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Graphical abstract

Abstract

This study is aimed at quantifying the contribution of
small urban green spaces to mitigate adverse bioclimatic
conditions within the urban environment of Athens during
summer and investigate their thermal profile during a
warm, a cold and a transitional period. Six green and non-
green sites inside a typical urban cluster in the city of
Athens were selected and monitored. Descriptive
statistics data were calculated and evaluated for air
temperature values and air temperature differences
measured at a reference site. Statistical analysis was
carried out in order to examine potential statistically
significant differences. Results showed that vegetated
sites showed a stronger cool island pattern compared to
non-vegetated open spaces during the warm period
whereas the effect is minimized during the cold period.
During the transitional period vegetated and non-
vegetated shaded locations was found to present similar
heat island pattern.

Keywords: Urban climate, Urban Heat Island, Cool Island,
small green spaces, courtyards, mediterranean.

1. Introduction

Large urban green spaces have been examined extensively
for their qualities and cooling effect (Bowler et al., 2010).
In the city of Athens, large urban green spaces (i.e. parks)
have been found to play a critical role in the pattern of the
Urban Heat Island (UHI) phenomenon but their cooling
effect holds only for a few meters off their perimeter due
to anthropogenic heat and vegetation absence (Zoulia et
al., 2009). The UHI in the city of Athens is particularly
intense with the difference in average air temperature
between urban and suburban locations reaching 4.5 K
(Giannopoulou et al.,, 2011; Livada et al., 2002). The
thermal behavior of urban small spaces (green or non-
green) whose existence may not be the result of
intentional design has not been investigated in terms of
microclimate and also in relation with their potential
contribution to heat island mitigation. One of the first
guantitative studies in Greece examining these spaces
showed that under strong heat wave conditions, air
temperature values in small, vegetated areas appear to be
lower by 7 K compared to the surrounding area (Tsiros &
Hoffman, 2014). Also, densely vegetated courtyards may
be used as passive cooling tools for buildings, contributing
to the reduction of energy consumption during the
summer months (Tsiros, 2010). The present study is aimed
at quantifying the contribution of small urban green
spaces to mitigate adverse bioclimatic conditions within
the urban environment of Athens during summer and also
investigates their thermal profile during a warm, a cold
and a transitional period.

2. Sites and data

Measurement sites were selected in a typical
neighborhood of Athens, Patisia, including three
courtyards located in the interior of urban blocks, one
roof level open to the sky, and one pedestrian road all
located within a 65 m radius. In the first courtyard two
monitoring sites were selected, one in the center of a
rear-wooded garden characterized by sunlit conditions
(Open Garden) and one in the same garden but under tree
canopy (Green Garden). The second courtyard is a typical
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non-vegetated small backyard (Shaded Courtyard) shaded
mainly from the surrounding walls and the third courtyard
is a backyard shaded from dense tree canopies along with
surrounding walls (Green Courtyard). Such backyards are
mainly the result of regulations due to high building
density construction in the 1950-1970 period in Athens
(Tsianaka, 2006). The roof level location (Roof) is on the
top of the two-story building next to the first courtyard
and the pedestrian road has very dense vegetation with
tall trees in the center of it. All the locations except for the
Roof, are shaded by adjacent buildings. The buildings have
aproximately the same height (= 17 m) in the same N-NE
orientation.  Elefsina  station  (Hellenic  National
Meteorological Service - HNMS), located approximately
16.3 km from the urban cluster, was chosen as a reference
site. Small air temperature (and air humidity) loggers (six
Onset Hobo MX2302A) were installed in all six locations
for simultaneous measurements of air temperature (Tair,
°C). All instruments were fixed inside white aluminum
louvered solar radiation shields, placed in approximate 1,7
m of the ground and programmed in fifteen-minute
interval logging. Measurements were conducted in a
three-month period, August, October and December of
2020.

