further analysis with the ANNS.

Valladolid Province in Spain

Valladolid City in the Province

Legend
B valladolid Province
[ valladolid City
Dowtown Places
@® Urban Gardens
© Campo Grande

SRC: ETRS85
At a scale of 1:50000

Francisco Tomatis, 2023

Figure 1. City of Valladolid, Spain. Location of all the sensors used in the work.
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Figure 2. Sensor located in the urban Figure 3. Sensor located in the forested
allotment garden called Valle de Ardn. urban park called Campo Grande.

For the standardization process of the different sensors, the devices from the University of
Valladolid were positioned in the same locations as the sensors belonging to the Valladolid City
Council, a process referred to as “calibration”. This calibration procedure spanned a total of 84 hours,
commencing from 00 am on 21/06/2022 and concluding at 11 am on 24/06/2022. Subsequently, the
values obtained from the sensors, which were synchronized with the official time of Spain, were
adjusted to solar time (-2.5 hours), mirroring the time reference used by the sensors of the Valladolid
City Council.

After the time correction, an additional step was taken to homogenize the data obtained from
both sets of sensors. This homogenization was achieved using a scaling factor, defined as the ratio
between the average hourly value observed by the sensors and the average hourly value observed
by the Council sensors at each of the calibration sites. From this, individual scaling factors are
determined for each of the five calibration sites, and an overall scaling factor calculated as the average
of these five individual scaling factors (F=1.04). This overall scaling factor was then applied to each
dataset obtained from the urban allotment gardens and Campo Grande. Through this approach, the
data was effectively corrected based on time, resulting in a significant reduction in the disparities
between the two types of sensors.

2.2. The best ANNs model designed to estimate urban temperatures

The developed architectures (X-Y-Z) changed the number of inputs (X), neurons in the hidden
layers (Y) and outputs (Z). From this, various ANN models were constructed and assessed using
different combinations of inputs, hidden neurons and outputs, following the practical guideline of
"making networks simple, to obtain better results”. The six ANN architectures developed were: 7-Y-5; 6-
Y-5; 7-Y-1; 6-Y-1; 3-Y-Z and 2-Y-1.

The initial data used for the ANNs were collected from urban sensors (from 21/06/2022 to
18/07/2022 for the training stage, and from 19/07/2022 to 31/07/2022 for the model validation stage).

The implementation of the ANNs was carried out in MATLAB, utilizing the 'feedforwardnet'
function. The dimensions of the input and output data vectors determined the size of the respective
layers, resulting in a multilayer feed-forward (MLP) perceptron with a single hidden layer. The
activation function chosen between neurons in the hidden layer was the hyperbolic sigmoid tangent
(tansig), while the transfer function for neurons in the output layer was linear (purelin). The
Levenberg-Marquardt back-propagation algorithm (BP-LM) was applied to achieve fast
optimization (trainlm) [25].

The training of the ANNs was conducted using the 'train’ function, utilizing matrices of input
and output data vectors spanning a period of 28 days (from 21/06/2022 to 18/07/2022). Following the
training phase, the ANNs were tested using the 'sim' function. This testing involved evaluating the
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previously trained ANNSs with various numbers of neurons in the hidden layer (2, 3, 4, 5, 6, 7 and 8).
The estimations were made separately for each urban garden and the forested urban park studied
during a 13-day period (from 19/07/2022 to 31/07/2022). This dataset served as a reference for
validation.

The most effective ANN for estimating urban temperatures was identified as the 6-Y-1 ANN
architecture. This architecture for the evaluated models is depicted in Figure 4, featuring six inputs:
hourly ambient temperature from five downtown places without vegetation (Puente Poniente, Plaza
San Miguel, Catedral, Don Sancho, and Dos de Mayo) and one from the time of day (0, 1,..., 23). The
output layer was designed with a single neuron, enabling the estimation of ambient temperatures for
each urban gardens and for Campo Grande, considering the specific time of day.

Input Hidden Output

layer layer layer
Puente Poniente, °C

Ta(t)

Plaza San Miguel, °C
Ta(t)

Catedral, °C

Ta(t)

Don Sancho, °C
Ta(t)

Dos de Mayo, °C
Ta(t)

Urban Garden/Park, °C
Ta (t)

Hour of the Day
t=[0,1,...,23]

Figure 4. 6-Y-1 ANN architecture provided the best results for predictions.

