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Abstract: Surface Urban Heat Island (SUHI) is a phenomenon of high spatial and temporal variability.
However, studies that investigate urban land surface temperature (LST) observed in different seasons
frequently utilize a single satellite measurement and do not incorporate temporal composites.
Temporally aggregated data increase clear sky coverage, which is important in many aspects of
urban climatology. However, it is critical to account for possible errors and quality of the data that
are utilized. The objective of this paper is to analyze the impact of MODIS Quality Control (QC) and
the view angle on temporally aggregated urban surface temperature and long-term SUHI intensity.
To achieve this, a weighted arithmetic mean was utilized whose weights were based on the view angle
of satellite observation and the MODIS QC flags; namely, LST retrieval errors and emissivity errors.
In order to investigate the impact of the MODIS QC on long-term LST composites, five exponential
powers were applied to weights during the temporal aggregation process, resulting in five thresholds
of best quality pixel promotion. It was found that there are significant differences between temporal
composites that take into account the MODIS QC and the view angle and those that do not (obtained
by means of a simple arithmetic mean with no weights applied), in terms of spatial distribution
and density distribution of urban and rural LST. The differences were more distinctive in spring or
daytime cases than in autumn or nighttime cases. The impact of the MODIS QC and the view angle
on temporal composites was highest in the city center. Ten SUHI indicators were utilized. It was
found that the impact on long-term SUHI intensity is weaker than on the spatial pattern of LST and
that SUHI indicators are inconsistent.

Keywords: surface urban heat island; urban climate; land surface temperature; MODIS; view angle;
surface emissivity; LST retrieval errors; temporal aggregation

1. Introduction

The urban heat island (UHI) is a direct consequence of anthropogenic land transformation [1].
It is a phenomenon that describes a local perturbation in the three-dimensional (3D) temperature field
of the atmosphere in the vicinity of urban agglomerations. It is typically referred to as the difference
between air temperatures observed in urban and rural areas. Air temperature is a parameter that is
most apparent to the inhabitants. It is recorded with high frequency and accuracy by meteorological
weather stations. Unfortunately, in most cases, the density of the meteorological network is not
sufficient to characterize the spatial pattern [2]. By contrast, satellite instruments are capable of
instantaneous measurement of land surface temperature (LST) over vast areas, which represents their
greatest advantage over other observational techniques.
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Voogt and Oke proposed the term “Surface Urban Heat Island” (SUHI) for UHI, indicating the
difference between urban and rural land surface temperature, and addressed methodological questions
concerning SUHI that had been raised previously by Roth [3,4]. Despite complex interactions across
scales, the physical coupling of surface and atmosphere makes the identification of SUHI a logical path
to identifying mitigation strategies for UHI [5]. Using remote sensing to study SUHI can improve the
understanding of the spatial-temporal variability of physical processes that influence the long-term
urban climate [6]. In general, raised temperatures in urban areas, compared to surroundings, are easily
observed on satellite thermal imagery, but the differentiation between “urban” and “rural” remains
diverse and confusing [7].

Land surface temperature is key to understanding the interactions and energy fluxes between
the Earth’s surface and the atmosphere [8,9]. Hence, there have been significant efforts put into
achieving an understanding of LST patterns over urban and rural areas [10-15]. Furthermore, air
temperature is strongly dependent on LST [16]. Thus, the linkage between air and surface temperature
in urban areas has also been studied [17-20]. Moreover, one of the most frequently investigated
relationships that describes an anthropogenic modification of natural surfaces is the relationship
between an impervious surface area (ISA) and surface temperature [8,21-24]. Also, the relation
between indirectly described human activity or population characteristics and LST, have also been
extensively studied, e.g., population density [25,26]; socioeconomic patterns (inter alia, the number
of families [25]); human settlement characteristics, including household income or a population’s
race [27]; poverty, ethnic minorities, high crime risk, and education [28]; road density [29]; risk of heat
stress [30,31]; and mortality ratio [32]. Remotely-sensed night lights offer another interesting parameter
that has been used to allocate many aspects of human activity in spatial terms [5,33-37]. However,
most of those papers have utilized single observations without constructing temporal composites.

Studies focused on the city of Warsaw have utilized single AVHRR [38], Landsat [39-41], or
MODIS [31,42] observations. The study in [38] does not describe any specific features of SUHI. It is
focused only on the problem of LST retrieval. In [31], a single MODIS LST and NDVI products are
utilized in order to analyze a potential risk of high temperature exposure during a heat wave event.
Districts that had the highest LST and lowest NDVI values were identified as the most vulnerable to
heat stress. The only published papers that give more insight into the spatial pattern of LST and SUHI
are [31,40-42].

The study in [40] utilized two Landsat TM images for 15 July 1987 and 16 August 1993, as well
as one in the transitional season (2 April 1990). Similarly, the study in [41] utilized two summer
Landsat TM images (13 June 1987 and 15 July 1987) and one in the transitional season (3 October 1987).
The study in [39] utilized one summer Landsat TM image (11 July 1987). Unfortunately, by employing
a different approach, a different instrument with higher spatial resolution, and a different time span,
the obtained values of SUHI are not comparable to this study. However, the aforementioned studies
give some understanding of the spatial patterns of LST in Warsaw.

The study in [42] was focused on the comparative analysis of spatial patterns of LST and SUHI
intensity in three Polish cities (Warsaw, Cracow, and Wroclaw) during a heat wave event. There were
two MODIS LST observations utilized: one for the daytime case and the other for the nighttime case.
The study showed that the daytime intensity of SUHI in Warsaw may reach 2.2 °C (indicator “urban
mean—other”) and 14.6 °C (indicator “range”), while nighttime SUHI intensity was weaker: 2.1 °C
(“urban mean—other”) and 6.2 °C (“range”). In terms of the spatial pattern, the River Vistula was
visible in the daytime image but not visible in the nighttime image. Central districts were much hotter
than less urbanized ones in both cases. In addition, probability density functions (PDFs) were prepared,
which described urban and rural areas separately. In the nighttime case, LST values had a smaller
range than in the daytime case (9 °C and 17 °C). In the nighttime case, the PDF function for urban
areas had two maxima, while rural areas during nighttime as well as all rural and urban areas in the
daytime case had one maximum.
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There are no peer-reviewed papers published that can give comprehensive information about
the long-term spatial pattern of LST or SUHI intensity in the city of Warsaw. This study is the first of
its kind.

SUHI is a phenomenon that is not only concerned with high spatial variability, but also with high
temporal variability [43]. However, studies that investigate urban LST observed in different seasons
frequently utilize a single satellite measurement and do not incorporate temporal composites [44].
Since surface temperature is influenced by synoptic conditions (e.g., wind and humidity), such
an approach may lead to discrepancies. In order to avoid such uncertainties, it is advisable to use
temporal composites.