3. Methodology - statistical analysis

Air temperature data recorded in-site were averaged in
one-hour timesteps and hourly minimum and maximum
values were also calculated. Data obtained from the
HNMS Station where downscaled from three-hour values
to one-hour values using linear interpolation. For each
location (six in urban cluster and one in reference site) the
same number (n=733) of hourly Tair measurements was
obtained and thus six ATair sets (each urban positions’
Tair minus reference site’s Tair) of the same number were
calculated. ATair negative values indicate cooling patterns
(cool island effect) and positive values indicate warming
patterns (heat island effect). Descriptive statistics data
were calculated and evaluated for air temperature values
and air temperature differences, measured at the
reference site. Tair data showed a non-normal distribution
and thus Spearman correlation coefficients (rs) were used
to examine the association between them. Kruskal-Wallis
H test was used to identify the potential statistically
significant differences between the position profiles in
Tair and ATair. Distributions of Tair and ATair values were
similar for all groups, as assessed by visual inspection of a
boxplot. Pairwise comparisons were performed using
Dunn's procedure with a Bonferroni correction for
multiple comparisons. In results adjusted p-values are
presented.

4. Results

4.1. Warm period

Maximum hourly Tair (38.8 °C) for warm period (August)
in HNMS was recorded in 31/8/2020, 12:00 pm LT. Tair
recorded at the same time in the other locations was
34.8 °C for Shaded Courtyard, 37.5 °C for Roof, 36.3 °C for
Open Garden, 34.6 °C for Green Garden, 31.6 °C for Green
Road and 30.9 °C for Green Courtyard. Among the three

vegetated locations the lowest mean Tair were recorded
in the Green Courtyard (28.1°C) (Table 1a) and Green
Garden and Green Road showed similar values (28.8 °C
and 28.4 °C respectively). The highest mean daily range of
Tair was found at the Roof (10.7 K) and the lowest in the
Green Courtyard (5.9 K). Hourly average air temperature
differences (Figure 1) show strong cool island patterns in
the morning until noon with peak hour approximately
9:00 and an extended peak period of eleven hours (05:00-
15:00) for the Green Courtyard. Heat island values in
Green Courtyard and Green Road peak around midnight,
for Open Garden around 15:00 and for the rest of the sites
around 18:00 — 19:00. A strong positive correlation was
found between all Tair profiles of the urban cluster
(p<0.001, 0.87< rs <0.99) and a weaker between HNMS
Station profile and the cluster’s profiles (p<0.001, 0.42< rs
<0.65), with strongest the one between Shaded Courtyard
and Green Garden (rs=0.99) and the one between Open
Garden and Green Garden (rs =0.99 also). The weakest
correlation was the one between Green Courtyard and
HNMS Station (p<0.001, rs=0.42). Roof showed statistically
significant differences with Green Garden, Green Road,
Green Courtyard and Open Garden (p<0.001 in all cases).
Shaded Courtyard showed statistically significant
differences with Green Road and Green Courtyard
(p<0.001 both), with Open Garden (p=0.001) and a
marginal difference with Green Garden (p=0.049). Finally,
Green Garden showed statistically significant differences
with Green Courtyard (p=0.013). Relative humidity values
were found to be similar across all locations (mean values
from 41% to 46%, minimum from 17% to 22% and
maximum from 90% to 96%.

4.2. Transitional period

During the transitional period (October) among the three
vegetated locations the lowest mean Tair was recorded in
the Green Courtyard (20.4°C) (Table 1b). At the Green
Garden and the Green Road the lowest mean Tair was
21.2 °C presenting almost the same mean value with
Shaded Courtyard (21.1°C).The highest mean daily range
of Tair was found in the Roof (9.5 K) and the lowest in
Green Courtyard (4 K). Hourly average air temperature
differences (Figure 1) show strong cool island patterns in
the morning until noon (except for Roof) with peak hour
approximately 9:00 and an extended peak period of ten
hours (06:00-16:00) for Green Courtyard. Heat island
values in Green Courtyard peak at 00:00 and in Green
Road peak around 22:00. For the rest of locations heat
island peaks around 18:00. A strong positive correlation
was found between all Tair profiles of the urban cluster
(p<0.001, 0.79<rs<1) and a weaker between HNMS Station
profile and the cluster’s profiles (p<0.001, 0.57< rs <0.78),
with strongest the one between Open Garden and Green
Garden (rs=1). The weakest correlation was the one
between Green Courtyard and HNMS Station (p<0.001,
rs=0.57). Between all Tair profiles Roof shows statistically
significant differences with all other locations (p<0.001 in
all cases except with Green Road, p=0.002). Open
Garden'’s profile is significantly different with Green Road
(p=0.001), Green Garden (p=0.007) and Shaded Courtyard
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(p=0.017) while Green Courtyard differs significantly from
Green Road, Green Garden and Shaded Courtyard
(p<0.001 in all cases). Relative humidity values were found

MELAS et al.

to be similar across all locations (mean values from 60% to
66%, minimum from 25% to 31% and maximum from 92%
to 95%.