2.3. The statistics used to analyze the results obtained by the prediction models based on ANNs

The accuracy of the ANNs models in the validation stage was carried out by analyzing statistics
values, which include: Root Mean Square Error (RMSE, temperature °C) using Equation (1); the
Coefficient of Determination (R?), as an indicator of the level of model fit, using Equation (2), the
Durbin-Watson Coefficient (DW), used to detect first-order self-correction between the data, using
Equation (3); the Mean Percentage Error (MPE), which allows the interpretation of the bias in the
prediction error, employing Equation (4); and the Forecast Accuracy (FA), which is used in short-
term forecasting models, using Equation (5).

(Y- ¥)?

RMSE (°C) = -

Equation (1)

ZL, (Yi— )?

RZ=1- —
z:in=1 (Yi _Y)Z

Equation (2)

(5= %) = (Yigr — Yie1 ))?
DW = i=1 (( r11 1) (,\H-l - i+1 )) Equation (3)
2"i=1 (Yi+1 - Yi+1 ))
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3. Results

This section presents the results achieved through the various ANNs models created for the
hourly estimation of average ambient temperature in the four urban allotment gardens and in Campo
Grande situated in Valladolid.

According to the results given by the statistical values, the 6-Y-1 ANN architecture have the best
prediction results over the other architectures. The best values obtained in the 6-Y-1 ANN
architecture are RMSE = 0.42 °C and R?=0.996 (ANN 6-7-1) for Valle de Arin (Figure 5). On the other
hand, the worst forecast results for the same architecture (ANN 6-2-1 and ANN 6-3-1) are for Campo
Grande (Figure 6) with values of RMSE =1.20°C and R?=0.956.

Measured values ~ = = — Predicted values
40
35
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o >
[
v
S 20
3
O
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0 R%=0.996
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Hours and Days for the model validation stage

Figure 5. Measured data and predictions in Valle de Arin for the validation stage, obtained with the 6-7-1 ANN
with the best forecast results of the 6-Y-1 ANN architecture.
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Figure 6. Measured data and predictions in Campo Grande for the validation stage, obtained with the
6-2-1 ANN with the worst forecast of the 6-Y-1 ANN architecture.

Considering the RMSE values, in the 7-Y-5 ANN arquitecture, the best value was 0,62°C (ANN
7-10-5 for Valle de Arin) and the worst value was 4,58°C (ANN 7-11-5 for Campo Grande). In the 6-Y-5
arquitecture, the best value was 0,45°C (ANN 6-8-5 for Valle de Arin) and the worst value was 1,26°C
(ANN 6-9-5 for Campo Grande). Shifting to the 7-Y-1 ANN arquitecture, the most promising reading
was 0,68°C (ANN 7-6-1 for Jardin Botdnico), whereas the least optimal figure came in at 2,05°C (ANN
6-9-5 for Campo Grande).

In the case of 3-Y-Z ANN architecture, the highest recorded value was 1.34°C (ANN 3-7-1 for
Campo Grande), while the lowest recorded value was 1.99°C (ANN 3-1-1 for Campo Grande).
Conversely, within 2-Y-1, the most favorable results were achieved by ANN 2-7-1 and ANN 2-8-1 at
0.85°C, both for Jardin Botinico, whereas the least favorable result was observed in ANN 2-1-1 at
2.10°C, specifically for Campo Grande.

The outcomes of all the developed ANNSs, along with their corresponding identifications,
architectures and main statistical values are presented in Tables 1-6. Consult "Supplementary
Materials" for the others statistical values (DW, MPE and FA) for each ANNSs architecture.

The 7-Y-5, 6-Y-5, 7-Y-1, and 6-Y-1 ANN architectures are deemed the most significant due to
their outcomes and their applicability. On the other hand, the 3-Y-Z and 2-Y-1 ANN architectures
were performed as special tests in search of better results. For the 3-Y-Z case, combinations between
"Puente Poniente vs. Jardin Botdnico" and "Dos de Mayo vs. Campo Grande" were tested, while in the 2-Y-
1 architecture the combinations of "Puente Poniente 2 vs. Jardin Botdnico" "Don Sancho + Dos de Mayo
vs. Campo Grande" and "Dos de Mayo 2 vs. Campo Grande" were tested.

Table 1. Prediction models for average hourly temperatures (°C) in urban gardens and forested urban
park in Valladolid (Spain), according to the different ANNs architectures (7-Y-5), changing the
number of neurons in the hidden layers (Y). Adjustment of statistical values.