Air temperature is typically observed in situ by automatic stations on a round-the-clock basis.
Since the availability and quality of such measurements are, in general, not hampered by synoptic
conditions, it is quite straightforward to derive mean statistics in order to describe the long-term
behavior of the UHI phenomenon [45-49]. In spite of the fact that satellite remote sensing techniques
give a full spatial pattern over a vast area, such measurements are strictly limited to cloudless conditions
during a satellite overpass [50]. This significantly reduces the availability and applicability of satellite
LST observations, especially over areas and seasons with high cloudiness occurrence. Consequently,
calculation of long-term composites is of special interest to investigators.

Analysis of long-term land surface temperature data composites is important in many aspects
of urban climatology, i.e., seasonal and annual LST variability investigations, development of UHI
mitigation strategies, or composition of mean climatologies for modeling purposes. Recently in this
field, Hu and Brunsell [6] studied the impact of temporal aggregation of LST data for SUHI monitoring
in Houston, Texas. The authors incorporated 10 years of MODIS Terra and Aqua observations and
found that SUHI intensities are notably enhanced in the daytime compared with the nighttime, with
an increasing trend with larger composite periods, and that temporal aggregation processes do indeed
impact the spatial pattern of LST. Quan et al. [51] applied the Gaussian volume model to derive the
centroid of the UHI in Beijing, based on daily MODIS LST products, from the period 2000 to 2012, and
analyzed daily, monthly, and annual variability. In [52], its authors propose a procedure to extract
thermal patterns for the quantitative analysis (more than 3000 images) of satellite-derived LST maps.
Weng and Fu [43] characterized the annual and seasonal surface temperature behaviors during the
period from 2000 to 2010 in the city of Los Angeles by employing an annual temperature cycle model.
Clinton and Gong [5] used all MODIS Terra and Aqua images from the year 2010 to characterize the
urban surface heat differential (SUHI and its inversion SUHS—Surface Urban Heat Sinks) and identify
urban environmental variables, which are globally meaningful for diagnosing and predicting SUHI
and SUHS. In this study, the authors have only used pixels with LST retrieval error less than 1 K.

Composite data directly increase the clear sky coverage across urban and rural regions, which
is beneficial for SUHI studies; however, many papers do not consider the possible errors caused by
composite processes [6]. Most of the previous studies have explored urban thermal patterns over
space and time using a limited number of clear sky images or by removing cloud-contaminated pixels.
The limitation in the number of image scenes prevents the derivation of long-term LST climatology
for a particular region. Moreover, simply eliminating cloudy pixels inevitably obscures the spatial
and temporal patterns of LST [43]. Although previous investigations of MODIS multi-temporal urban
LST patterns account for cloud contamination (e.g., [6,51,52]), they fully or partially neglect the spatial
pattern of LST retrieval or emissivity errors, which may influence the quality of resulting LST patterns
and calculated SUHI intensities.

Off-nadir satellite remote sensing observations oversample vertical structures. Moreover, urban
areas show significant thermal anisotropy. Consequently, off-nadir views may yield temperatures
that are warmer or cooler than nadir views; this depends on the view direction relative to the solar
position [3]. The difference between the LST measured in nadir and off-nadir observations can be
as large as 5 K for bare soil and even 10 K for urban areas [53]. Hence, angular dependencies are
particularly important when applying observations from sensors with a wide field of view (FOV) to
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studies focused on urban areas. A MODIS view angle of £55° results in high temporal resolution.
However, a nadir view of the target area is available only once every 16 days.

With such wide scan angle (equivalent to a 68° view zenith angle of the Earth’s surface), the
MODIS swath spans about 2 h in the local time of the observation at the equator [54]. Hence, MODIS
observations of urban areas can be acquired from different sides (west or east) of the vertical axis
of buildings with a different solar zenith angle. As the scattering properties of the atmosphere are
directional, views towards the sun will be affected by quite a different scattering than views away
from the sun at the same viewing angle [55]. In terms of wide view angles, the LST is not only
angle-dependent but also depends on emissivity [56].

Therefore, when constructing a temporal composite of urban LST, it seems unjustified to treat
nadir and off-nadir satellite observations equally. However, most of the long-term LST studies that
utilize MODIS images do not take into account angular dependencies [6,51,52]. In [52], scene view
angles higher than 45° were neglected. However, all included scenes were treated equally, without
any weighting for the off-nadir view angle. In addition, some studies utilize temporal composites,
such as MOD/MYD11A2 products (which represent an eight-day mean LST), without any accounting
for dependencies between the 3D structure of urban areas and off-nadir observations. Adjacent LST
pixels in MOD11A2 products are obtained during different cloudiness conditions and with different
view angles. Such an approach may lead to discrepancies (e.g., in [57], eight products were used—four
per month). In this study, we account for dependencies between the 3D structure of urban areas and
off-nadir observations by applying appropriate weights, which are based on the acquisition angle (see
Section 2).

The primary objective of this paper is to analyze the impact of the MODIS QC and the view
angle on the temporal composites of LST in Warsaw (Poland). This was achieved by estimating the
mean intensity of the SUHI phenomenon in Warsaw in the transitional seasons (spring and autumn)
by obtaining the most representative (by a single sensor as much possible) mean LST image for the
previous 15 years. This objective was achieved by an investigation into the influence of different
temporal aggregation techniques of LST data on the spatial distribution of LST and several indicators
of SUHI [18,57]. Given the nature of remote sensing observations and typical cloud conditions in the
target city, the intention behind the approach was to promote observations that represented the highest
quality of LST. This was achieved by utilizing a weighted arithmetic mean whose weights were based
on the MODIS QC metadata [58]; namely, the view angle, LST retrieval errors, and emissivity errors.

2. Data and Methods

2.1. Study Area

The city of Warsaw has an area of 517.24 km?2. There are about 1,700,000 inhabitants in the
city, but the population in agglomeration exceeds 2,500,000 [59]. The average population density is
3324 persons/km?. Warsaw is located in the central part of Poland, at 78 to 121 m above sea level.
The biggest river in Poland, the Vistula, flows through Warsaw. The city has 18 administrative districts.

Since Warsaw has a transitional climate, synoptic conditions may be very different from year to
year. According to the Climate Atlas of Poland [60], the average annual number of cloudy days (more
than seven oktas) in the years 1971 to 2000 was between 140 and 150 (in winter, it was between 50 and
60 days), while the average annual number of cloudless days (less than two oktas) was between 30 and
40 (in winter, it was five to 10 days). In March, the average air temperature is 2.5 to 3 °C, while it is 13
to 13.5 °C in September (these months correspond to the spring and autumn equinox). The annual
mean total sunshine duration is about 1650 h.