Table 1. Air temperature (T,;;) and Air temperature differences (AT.i) between examined locations and the reference site in examined

locations during warm (a) transitional (b) and cold (c) period

Mean SD Min (Abs) Max (Abs) Min (DM) Max(DM) Range (DM)

(a)
Tair (°C) Green Garden 28.8 34 19.8 39.2 24.9 33.8 8.9
Tair (°C) Green Courtyard 28.1 2.5 20.5 34.9 25.4 31.3 5.9
T.ir (°C) Green Road 28.4 2.7 21.2 36.1 25.3 32.2 6.8
Tair (°C) Roof 30.0 4.2 21.3 39.9 25.0 35.8 10.7
Tair (°C) Shaded Courtyard 29.4 3.3 20.3 39.1 25.7 34.3 8.6
Tair (°C) Open Garden 28.7 3.9 19.5 39.8 24.4 35.1 10.6
HNMS 28.6 3.8 18.0 38.0 18.0 38.8 20.8
ATz (°C) GG-E 0.2 3.3 -6.0 4.2 10.3
AT, (°C) GC-E -0.5 3.4 -6.2 3.8 10.0
AT, (°C) GR-E -0.2 3.4 -6.2 3.9 10.1
AT, (°C) R-E 1.4 3.2 -5.0 6.1 11.2
ATz (°C) SC-E 0.7 3.1 -5.4 4.5 9.9
AT, (°C) OG-E 0.1 3.7 -6.3 4.2 10.5

(b)
Tair (°C) Green Garden 21.2 3.4 14.9 30.9 18.4 22.5 4.0
Tair (°C) Green Courtyard 20.4 2.5 15.2 26.4 25.4 31.3 5.9
Tair (°C) Green Road 21.2 3.0 15.3 29.5 18.6 24.4 5.9
Tair (°C) Roof 21.8 4.0 14.4 34.3 17.8 27.3 9.5
Tair (°C) Shaded Courtyard 21.1 3.0 15.3 29.7 18.5 24.1 5.6
Tair (°C) Open Garden 20.7 3.3 14.5 29.9 17.5 24.6 7.0
HNMS 20.9 3.6 13.2 32.0 13.2 32.0 18.8
ATz (°C) GG-E 0.3 2.7 -5.2 3.3 8.5
AT, (°C) GC-E -0.5 3.0 -5.3 3.3 8.6
AT, (°C) GR-E -0.3 2.8 -4.9 3.6 8.5
AT, (°C) R-E 0.9 2.5 -4.8 3.9 8.7
AT, (°C) SC-E 0.2 2.9 -4.9 3.5 8.5
AT, (°C) OG-E 0.2 2.7 -5.5 2.8 8.3

(c)
Tair (°C) Green Garden 13.7 2.1 8.7 19.1 11.5 16.2 4.8
Tair (°C) Green Courtyard 13.4 1.6 9.2 17.6 11.8 15.1 3.3
Tair (°C) Green Road 14.0 2.0 9.6 19.0 12.1 16.4 4.4
Tair (°C) Roof 14.1 2.6 8.5 22.2 11.5 18.3 6.8
Tair (°C) Shaded Courtyard 13.7 1.9 9.4 18.3 11.9 15.9 4.0
Tair (°C) Open Garden 13.4 2.2 8.5 18.9 11.1 16.1 5.0
HNMS 13.0 2.6 7.0 19.8 7.0 19.8 12.8
ATz (°C) GG-E 0.6 1.9 -3.2 3.0 6.2
AT, (°C) GC-E 0.3 2.2 -3.2 3.0 6.3
AT, (°C) GR-E 0.9 2.1 -2.8 3.4 6.2
AT, (°C) R-E 1.0 1.9 -2.9 3.5 6.4
AT, (°C) SC-E 0.7 2.0 -3.0 3.3 6.3
AT, (°C) OG-E 0.4 1.9 -3.4 2.7 6.1