Outputs for Jardin Botdnico

ANN ANN ANN ANN ANN ANN ANN ANN ANN
7-6-5 7-7-5 7-8-5 7-9-5 7-10-5 7-11-5 7-12-5 7-13-5 7-14-5

RMSE 0.75 0.87 0.92 0.87 0.71 1.13 0.81 1.02 1.07
O

R2 0.987 0.983 0.981 0.983 0.988 0.971 0.985 0.976 0.974

Outputs for Valle de Ardn

ANN ANN ANN ANN ANN ANN ANN ANN ANN
7-6-5 7-7-5 7-8-5 7-9-5 7-10-5 7-11-5 7-12-5 7-13-5 7-14-5

RMSE 0.89 0.71 0.79 0.73 0.62 1.55 0.79 0.94 0.68
O

R2 0.981 0.988 0.985 0.987 0.991 0.942 0.985 0.979 0.989

Outputs for Los Santos Pilarica

ANN ANN ANN ANN ANN ANN ANN ANN ANN
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7-6-5 7-7-5

7-8-5 7-9-5 7-10-5 7-11-5 7-12-5  7-13-5
RMSE 1.12 1.03 1.04

0.94 1.02 2.01
0

7-14-5

1.23 1.30 1.26

R? 0971 0975

0.975 0.979 0.976 0.906 0.965 0.961 0.963

Outputs for Parque Alameda
ANN ANN

ANN ANN

ANN ANN
7-8-5 7-9-5

ANN ANN ANN
7-6-5 7-7-5

7-14-5

7-10-5 7-11-5 7-12-5 7-13-5

RMSE 1.30 0.96 0.93 0.91 0.80 2.36 0.90 1.11 0.97
0

R2 0.960 0.978

0.979 0.980 0.985 0.867

0.981 0.971 0.978

Outputs for Campo Grande

ANN ANN ANN ANN

ANN ANN
7-10-5 7-11-5

ANN ANN
7-6-5 7-7-5

7-12-5  7-13-5

ANN
7-8-5 7-9-5

7-14-5

RMSE 1.34 1.58 1.14 1.73 1.75 4.58 2.59 1.64 3.72
0

R2 0945 0923

0.960 0.908 0.906 0.281 0.795 0.918

0.578
Architecture of the model based on the number of neurons in each layer (Input-Hidden-Output). The best

architectures (results) obtained for each ANN model with their respective statistical variables of interest are

shown / Underlining identifies the best result found.

Table 2. Prediction models for average hourly temperatures (°C) in urban gardens and forested urban

park in Valladolid (Spain), according to the different ANNs architectures (6-Y-5), changing the
number of neurons in the hidden layers (Y). Adjustment of statistical values.

Outputs for Jardin Botdnico
ANN ANN

ANN ANN ANN ANN ANN ANN
6-6-5 6-7-5 6-8-5 6-9-5 6-10-5 6-11-5

ANN
6-14-5

RMSE

6-12-5  6-13-5
0

0.65 0.64

0.61 0.67 0.62 0.63 0.62

0.62 0.64
R? 0990 0990  0.991

0.991 0.990 0.991 0.991 0.991 0.991 0.991
Outputs for Valle de Ardn
ANN ANN ANN ANN ANN ANN ANN ANN ANN
6-6-5 6-7-5 6-8-5 6-9-5 6-10-5 6-11-5 6-12-5 6-13-5 6-14-5
RMSE 0.48 0.48 0.45 0.54 0.46
Q)

0.46 0.48 0.49 0.46
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R? 0.994 0.995 0.995 0.993 0.995 0.995 0.995 0.994 0.995