Zalew Zegrzyniski Lake is located north of Warsaw. Given its proximity to the Warsaw
agglomeration (about 10 km) and size (33 km?), it was used as a reference to calculate one of the
SUHI intensity indicators (“urban mean—water”). In order to analyze the entirety of Warsaw’s
agglomeration, including nearby rural areas, we set a buffer zone around the city. It included areas
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within about 10 km in each direction from the edges of Warsaw’s administrative borders. The buffer
zone was used to calculate the indicator “urban mean—other”.

2.2. Data

Since transitional seasons (spring and autumn) in Poland typically have high variability of
synoptic conditions, we utilized all available MODIS Terra MOD11A1 (collection 5) products that
represent gridded daily LST from 2000 to 2014. For each case analyzed, we chose 32 consecutive
MOD11A1 products that corresponded with the spring and autumn equinox (approximately 16
products before and 16 after). To sum up, 1920 rasters were taken into account. MODIS Aqua
observations were neglected due to a different time of satellite overpass and a different consequent
stage of SUHI, as well the unavailability of observations for the period 2000 to 2002. Moreover, in
order to account for severe cloud contamination, we neglected rasters that had a number of available
LST pixels lower than 60%. In addition, unreliable LST values (lower than —15 °C and more than
25 °C) were neglected. In order to avoid unrealistic LST values, for each three subsequent pixels
in the row of a raster, the difference between first and second or second and third were required
to be lower than 12 °C, otherwise “0” was the weight applied to the second pixel out of three.
Such a condition is reasonable given the coarse resolution of MODIS observations in thermal channels
and the characteristics of the target area. The weight “0” was applied when there was no LST
value in the MOD11A1 layers or when a pixel was acquired from a view angle higher than 40° [61].
Moreover, MODIS scientific datasets (SDS) that consist of LST values and QC flags are not consistent.
It happens (about 5%-10% in each season) that a MODIS QC “mandatory flag” indicates that LST is
not produced for a specific pixel; meanwhile, on the appropriate layer, this pixel has an LST value
available. To account for this inconsistency, if the weight as indicated by the emissivity error flag or
LST retrieval error flag was greater than three in this case, it was reduced to 3. The processing chain is
explained in detail in Figure 1. Table 1 shows the weight distributions applied in the study.

One case
(day/night) (autumn/spring)

MODIIAL product Cropping into AOL:

arsaw
Are there at least agglomeration
60% LST pixels J
available on a
single raster?

Is there LST
available fora
given pixel?

Single
pixel

MODIS QC
LST
retrieval
errors

Emissivity

Final long-term mean
rasters with LST
values obtained by
simple mean
(1 per case)

Final long-term mean
rasters with LST
values obtained by
weighted mean
(20 per case)

_—

Exponential powers

Procedure in this cell was repeated 1600 times per raster
(number of pixels)

Procedure in this cell was repeated 480 times per case
(15 years x 32 products)

Figure 1. Processing chain for a single case.
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Table 1. Data quality statistics expressed as calculated weights.

Weight Autumn  Autumn Spring Spring

Weights Type Value Day Night Day Night Data Stratification
Rasters included: 236 254 176 211 Description:
0 52% 51% 54% 58% —40° < o > 40°
1 6% 6% 5% 6% —40° > o> —35%; 35° > « > 40°
2 8% 7% 8% 4% —35% > a > —30°; 30° > ¢ > 35°
. 3 7% 10% 8% 8% —30° > o> —25%;25° > o > 30°
Witg‘zgf:;e?eon 4 3% 4% 2% 5%  —25°> o> —20%20° > o > 25°
8 5 9% 8% 10% 8% —20° > a> —15%;15° > « > 20°
6 4% 6% 3% 3% —15°> > —100,' 10° > o > 15°
7 6% 6% 5% 4% —10° > o> —5°% 5> « > 10°
8 5% 3% 5% 4% —5°> < 5°
0 22% 12% 23% 21% LST not available
. 1 0% 0% 0% 0% Average emissivity error > 0.04
Wiig?ts ba.sedlon 2 1% 0% 1% 0% Average emissivity error < 0.03
retrieva 3 25% 26% 28% 27% Average emissivity error < 0.02
errors 4 4% 5% 3% 5% Average emissivity error < 0.01
o o o o Good quality, not necessary to
5 48% 56% 45% 48% examine more detailed QC
0 22% 12% 23% 21% LST not available
1 3% 2% 3% 3% Average LST error >3 K
Weights based on 2 2% 2% 2% 2% Average LST error < 3 K
emissivity errors 3 11% 13% 10% 10% Average LST error <2 K
4 0% 0% 0% 0% Average LST error < 1K
5 63% 71% 62% 65% Good quality, not necessary to

examine more detailed QC

The errors shown in Table 1 reveal some abnormal distribution. However, inconsistencies in
the MODIS QC flags were already documented [62]. It is noted that 50% of pixels in each case that
was analyzed were acquired with very high view angles exceeding 40°, while lower view angles,
depending on the case, were observed for 2% to 10% of pixels. In the case of weights based on LST
retrieval errors, the majority of pixels (45%-56%) have the highest weight applied, the second biggest
group of pixels have weight “3” applied (26%—28%), and 12%-23% of pixels have no LST available.
The lowest amount of pixels have weights “2” and “4” applied, and almost no pixels have weight “1”
applied. In the case of emissivity errors, the distribution of weights is similar to those based on LST
retrieval errors. However the majority of pixels have the highest weight of “5” applied (62%-71%),
while there were no pixels with weight “4” applied.

2.3. Estimation of 15-Year Mean LST Rasters

In order to analyze the impact of the MODIS QC on temporally aggregated LST, there were two
types of composition prepared:

o  The “first” type of LST composition was built by means of a simple arithmetic mean with no
regard for any metadata; and,

e  The “second” type of LST composition was built by means of a weighted arithmetic mean whose
weights were based on the MODIS QC metadata.

Figure 1 explains the processing chain for a single case in detail. In order to obtain a set of
long-term mean rasters, the first operation was to crop each MOD11A1 product into boundaries of
AOI (area-of-interest). The next step was to check the fraction for available LST observations within
the AOL; if less than 60% of pixels was available, the given raster was removed from further processing.
For the rasters that passed the first condition, a loop was initiated that was concerned with all the



Remote Sens. 2016, 8, 374 7 of 25

available pixels on a given raster. In order to obtain an averaged raster by means of the first type of
composition (simple mean), for a given location (pixel), all available observations on each raster were
taken into account. A final raster was built by means of a simple mean without taking account of the
MODIS QC.