Abbreviations: SD, Standard Deviation; Abs, Absolute; DM, Daily Mean

4.3. Cold period

During cold period (December) among the three
vegetated locations the lowest mean Tair value were
recorded in the Green Courtyard (13.4 °C) (Table 1c) while
the Green Garden and the Green Road showed similar
values (13.7 °C and 14.0 °C, respectively).The highest
mean daily range of Tair was found at the Roof (6.8 K) and
the lowest in the Green Courtyard (3.3 K). Hourly average
air temperature differences (Figure 1) show strong cool

island patterns in the morning (8:00-10:00) and an
extended period of six hours (08:00-15:00) for the Green
Courtyard. Heat island values peak around 21:00 in all the
examined locations whereas in the case of the Green
Courtyard a strong peak period is observed from 21:00 till
06:00. A strong positive correlation was found between all
Tair profiles of the urban cluster (p<0.001, 0.9<rs<0.99) and
a weaker between HNMS Station profile and the cluster’s
profiles (p<0.001, 0.59<rs<0.7), with strongest the one
between Shaded Courtyard and Green Road (rs=0.99) and
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the one between Open Garden and Green Garden (rs=0.99
also). The weakest correlation was the one between
Green Courtyard and HNMS Station (p<0.001, rs=0.59).
Between all Tair profiles Roof shows statistically significant
differences with Green Garden (p=0.001), Open Garden
(p<0.001), Green Courtyard (p<0.001) and Shaded
Courtyard (p=0.003). Green Road’s profile is significantly
different with Open Garden (p<0.001) and Green
Courtyard (p<0.001). Relative humidity values were found
to be similar across all locations (mean values from 75% to
79%, minimum from 42% to 55% and maximum from 94%
to 97%.

August
hour

oJ1J2]s[a]s]e[7]s[oJw[u[r[ns[u][s]w|r]s]w]o]ala]s

aTair ('C) sc€ [3.6 | 294 [ 2.79 [ 2.55 [ 1.08 [-0.31 [-1.69 [ 323 [471 | 547|428 | 298] 091 [ 063 [ 161 | 15 [219 [273 333328 [327[5.07 [2.94 [3.08

aTair (C)RE (276 | 25 |222|187 | 032 |-1.11|-252 | 405 | 545 |-373 |-091 |-0.03 | 039 | 172 | 263 [ 3.33 | 446 [5.06 [5:51 |491 391|283 | 262|272
aair (C) 0G-£1.96 | 1.7 |1.54 |1.29 |-022 | -155 | -2.95 | 451 | 5.9 | -639|-532|-3.16 |-062 [ 037 | 1.95 [ 294 | 278 | 203 |276 |281 273|242 21 |208
aair () Go-€ | 248|227 | 2.11 | 1.8 [ 035 |-099 | 24 | 397|544 | 605 | 501 | 343223035 [ 1.07 [ 1.5 | 1.56 228 [3.08 324 [323]287 | 263 [ 259

OTair (°C) GR-E (282 |2.67 | 2,51 | 2.26 | 0.77 |-0.62 |-2.02 | -3.58 [ 519 | 6.2 |-5.71 | -4.81 |-3.97 |-231 |-0.89 | 0.07 | 1.1 |1.86 |2.54 |2.58 |2.61 |2.57 | 2.59 [2.71
ATair (°C) GC-E (2,69 251 |2.41 | 2.2 | 0.75 |-0.62 |-1.99 | -3.52 | 5.02 | -6.02 | -5.78 | 5.19 [-4.46 |-3.05 | -2 |-1.18 | 0.16 |1.14 |2.09 (235 |2.54 | 2.54 245 | 253
October

hour o |1 |2 |3 |4 |5 |6 |7 |8 |9 |10[11]12]13]14 1516|1718 [19]2|21[22]2

atair (C) sc |247 | 235 [ 2.25 (219 [ 1.48 [0.78 [ 0.09 | -1.7 | 327|455 | 428 | 382|-341| 2 |09 |-008[095 [184]236] 23 |226 24625 [253
aTair (C)RE [2.05 186 | 165 151 | 0.72 |-001|-073 | 251|395 |-404 | -1.56 | 012 | 062 [ 1.78 | 25 [ 245 | 226 |286 [3.08|258]231] 24 |233|223

aair () 06-£[1.57 [1.41 [ 1.23 | 1.16 [ 0.44 | -0.19 | -0.88 | 266 | 419 | 527 | 457 [ 357 [ -2.46 [ -1.23 [ 0.04 [ 0.43 | 1.01 [1.64 [205 [1.75 [ 161 [1.74 [ 1.69 [ 1.64

atair (c) o€ | 2.1 |197 [1.78 | 1.73 [ 0.95 | 0.28 |-0.41 | 2.2 |-376 |-487|-435 | -294|-1.74 |-021 [ 079 | 102 | 132 [1.98 |242|214 | 203 | 22 [218]247
atair ('C) GR& [ 254 (241 | 23 |221] 149 | 081 | 01 |-1.68|-3.27 455 [-4.36 [-3.66 |-299 | 157 |-0.42 | 036 | 115 |185 237|233 [ 24 [258] 26 | 259

atair () G | 22 217208 [203] 135 [ 066 [-003 [ -1.77 [ 335 [-471 [ 479 [ 468 | 453 | 3.07| 256 | 1.95 [ -097 [0.14 | 09 [ 12 [157 194221216