Outputs for Los Santos Pilarica

ANN ANN ANN ANN ANN ANN ANN ANN ANN
6-6-5 6-7-5 6-8-5 6-9-5 6-10-5 6-11-5 6-12-5 6-13-5 6-14-5

RMSE 0.67 0.66 0.65 0.68 0.67 0.64 0.64 0.66 0.64
O

R? 0.990 0.990 0.990 0.989 0.989 0.991 0.990 0.990 0.991

Outputs for Parque Alameda

ANN ANN ANN ANN ANN ANN ANN ANN ANN
6-6-5 6-7-5 6-8-5 6-9-5 6-10-5 6-11-5 6-12-5 6-13-5 6-14-5

RMSE 0.63 0.63 0.60 0.66 0.68 0.63 0.62 0.62 0.59
O

R? 0.991 0.991 0.991 0.990 0.989 0.991 0.991 0.991 0.992

Outputs for Campo Grande

ANN ANN ANN ANN ANN ANN ANN ANN ANN
6-6-5 6-7-5 6-8-5 6-9-5 6-10-5 6-11-5 6-12-5 6-13-5 6-14-5

RMSE (°C) 1.17 1.13 1.16 1.26 1.11 1.02 1.10 1.04 1.00

R? 0958  0.961 0959 0951 0962 0968 0963 0967  0.969

Architecture of the model based on the number of neurons in each layer (Input-Hidden-Output). The best
architectures (results) obtained for each ANN model with their respective statistical variables of interest are
shown / Underlining identifies the best result found.

Table 3. Prediction models for average hourly temperatures (°C) in urban gardens and forested urban
park in Valladolid (Spain), according to the different ANNs architectures (7-Y-1), changing the
number of neurons in the hidden layers (Y). Adjustment of statistical values.

Outputs for Jardin Botdnico

ANN ANN ANN ANN ANN ANN ANN
7-2-1 7-3-1 7-4-1 7-5-1 7-6-1 7-7-1 7-8-1
RMSE 0.76 0.77 0.69 0.80 0.68 1.09 1.26
)
R? 0.987 0.986 0.989 0.985 0.990 0.973 0.963

Outputs for Valle de Ardn

ANN ANN ANN ANN ANN ANN ANN
7-2-1 7-3-1 7-4-1 7-5-1 7-6-1 7-7-1 7-8-1
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RMSE 0.69 0.78 0.73 0.97 0.81 0.95 0.91
O
R? 0.989 0.985 0.987 0.978 0.984 0.979 0.980

Outputs for Los Santos Pilarica

ANN ANN ANN ANN ANN ANN ANN
7-2-1 7-3-1 7-4-1 7-5-1 7-6-1 7-7-1 7-8-1
RMSE 0.80 0.93 0.85 1.05 1.02 1.03 1.21
O
R? 0.985 0.980 0.983 0.975 0.976 0.975 0.966
Outputs for Parque Alameda
ANN ANN ANN ANN ANN ANN ANN
7-2-1 7-3-1 7-4-1 7-5-1 7-6-1 7-7-1 7-8-1
RMSE 0.81 1.13 0.83 1.05 0.85 0.97 0.89
O
R? 0.984 0.970 0.983 0.974 0.983 0.978 0.981
Outputs for Campo Grande
ANN ANN ANN ANN ANN ANN ANN
7-2-1 7-3-1 7-4-1 7-5-1 7-6-1 7-7-1 7-8-1
RMSE 1.44 1.72 1.64 1.80 1.68 1.92 2.05
O
R? 0.937 0.910 0.918 0.901 0.914 0.888 0.872

Architecture of the model based on the number of neurons in each layer (Input-Hidden-Output). The best
architectures (results) obtained for each ANN model with their respective statistical variables of interest are
shown / Underlining identifies the best result found.

Table 4. Prediction models for average hourly temperatures (°C) in urban gardens and forested urban
park in Valladolid (Spain), according to the different ANNs architectures (6-Y-1), changing the
number of neurons in the hidden layers (Y). Adjustment of statistical values.

Outputs for Jardin Botdnico

ANN ANN ANN ANN ANN ANN ANN
6-2-1 6-3-1 6-4-1 6-5-1 6-6-1 6-7-1 6-8-1
RMSE 0.72 0.61 0.60 0.65 0.64 0.60 0.61
O
R? 0.988 0.991 0.992 0.990 0.991 0.992 0.992