In the case of the second type of composition, LST observations were not only taken into account,
but also the available metadata concerning the quality of pixels. Each MOD11A1 product consists of
12 layers (SDS). There are two types of error indicated by the MODIS QC: LST retrieval errors and
emissivity errors. The view angle was also taken into account. Appropriate weights were built on
the gradual magnitude of two types of error (six thresholds), as well as on the increasing view angle
(nine thresholds). Consequently, four types of final averaged rasters were built. Each was built by
weighted arithmetic mean, where weights were of four different types based on LST retrieval errors,
on emissivity errors, on view angle, and on the sum of all weights combined.

In order to bring out pixels with the highest quality indicated, increasing exponential powers
(one to five) were applied to all types of weight during the composition process. Each pixel on each
raster had appropriate weights applied, and a final 15-year averaged LST image was built by means
of a weighted arithmetic mean with the gradual strength of best quality promotion. Consequently,
the higher the exponential power applied, the stronger the promotion of highest quality pixels. Pixels
acquired with a view angle higher than 40° were neglected in the composition process based on the
sum of all weights and, in the composition process, based on view angle.

Weights were accumulated over all satellite images that were taken into account for the years 2000
to 2014 (480 per case—reduced to meet the cloudiness threshold described in Section 2.2). For each
exponent and each type of weight, a separate long-term raster was built.

Finally, there were 84 mean rasters prepared, which represented aggregated LST values over
15 years (four types of weights with five different degrees of exponential power for each of four
seasonal cases, plus one simple arithmetic mean per case). In order to analyze the spatial pattern of
differences between aggregated LST rasters, based on weighted arithmetic mean and simple arithmetic
mean, we calculated differential maps (Section 3.5) that show the results of subtracting a simple
arithmetic mean from the weighted arithmetic mean.

The evaluation of obtained spatial patterns of LST was performed visually with regard to previous
studies of SUHI in Warsaw [39-42]. Temporal aggregation by means of simple arithmetic mean without
regard to the MODIS QC will be hereafter named the first type of composition, while temporal
aggregation by means of a weighted arithmetic mean with regard to the MODIS QC will be hereafter
named the second type of composition.

2.4. SUHI Indicators

In order to estimate the mean SUHI intensity for the last 15 years in the city of Warsaw, we
calculated several SUHI indicators that were used in several previous studies. According to the
remarks given by [57], we used several indicators in parallel. Table 2 shows the list of indicators that
were used, with a brief definition. For full descriptions, please refer to [18,57] and original papers.

According to the specifics of this paper, some of the indicators had a different definition or name
than in the original references. The indicator “difference urban—other” in the original papers is
described as the difference in the mean LST of urban pixels and the mean LST of all other non-urban
pixels, provided that both “urban” and “non-urban” pixels are located within administrative city
borders. This indicator is consistent with indicator 7, “inside urban—inside rural” (Table 2). Indicator
8, “urban core—rural ring,” is consistent with “difference core—rural” [57] Indicator 4, “urban
mean—other,” does not have an original reference. Here, it is defined as the difference in the mean LST
of all pixels within administrative borders and the mean LST in pixels located outside administrative
borders, but within a 10 km buffer zone around the city. Indicator 5, “urban mean—water” refers to
the difference between the mean LST of pixels within administrative borders and the pixel associated
with the water surface. Here, the deviation from original references is that the water surface taken into
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account is not located within city borders, but lies about 10 km north of the edge of the city. However,
according to the size and shape (the whole of the MODIS level 3 pixel fits on the water surface) of
Zalew Zegrzynski Lake, it was included in the analyses. Indicator 9, “urban core—deep forest,” does
not have an original reference either. However, according to a strict relationship with specific land
cover (dense forest) and a similarity to “micro-UHIL,” it has been included in the study. Indicator 10,
“hot island,” in the original paper is expressed in square kilometers; however, according to the similar

spatial resolution of MODIS observations, here it is expressed in terms of a number of pixels.

Table 2. SUHI indicators that were utilized.

No Name Brief Definition
1 Standard Deviation Standard deviation of LST values within the city’s administrative borders
2 Magnitude Maximum LST—mean LST (within city borders)
Range Maximum LST—lowest LST (within city borders)
4 Urban mean—other Mean LST (within city bgrdgrs)—mean LST (areas outside borders
within a buffer zone)
5 Urban mean—water Mean LST (within city borders)—LST of Zalew Zegrzyriski Lake
6 Urban mean—agriculture Mean LST (within city borders)—LST of cropland pixel
Inside urban—inside rural ~ Within city borders: mean LST of artificial areas—mean LST of natural areas
. Mean LST of artificial areas within city borders—mean temperature in the
8 Urban core—rural ring . . ) .
ring of pixels outside the city
Mean LST of artificial areas within city borders—pixel covered with dense
9 Urban core—deep forest . .
forest (Kampinos National Forest)
10 Hot island Area (number of pixels) with LST higher than mean + one standard deviation
1 Micro-UHI Percentage of area (without we.lter surfaces) with LS.T higher than warmest
LST associated with tree canopies
3. Results

3.1. Density Distribution of Rural and Urban LST

In order to analyze differences between types of composition process, a set of PDFs of urban (red
color) and rural (green color) LST was prepared (Figure 2). Urban pixels are referred to here as those
that are located within the administrative boundaries of the city and rural areas are located outside the
boundaries of the city, within the buffer zone (see Section 2 and Figure 3). PDF graphs were prepared
for each raster constructed by means of the first (dotted lines) type of composition (without accounting
for the MODIS QC). Solid lines represent rasters constructed with the second type of composition with
five different exponential powers applied to weights during the aggregation process. To sum up, each
pair of green lines and red lines represents a single raster.

Figure 2 shows differences in LST density between all types of raster constructed by different
weights throughout different exponential powers. It is clear that temporal aggregation based on
the second type of composition (weighted arithmetic mean) modifies all features of LST density
distribution lines when compared with the first type of composition (simple mean); namely, maximum
probability values, the range of expected LST, the slope of lines and the number of extremes. However,
each type of composition in each season gives a different distribution of both urban and rural LST.
Therefore, there is no general trend of influence by temporal aggregation with respect to the MODIS
QC for LST distribution. Nevertheless, it must be underlined that, in each case, the distribution of
rural LST is less diversified than the distribution of urban LST. This is true throughout each type of
composition, exponential power, or season.

The lowest deviation between the first and the second type of composition is observed in autumn
cases, especially in nighttime. In the autumn daytime case, the range of LST obtained by means of the
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first and second types of composition is similar, but there is a significant shift (about 1.5-2.5 °C) in
minimum and maximum values of expected LST. In the autumn nighttime case, there is no significant
shift in minimum and maximum LST. However, the range of LST is slightly wider (about 0.5-1 °C
in 2A and 2D cells). In general, in autumn cases, the biggest impact on LST distribution is found on
a view angle of satellite observation (row A). In most of the autumn cases, the lowest exponential
power applied to weights gives urban LST distribution closest to that obtained by means of a simple
arithmetic mean (cells 1A, 1D, 2A, 2B, 2C, and 2D).