December
howr [0 ]1[2]3]a]s[e[7]s[oJw[u[r]ns[u]s][k|[wr[s]w]o]ala]s

atair () sce [1.78 [1.75 [1.72 [ 18 [ 179 [1.79 [ 178 [ 025 | 11 [ 253|247 | 298] 45 [-053[ 016 [064 [1.06 [129] 13 [1.43 | 17 [199] 185 182

aTair (C) RE [1.59 [1.56 |152 | 158 | 1.54 | 156 | 151 | 002 | 1.4 |-258|-1.96 |-0.72 | 1.26 | 1.93 [ 22 | 191 | 162 [1.69 [151 |15 165|191 (174|169
aair ('c) 0G-£1.24 | 125 [1.23 | 1.25 [ 1.22 | 1.23 | 12 |-033 272 | 302|261 |-1.74 |-1.09 |-0.18 [ 038 [ 0.69 | 1.01 [1.14 [1.01 [102]119 [248]139] 13

aair (C) o€ |1.56 | 157 [ 1.49 | 1.54 [ 1.53 | 1.53 | 154 | 0.03 |-1.39 [-278| 255 | -1.63 ] -09 [-0.03 [ 054 [079 | 1.13 [131[1.23]132 152 [18a] 17 161

aTair ('C) GR€ [ 1.91 [1.89 [1.86 |192| 1.9 | 191 | 19 | 042 |-0.97 [-237[-2.29 |-163 |-098 | 0.05 | 0.8 |109 | 13 153|158 |17 |19 |225]199 197
atair (c) eoe [ 1.56 [1.54 [1.51 | 16 | 163 | 164 | 165 | 016 |-1.24 [-273 [-271 [-2.41 | 215 | -1.3 |-069 |-0.16 | 036 |0.66 |0.81 [1.04 [134 | 17 |159 | 162

Figure 1. Hourly average air temperature differences (AT.ir)
during all periods. Negative values (green cells) indicate cool
island effect and positive values (yellow, orange and red cells),
heat island effect. Values are color-scaled independently for
every measuring position. Abbreviations: R-E, Roof - HNMS
Station; OG-E, Open Garden - HNMS Station; GG-E, Green
Garden - HNMS Station; GC-E, Green Courtyard - HNMS Station;
GR-E, Green Road - HNMS Station; SC-E, Shaded Courtyard -
HNMS Station.

5. Concluding remarks

This study analyzed data from in-situ measurements
concerning air temperature patterns in typical small urban
open spaces (vegetated and non-vegetated) for three
months during the year of 2020 in the city of Athens.
Vegetated sites showed a stronger cool island pattern
compared to non-vegetated open spaces during the warm
period whereas the effect is minimized during the cold
period. Humidity appears to affect the locations in an
almost identical way, considering the proximity of the
sites. During the transitional period vegetated and non-
vegetated shaded locations show similar heat island
patterns. Moving from warm to cold period there is
approximately a 2 K decrease in mean daily ATair for all
locations, in every period. Cool island patterns during
summer daytime (5.4-6.3 K) found to be in agreement
with similar research in the area (Tsiros & Hoffman, 2014)
and comparable with those produced from very small
parks (Wong et al., 2021). Limitations of the study should
also be mentioned. First, difficulties in location selection
and monitoring were faced mainly due to the fact that all
locations were inside private properties. All locations
were chosen according to their design and the relative
ease of access they offer. Green urban spaces appear as
cooler locations inside the urban cluster during the warm
period. Further research, however, should be conducted

in the form of bioclimatological modeling of the whole
cluster to quantitatively evaluate parameters such as the
shade effect from the surrounding buildings and also the
combined effect of all small green spaces as a network
and its effect on the microclimate conditions at a
neighborhood scale.
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