Outputs for Valle de Ardn

ANN ANN ANN ANN ANN ANN ANN
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6-2-1 6-3-1 6-4-1 6-5-1 6-6-1 6-7-1 6-8-1
RMSE 0.53 0.46 0.46 0.50 0.44 0.42 0.46
O
R? 0.993 0.995 0.995 0.994 0.995 0.996 0.995
Outputs for Los Santos-Pilarica
ANN ANN ANN ANN ANN ANN ANN
6-2-1 6-3-1 6-4-1 6-5-1 6-6-1 6-7-1 6-8-1
RMSE 0.77 0.73 0.72 0.60 0.61 0.62 0.60
O
R? 0.986 0.988 0.988 0.992 0.991 0.991 0.992
Outputs for Parque Alameda
ANN ANN ANN ANN ANN ANN ANN
6-2-1 6-3-1 6-4-1 6-5-1 6-6-1 6-7-1 6-8-1
RMSE 0.69 0.61 0.63 0.64 0.63 0.63 0.61
O
R? 0.989 0.991 0.991 0.990 0.991 0.990 0.991
Outputs for Campo Grande
ANN ANN ANN ANN ANN ANN ANN
6-2-1 6-3-1 6-4-1 6-5-1 6-6-1 6-7-1 6-8-1
RMSE 1.20 1.20 1.15 1.10 1.14 1.07 0.96
O
R? 0.956 0.956 0.960 0.963 0.960 0.965 0.972

Architecture of the model based on the number of neurons in each layer (Input-Hidden-Output). The best

architectures (results) obtained for each ANN model with their respective statistical variables of interest are

shown / Underlining identifies the best result found.

Table 5. Prediction models for average hourly temperatures (°C) in urban gardens and forested urban
park in Valladolid (Spain), according to the different ANNSs architectures (3-Y-Z), changing the

number of neurons in the hidden layers (Y). Adjustment of statistical values.

“Puente Poniente vs Jardin Botdnico”. Outputs for Jardin Botdnico

ANN ANN ANN ANN ANN ANN ANN
3-2-1 3-3-1 3-4-1 3-5-1 3-6-1 3-7-1 3-8-1
RMSE 1.77 1.72 145 1.58 1.56 1.61 1.66
O
R? 0.928 0.933 0.952 0.943 0.944 0.940 0.937

“Dos de Mayo vs Campo Grande”. Outputs for Campo Grande
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ANN ANN ANN ANN ANN ANN ANN
3-1-1 3-2-1 3-3-1 3-4-1 3-5-1 3-6-1 3-7-1
RMSE 1.99 2.16 1.42 1.72 1.86 1.81 1.34
O
R? 0.879 0.858 0.938 0.910 0.895 0.900 0.945

Architecture of the model based on the number of neurons in each layer (Input-Hidden-Output). The best
architectures (results) obtained for each ANN model with their respective statistical variables of interest are
shown / Underlining identifies the best result found.

Table 6. Prediction models for average hourly temperatures (°C) in urban gardens and forested urban
park in Valladolid (Spain), according to the different ANNs architectures (2-Y-1), changing the
number of neurons in the hidden layers (Y). Adjustment of statistical values.

“Puente Poniente 2 vs Jardin Botdnico”. Outputs for Jardin Botdnico

ANN ANN ANN ANN ANN ANN ANN

2-2-1 2-3-1 2-4-1 2-5-1 2-6-1 2-7-1 2-8-1

RMSE (°C) 1.09 1.05 0.92 0.90 0.88 0.85 0.85
R? 0.973 0.975 0.980 0.982 0.982 0.984 0.984

“Don Sancho + Dos de Mayo vs Campo Grande”. Outputs for Campo Grande

ANN ANN ANN ANN ANN ANN ANN
2-1-1 2-2-1 2-3-1 2-4-1 2-5-1 2-6-1 2-7-1

RMSE (°C) 1.89 1.46 1.56 1.57 1.64 1.73 1.91
R? 0.891 0.935 0.926 0.925 0.918 0.908 0.889

“Dos de Mayo 2 vs Campo Grande”. Outputs for Campo Grande

ANN ANN ANN ANN ANN ANN ANN ANN

2-1-1 2-2-1 2-3-1 2-4-1 2-5-1 2-6-1 2-7-1 2-8-1
RMSE (°C) 2.10 1.41 1.39 1.28 1.40 1.20 1.11 1.16
R? 0.865 0.939 0.941 0.950 0.940 0.956 0.962 0.959

Architecture of the model based on the number of neurons in each layer (Input-Hidden-Output). The
best architectures (results) obtained for each ANN model with their respective statistical variables of
interest are shown / Underlining identifies the best result found.