1. Autumn day (°C) 2. Autumn night (°C) 3. Spring day (°C) 4. Spring night (°C)

02

A. View angle

041

01

7 8 9 10 11 12 13 14 15 16

06 00
06 00

05
05

B. Emissivity errors

s
15 16 17 18 19 20 21 22 23 24
@

02

i/,
V

05
06 00

04

AN 2 2SS P

B L 7 S -
6 7 8 9 10 1 12 13 14 7 8 9 10 11 12 13 14 15 16 4 3 2 4 0 1 2 3

D. All weights combined ~ C. LST retrieval errors

urban exp=1 === urban exp=4 rural exp=1 === ryral exp=4

urban exp=2 e=== urban exp=5 rural exp=2 e=== ryral exp=5
=== yrban exp=3 == urban (no account for e=== rural exp=3 e e= ryral (no account for
MODIS QC) MODIS QC)

Figure 2. PDFs for urban and rural LST in each season analyzed.

Temporal aggregation with regard to the MODIS QC has a significant impact on LST distributions
in spring cases. In both daytime and nighttime cases, the majority of density lines are not similar to
each other, which proves that relevant differences exist between each threshold of best quality pixel
promotion. In contrast to autumn cases, for most of the spring cases there is no clear answer to the
question of whether exponential power makes LST distribution the closest to that obtained by the
first type of temporal composition process. In most of the spring cases, there is no significant shift in
expected maximum and minimum LST when two types of composition are compared (cells 3A, 3B
and column 4). The highest shift is noted in cell 3C (of about 1-2 °C) and 4D (of about 1 °C), which is
caused by weights based on LST retrieval errors.
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Figure 3. Spatial distribution of LST obtained by means of four types of temporal composition.

There is no general answer to the question about which types of weight cause the biggest or
lowest differences in LST distribution between the first and second types of composition or between
exponential powers. However, weights based on view angle (Figure 2, row A) seem to give some
systematic differences between LST distributions compared to weights based on emissivity errors
(Figure 2, row B) or LST retrieval errors (Figure 2, row D).
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When PDFs are compared with those documented by Gawuc [42] for summer cases, the conclusion
is clear: the closest shapes in Figure 2 are those obtained for an autumn night. This is consistent with
typical seasonal variability, since LST in summer is more similar to that during the autumn equinox
than in the spring equinox.

3.2. LST Spatial Distribution Obtained by Means of Different Types of Weight

As the aim of the study was to estimate an average SUHI intensity for the last 15 years,
it was critical to select an appropriate method to construct a temporal composite of mean LST.
The combination of all types of weights (Figure 2, row D) gives the most reliable LST distribution
when all exponential powers are considered. However, in order to prove that this type of weight is the
most appropriate for further analyses, the spatial distribution of LST was investigated. The evaluation
was performed visually with regard to previous studies of SUHI in Warsaw [39-42].

Figure 3 shows the 15-year mean LST spatial distribution for the area of Warsaw in the case
of a spring day. Images were constructed by means of a weighted arithmetic mean, where weights
were based on view angle (Figure 2, row A), emissivity errors (Figure 3, row B), LST retrieval errors
(Figure 3, row C), and all of these combined (Figure 3, row D). Each type of weight had five degrees of
exponential power applied (Figure 3, columns 1-3), which refers to the strength of the best quality
pixel promotion. In addition, in Figure 3, we also present a 15-year mean LST pattern, which was
constructed by means of a simple arithmetic mean, regardless of the MODIS QC metadata (named the
first type of composition). According to synoptic conditions (e.g., snow occurrence, cloudiness) and
consequent unavailability or low quality of remote sensing observations, the spring day case was the
most difficult to estimate. Moreover, it gave the most diversified LST distribution, both in rural and
urban areas (Figure 2, Section 3.1).

Figure 3 shows that each type of composition process with regard to the MODIS QC gives
a different LST spatial pattern than a composition without regard to the MODIS QC. Rasters constructed
by means of first exponential power have a clear pattern with elevated LST within the boundaries
of the city. However, with growing exponential power, it becomes unclear (rows B and C), giving
unrealistic LST patterns in urban areas. Nevertheless, images that are constructed by means of weights
based on view angle and all weights combined (rows A and D) retain a typical urban LST pattern.
The higher the exponential power applied, the lower the LST values obtained in the final images.
Figures 2 and 3 show that weight types A, B, and C are somehow compensating during a composition
process involving type D weights.

To sum up, we chose combined weights for further analyses, since this type of temporal
aggregation gave the most plausible shapes of PDFs and LST spatial distribution. Furthermore,
it fully exploits the MODIS QC metadata.

3.3. Spatial Distribution of LST in Different Seasons

Figure 4 shows the spatial distribution of a 15-year mean LST obtained for each case: spring night,
autumn day, and autumn night (the spring day case is presented in Figure 3, row D). Images were
constructed using a sum of weights based on view angle, LST retrieval errors, and emissivity errors.
Growing exponential power impacts the spatial range of elevated urban LST in spring cases—the
bigger the exponential power, the smaller the spatial range.

On the other hand, growing exponential power does not result in a significant influence on the
spatial range in autumn cases. However, it increases LST (Figures 2—4). The daytime and nighttime
cases show a different spatial pattern of LST (Figure 4). In the nighttime cases, the River Vistula is not
visible in the middle of the city, but it is apparent outside the city’s borders. During daytime cases, the
river is clearly visible in the urban area, but less visible outside the city’s borders. This is consistent
with the typical diurnal variability of the LST pattern in Warsaw [39-42]. In each season, there are clear
differences between rasters obtained by a simple mean and a weighed arithmetic mean; differences are
especially visible in daytime cases, and less apparent in nighttime cases. Nevertheless, in each case,
the LST pattern obtained by a weighted mean seems plausible.
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Figure 4. Spatial distribution of LST in different seasons.

3.4. SUHI Intensity

In order to underline the influence of the MODIS QC on a temporal composite of LST, we
calculated SUHI indicator values on 15-year mean rasters, which were constructed by two types of
arithmetic mean—simple (the first type of composition) and weighted (the second type of composition).
The first type does not take into account the MODIS QC, while the second type does. Table 3 shows
the SUHI indicator values calculated on rasters that were constructed by means of a simple mean.
Figures 5 and 6 shows the differences between values of indicators as a result of subtraction: A indicator
calculated by the second type of composition minus the same indicator calculated by the first type
of composition.

It is clear that, in each season analyzed, the SUHI phenomenon does occur (Table 3). The strongest
SUHLI is noted on a spring day. However, it is unclear since not all of the indicators have the highest
values in this case (“8,” “10,” “11”). Moreover, it is hard to judge in which season the SUHI intensity is
the lowest, since the behavior of indicators is inconsistent. Several indicators have the lowest values
for the spring night (numbered “6,” “7,” “9,” and “11”), while other indicators have the lowest values
for the autumn day (“1,” “4,” “6,” and “8”). The smallest SUHI compared to others was for the “urban
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mean—other” indicator, while the highest was for “urban mean—water” and “range.” The indicators
“range” and “urban mean—other” can be compared with [42]. As reported, the “range” may reach
6.3 °C on the summer night, which is similar to the spring day case here. “Urban mean—other” was
almost the same in the summer case in relation to a single MODIS observation in the day (2.2 °C)
and night (2.1 °C). Here, we report its diurnal variation, with lower values in the autumn day and
the spring night, while there are higher values in the autumn night and the spring day. Utilizing the
“magnitude” indicator, [63] reported smaller daytime SUHI than in the nighttime. Here, results are
opposite: stronger SUHI is noted in the daytime and weaker in the nighttime in both analyzed seasons.
In [57], “urban mean—agriculture” revealed a small variability range across the measurements and
points in time. Here, we note that other indicators have smaller seasonal and diurnal variability. We
also observed a very slight SUHS [5]. In [64], the indicator “inside urban—inside rural” is higher at
night than during the day. Here, we report that this is consistent with the autumn case and inconsistent
with the spring case. However, diurnal changes are quite small. “Urban core—deep forest” has not yet
been used in the literature. It emphasizes the daytime SUHI magnitude, especially in the spring case.
In [57], the indicator “urban core—rural ring” revealed a smaller SUHI with a lower diurnal change;
meanwhile, in [65], this indicator showed higher values for daytime. This is consistent with the spring
case and inconsistent with the autumn case.

Table 3. Indicator values calculated on rasters that were constructed by means of a simple mean (first
type of composition).

No Indicator (°C) Autumn Day  Autumn Night Spring Day Spring Night
1 Standard Deviation 0.92 1.00 1.10 1.10
2 Magnitude 2.16 1.89 3.21 2.52
3 Range 481 481 6.38 5.24
4 Urban mean—other 0.76 1.52 1.52 0.96
5 Urban mean—water 4.29 —2.05 6.57 —1.92
6 Urban mean—agriculture —0.04 1.40 2.29 0.85
7 Inside urban—inside rural 1.12 1.34 1.42 1.02
8 Urban core—rural ring 1.04 2.26 1.84 14
9 Urban core—deep forest 3.08 1.32 3.52 0.05
10 Hot island (pixels) 45 67 51 45
11 Micro-UHI (%) 88.33 50.00 73.19 30.07

In most of the cases (except the spring night case and the “urban mean—water” indicator in the
spring day case), there is a clear trend—the higher the exponential power applied to weights, the
bigger the difference between two types of composition (Figure 5). This corresponds to the strength
of best quality pixel promotion. The indicator “urban mean—water” reveals a notable inversion of
SUHI in nighttime cases—SUHS [5]. In the daytime spring case, it had a higher value than any other
indicator calculated. Given that the diurnal variation of surface water temperature is small, it reveals
a strong diurnal change in LST in the urban area. The variation of “urban mean—water” is highest in
the spring day.

The indicator “magnitude” is quite stable though exponential powers, apart from an exception
for the spring day case, while “range,” which is calculated by pixels with extreme values, is unstable
though exponential powers. In the spring night case, the indicators” behavior is as follows: rising
exponential power from first to second lowers its values; from second to third, power indicators are
stable; and from third to fifth, indicator values are rising. However, the indicator “range” is rising from
the second to the fifth exponential power, while “urban core—deep forest” is dropping from the first
to the fifth exponential power. It is also much more stable for exponential powers in nighttime cases.
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Figure 5. Differences in SUHI indicator values between two types of temporal composition.

For the autumn case, almost every indicator calculated with the help of the first type of
composition is the same or only slightly higher than indicator calculated with the help of the second
type of composition. This means that growing exponential power applied to weights during the
composition process causes higher contrasts in LST observable in urban and rural areas and directly
increases SUHI intensity. Nevertheless, the differences between two types of composition are very
low—Ilower than 0.5 °C. Two exceptions are the indicator “urban mean—agriculture” in the autumn
night case and “urban core—deep forest” in the autumn day case. “Urban mean—agriculture” is
stable in autumn cases for exponential powers and quite unstable in spring cases. Each indicator in
the spring night case, calculated by means of the second type of composition, has a lower value than
after processing with the first type. In the spring day case, the indicator “urban mean—agriculture,”
calculated by means of the second type of composition, has higher values than after processing with the
first type of composition. All other indicators in the spring day case, starting with the third exponential
power, are lower when calculated by means of a raster processed with the second type of temporal
composition process rather than with the first type. Since “hot island” and “micro-UHI” indicators
have different units and higher values, they are presented separately (Figure 6).
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Figure 6. Differences in “Hot island” and “micro-UHI” indicator values between two types of
temporal composition.

It is observable that the highest differences between two types of temporal composition processes
are observed in spring cases, corresponding to the high variability of synoptic conditions throughout
the 15-year period in this season and the consequent low quality of satellite observations. “Hot
island” and “micro-UHI” indicators are expressed in units of area and reveal different variability with
exponential powers (Figure 6). Depending on the case, growing exponential power may increase,
decrease, or have no impact on SUHI intensity. Moreover, in specific cases, the trend may be inverted
from decreasing to increasing with growing exponential power (spring cases only). The hot island
shows a rather strong stability through exponential powers, but only in spring cases. The lowest
differences between two types of composition process are noted in the autumn day case for the
“micro-UHI” indicator and in the spring day for the “hot island.” However, it is clearly not apparent
in which season—spring or autumn—the impact of the inclusion of the MODIS QC metadata in the
temporal aggregation process on SUHI intensity is higher. “Micro-UHI” reveals a clearly growing trend
in autumn cases with growing exponential powers. However, it is very unstable in the spring night
case and quite unstable in the spring day case. As previously reported by [18,57], the “micro-UHI”
and “hot island” were larger for the night than for the day. Here, the behavior of the “micro-UHI” is
inverted, while the “hot island” gave smaller or higher SUHI with no consistency.

In summary, an analysis of Table 3 and Figures 5 and 6 leads to the conclusion that a temporal
composition process with regards to the MODIS QC has a clear impact on the calculated intensity of
SUHI phenomena. In autumn cases, it mostly increases, while it decreases SUHI intensity in spring
cases. However, some of the indicators show a different relationship with temporal aggregation
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processes and with the strength of best quality pixel promotion. The indicators, which are referred to
as area units, show different behaviors than those indicators expressed in Celsius.