4. Discussion

Considering all the models developed and evaluated, a range of values was obtained, varying
from RMSE = 0.42°C and R?=0.996 (best values achieved) to values of RMSE = 4.58°C y R?=0.281
(worst values obtained). These are demonstrated in the 6-Y-1 ANN architectures (output for Valle de
Ardn: ANN 6-7-1) and in the 7-Y-5 ANN architectures (output for Campo Grande: ANN 7-11-5)
respectively.
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In all the models developed, as in the ANN 6-Y-1 architecture, the worst results found in the
predictions made for Campo Grande. This is perhaps mainly attributed to the type or amount of
vegetation (permanently forested).

Results reveal that the 6-Y-1 ANN architecture outperformed the other architectures developed
when the "Day" input was eliminated. This improvement was observed in all cases where the ANNs
input did not include the "Day" variable, such as in ANN 7-Y-1. Initially, the "Day" variable was
incorporated in these tests to situate the ANNSs in the time of the year.

Surprisingly, the inclusion of the "Day" variable worsened the results for this specific test, which
was conducted over a short period. These findings contradict the results reported in Diez et al. [25],
where daily predictions were made for a longer period (one year). In that study, adding the "Day"
variable led to improvements in the ANNSs results. This suggests that adding the "Day" variable is
beneficial for predictions in longer data series, where seasonal patterns have a significant influence.
However, in a series of only a few days, where the seasonal variable does not exert a significant
influence, the inclusion of the "Day" variable did not improve the results.

This discrepancy underscores the importance of considering the appropriate input variables
depending on the specific context and the length of the data series under examination. The findings
highlight the complexity of ANNs models and the need for careful selection and customization of
input variables to optimize predictive performance for different scenarios.

The study shows that the parameters used in the ANNSs optimize its performance. Nevertheless,
the application of certain algorithms can enhance their performance further, opening avenues for
future research.

The consideration and comparison with other related models allow us to consider the results
obtained in this study as valid and interesting. While there is limited research of this nature,
especially in light of studies such as those conducted by Keskin et al. [28], who reported RMSE results
of 0.94°C, as well as the findings by Snell et al. [30], who recorded RMSE values exceeding 4.00°C,
and Rigol et al. [31], who achieved the most favorable RMSE value of 1.15°C, the outcomes presented
in this study provide a compelling rationale for further advancements and enhancements in this field.

5. Conclusions

In urban areas, green spaces are essential for mitigating rising temperatures and the UHI effect,
which are increasingly prominent due to 21t century demographic and climatic changes. However,
studying their impact is challenging due to inaccuracies in traditional meteorological data and risks
associated with in situ sensors. In this study, we used ANNSs to predict temperatures in Valladolid,
specifically in four urban gardens (Jardin Botdnico, Valle de Ardn, Los Santos Pilarica and Parque
Alameda) and in a forested urban park like Campo Grande.

This approach, based on urban data collected during a short and specific period (from 06/21/2022
to 07/18/2022 for training the models, and from 07/19/2022 to 07/31/2022 for validating the models),
highlights ANN as an innovative solution for research in this area.

Following the practical rule of "making networks simple, to obtain better results", it was identified
that the 6-Y-1 ANN architecture outperformed other architectures (7-Y-5; 6-Y-5; 7-Y-1; 3-Y-Z and 2-
Y-1) developed in this study. The 6-Y-1 ANN architecture, based on RMSE values (RMSE = 0.42°C),
presents the best output in Valle de Arin (6-7-1 ANN).

The methodologies and results of other estimation and prediction models present in various
bibliographies [25,27-31] allow us to consider the results obtained in this study valid and useful. In
this specific case, the research has enabled the estimation of urban temperatures within selected
urban green spaces in Valladolid, providing insights into their potential for mitigating urban heat.
This accomplishment has been realized without the necessity of deploying on-site sensors for
extended periods.

ANNSs dedicated to urban temperature analysis hold immense potential for urban planning and
research, aiding in understanding the urban climate, forecasting future temperatures, identifying
temperature mitigation strategies and even for managing urban crops. This approach contributes to
creating more sustainable and resilient urban spaces, enhancing the overall urban living experience.
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Moreover, the study showcases that ANNs can provide crucial environmental information
without the need for long-term establishment of urban sensors, which are often costly and carry
inherent risks. Thus, ANNs present a practical and effective approach to obtaining essential climate
data for urban areas. In this specific case study, it is demonstrated that the implementation of specific
algorithms can enhance the performance of the developed models, thereby paving the way for future
research opportunities.

Supplementary Materials: The following supporting information can be downloaded at:
https://doi.org/10.6084/m9.figshare.24018138.v1
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