3.5. Comparison of the Impact of the First and Second Types of Temporal Composition on the Spatial Pattern of
LST—A Differential Approach

In Section 3.4., we discussed differences between SUHI intensities calculated on rasters obtained
by means of a simple (the first type of composition) and a weighted arithmetic mean (the second
type of composition). However, such an analysis does not reveal the impact of the second type of
composition on the final spatial pattern of LST. To fill this gap, we prepared a set of differential maps
showing pixel values as a result of subtraction: a 15-year mean raster built by the second type of
composition minus a 15-year mean raster built by the first type of composition process (Figure 7).
In order to maintain brevity in this paper, differential rasters with two and four exponential powers
are not presented.

In each season, the behavior of differences throughout exponential powers is different (Figure 7).
In autumn cases, the mean value of differences is increased with growing exponential power, while
it is decreased in spring cases. In the autumn day case, almost all of the pixels have a positive sign,
whereas low exponent values are about 1-1.5 °C. With growing exponential power, differences are
increased by up to 2.94 °C. The highest differences are observed in the very center of the city and in
northwestern rural areas.

In the autumn night case, most of the values are lower (approximately between —0.5 and —1 °C
with a low exponent and about 1 °C with a high exponent) than in the autumn day case; meanwhile,
most of the differential pixels in rural areas have a negative sign, but a positive sign in urban areas.
Moreover, growing exponential power not only changes the magnitude of differences but also their
sign. A low exponent indicates many negative differences, while a high exponent indicates fewer
negative and more positive differences in rural areas, as well as increased values of differential pixels
in urban areas due to a high exponent. The autumn night case is the only one case in Figure 7 where
there is a clear pattern of pixels associated with the River Vistula.

When the low exponent is applied, the majority of differential pixels in the spring day case
indicate a positive sign, along with magnitudes from about 0.5 °C to 1.5 °C. However, some pixels
have a negative sign and a value of about —0.5 °C. In addition, there are pixels with very high values
exceeding 5 °C. Growing exponential power profoundly changes pixels values. The majority of the
pixels located in the most distant rural areas away from the city boundaries—in the western and
southern parts of the image—retain their positive sign, while their values are not significantly modified
by a growing exponent. However, some pixels located in the northern and eastern parts of rural areas
have both their sign and magnitude modified (from about 1-1.5 °C to —1 °C). The most distinctive
changes have a place in urban areas and locations close to the city’s administrative boundaries, where
most of the pixels change their sign and values from a positive of about 1-1.5 °C to a negative
approximately between —1 and —1.5 °C. Moreover, on the western border, there are several pixels with
the lowest differential values in any case, which are observed reaching almost 2 °C; also at this location,
when different exponential powers are applied, there are significant changes in value observed—from
a positive of about 1 °C to a negative of about —1 °C. In the very center of the urban areas, there are
several pixels with the highest positive values observed in any case. However, their values are lowered
as exponential power is increased.

In the spring night case, the majority of differential pixels have values close to zero or
approximately between —0.1 and —1 °C, the exception being in the southwestern and northeastern
parts of the image. Such a differential pattern is mostly retained with growing exponential power.
However, some pixels change their sign from negative to positive or the reverse. Furthermore, the
magnitudes of difference are modified. Similar to other cases, the highest differences are mostly located
in the urban area. When the highest exponent is applied, there are two “hot spots” visible in an urban
area with negative differential values approximately between —1.3 and —1 °C.
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Figure 7. Spatial distribution of differences between the first and the second type of composition.

Figure 7 shows the actual location and magnitude of differences in LST between the first and
the second type of composition. Since the highest differences are observed within the administrative
borders of the city, it is important to investigate the percentage by which urban areas are covered with
pixels of relevant differential values. Table 4 shows the percentage of urban area covered with growing
thresholds of difference.
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Table 4. Percentage of urban areas covered with growing differential thresholds.

Season Exponential Power  >0.5°C >1.0°C >1.5°C >2.0°C >2.5°C >3.0 °C
1 98% 46% 11% 2% 0% 0%
2 98% 58% 16% 3% 0% 0%
Autumn day 3 99% 70% 21% 4% 1% 1%
4 99% 81% 34% 7% 1% 1%
5 99% 70% 21% 4% 1% 1%
1 2% 0% 0% 0% 0% 0%
2 6% 0% 0% 0% 0% 0%
Autumn night 3 13% 0% 0% 0% 0% 0%
4 25% 0% 0% 0% 0% 0%
5 37% 2% 0% 0% 0% 0%
1 82% 42 13% 5% 2% 2%
2 62% 28% 7% 2% 2% 2%
Spring day 3 50% 15% 5% 2% 1% 1%
4 43% 9% 2% 1% 1% 1%
5 42% 11% 2% 1% 1% 1%
1 37% 2% 0% 0% 0% 0%
2 42% 8% 0% 0% 0% 0%
Spring night 3 41% 9% 0% 0% 0% 0%
4 33% 7% 0% 0% 0% 0%
5 29% 5% 0% 0% 0% 0%

When high exponential power is applied, a significant part of the urban area is covered with high
differential values (Table 4). Moreover, in the spring day case, about 2% of urban areas are covered
with differences higher than 2.5 °C and 3.0 °C when exponents 1 and 2 are applied; where exponents
3 to 5 are applied, the percentage of areas with high differences is decreased. It is clear that, in the
nighttime cases, the percentage of areas with differences higher than 1 °C is very low. However, in the
daytime cases, a very significant area of the urban area is associated with differences higher than 2 °C.
To sum up, a significant part of the urban area is covered with differences between the first and second
types of temporal composition higher than 0.5-1 °C in nighttime cases and higher than 1.5-2 °Cin
daytime cases.

4. Discussion

In spite of the fact that the presented methodology clearly documents the impact of the MODIS QC
and the view angle on temporal composites of urban LST, there are several comments that are necessary.

4.1. The Representativeness of Satellite Remote Sensing Data in Terms of MODIS Observations

It is obvious that remote sensing observations are influenced by many factors, which inevitably
limits their applicability. Roy et al. [66] gives a comprehensive review of the quality assessment
approach to MODIS land products and lists more than 10 possible sources of errors. Fourteen years
later, some of these have been improved with the introduction of new data collection methods,
for example, the cloud screening issue; however, as the Terra satellite gets older, the frequency of
malfunctions may increase. Taking into consideration poor atmospheric conditions, there is generally
a great deal of missing information, which reduces usage rate and hinders the follow-up interpretation.
Therefore, a number of missing information reconstruction techniques have been developed [67].
Utilizing multi-sensor fusion methods would be an interesting way to obtain the most representative
fine scale long-term urban LST composites [68,69]. However, we focused on a single sensor to present
the impact of including the quality metadata in the temporal aggregation process. We utilized all
available information about the quality of MODIS observations. Thus, we assumed that the obtained
results are representative. Nevertheless, to objectively judge whether our methodology gives the most
realistic temporal composites, a more comprehensive evaluation would be needed. However, this
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would require obtaining ancillary (in situ and/or airborne) data, which, given that the obtained results
are consistent with previous studies, exceeds the scope and aims of the paper.

Data quality is a critical issue for a reliable long-term time series [70]. The MODIS QC is known
for inconsistencies in quality flags [62], which may cause abnormal QC flag distribution. This is mostly
due to the nature of the split-window algorithm, which underestimates cloud contamination [71].
The MODIS QC flags are specified by an automated algorithm during the calculation of the satellite
product. The MODIS cloud masking philosophy flags a pixel as cloudy where at least one of the
spectral tests detects a cloud with a high confidence level. This is known as the “clear sky conservative”
approach, as the goal is to minimize the misclassification of cloud-free pixels as cloudy. However,
this creates a risk that some cloud-free pixels will be incorrectly classified as cloudy [72]. According
to the nature of satellite remote sensing observations, it may be presumed that the lowest errors of
LST retrieval might be indicated during specific synoptic conditions—for example, when very strong
wind dilutes atmospheric aerosols, which results in enhanced visibility. This would mean that “the
best quality” term, as used in the presented study, may not give the most representative image of
urban LST, while detailed analysis of synoptic conditions resulting in an appropriate adjustment of
quality weights would be needed. However, this would have to be done for each moment of satellite
observation, which again exceeds the scope of this paper.

4.2. Findings of This Study in Light of Previous Studies of SUHI in Warsaw

Previous studies of SUHI in Warsaw are very scarce. To date, there are three studies that utilized
Landsat TM data, one that utilized AVHRR, and two that utilized MODIS data. None of them used
temporal composites. However, these studies were used as a generalized clue to evaluate the obtained
spatial distributions by means of different weights applied in the temporal composition process.
We chose a temporal composition that takes into account all available information about the quality of
MODIS observations.

In our study, we found that the impact of MODIS QC and view angle on long-term LST composites
is weaker in the nighttime cases than in the daytime cases. This is consistent with remarks made
in [73], where the authors conclude that the “nighttime differences are far less influenced by the
viewing geometry, and result from a wide range of factors, such as (1) the use of different land surface
emissivity maps; (2) calibration uncertainties of each sensor; and (3) calibration uncertainties of the
parameters in the respective split window algorithms.”

4.3. SUHI Indicators

Schwarz et al. [57] documented weak correlations between SUHI indicators. Here, the utilized
SUHI indicators show different behavior when gradual exponential powers are applied. In each
analyzed case, there is a group of indicators that reveals very similar behavior, while other indicators
stand out. However, in each case, this group consists of different indicators. Therefore, our findings
are consistent with [57].

As reported in [57], for most of the indicators, the SUHI was highest in the daytime. Here, the
same conclusion can be made. Smaller values are noted for those indicators that utilize a larger amount
of pixels (“urban mean—other” and “urban core—rural ring”); analogically, a higher SUHI is noted
for indicators that are referred to specific single pixels (“range” and “magnitude”). Schwarz et al. [18]
question the usage of single values for the UHI for a whole city because of the explanatory power
of such an indicator. It may be stated that this is particularly true when sensors with high spatial
resolution are utilized. However, they might be useful for analyses of air UHIs measured by sparse
in situ networks.

Analysis of SUHI intensities, in terms of their variability with growing exponential power applied
to weights during the composition process (Section 3.4), as well as the PDF of LST in urban and rural
areas (Section 3.1), shows that the SUHI phenomenon occurs in each analyzed case. However, it is
observable that the behavior of SUHI indicators varies. Furthermore, there is no clear answer as to
which indicator is the most independent from growing exponential power applied to weights during
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the composition process. Thus, in spite of the certainty that the SUHI phenomenon does occur in
the city of Warsaw in each analyzed case, it is hard to draw any conclusions about its 15-year mean
intensity. However, it might be stated that the mean SUHI magnitude has at least 1 °C in each analyzed
season and, in specific cases, might be much higher.

4.4. The Amount of Data Ultilized

It is found that the long-term mean LST, aggregated with an account for MODIS QC, significantly
differs from temporal aggregation without an account for MODIS QC metadata. However, in this
study, the actual impact of MODIS QC on final LST patterns is increased by the long period of weight
accumulation (15 years), resulting in the number of the rasters utilized (at least 174). Studies devoted
to shorter periods with fewer data included indicated that such an impact might be less apparent.
However, as stated in [66], in many cases, issues that affect product performance are only seen in the
examination of a long-term product series or by examination of temporally composited products.

In most of the cases analyzed, the highest impact of temporal aggregation with an account for
MODIS QC is revealed when high exponential power is applied to weights during the composition
process. However, this study does not give a clear answer as to what constitutes a proper exponential
power that ought to be applied to weights in similar studies. According to the specifics of the
construction of urban areas and natural uncertainties associated with thermal satellite observations, it
seems important to aim for the most accurate LST estimation in every investigation (thereby promoting
pixels with the highest quality). Meanwhile, the appropriate strength of the promotion is unknown. In
general, it must be concluded that the choice must depend on a specific case; for example, when fewer
data (than in this study) are taken into account, higher exponential powers may be used.

4.5. The Location of the Most Profound Impact of MODIS QC on a Long-Term LST Composite

Table 4 shows the percentage of the city associated with high differences between two types of
temporal composition. It is important to comment that 1% of areas covered with differences higher
than 3 °C should not be neglected (daytime cases). The MODIS pixel covers 1 km? in the nadir view
on the equator; however, according to the curvature of the Earth, with regard to Warsaw’s longitude of
52°, the area covered with MODIS pixels is bigger. Taking into account the number of level 3 pixels
within the administrative borders of Warsaw (321), 1% refers to more than 3.21 km? of the urban area.
According to the findings of this paper, in which the highest impact of MODIS QC on the results of
temporal aggregation is typically observed in the city center, it becomes clear that 1% of the urban area
with the highest differences is located in the very center of the city. As reported by [74], this refers to
the same area where the most profound effect of air UHI in Warsaw is observable.

4.6. The Emphasis of the View Angle in Temporal Composition

Since LST retrieval errors and emissivity errors have five thresholds described according to the
MODIS Collection 5 User Guide [58], there were also five weights based on the magnitude of errors
in this study. However, weights based on the view angle of satellite observation had nine thresholds
specified (Table 1). This creates inequality in the impact of the weights on the final results, especially
when high exponential powers are applied. However, thermal anisotropy is a factor that can influence
temperature retrieval and, therefore, thermal time series [75]. Hence, numerous researchers conclude
that accounting for angular dependencies is critical. The experimental data showed that the differences
between nadir and off-nadir values of directional temperature are of considerable magnitude and,
as such, cannot be ignored [76]. Angular correction of satellite retrieved LST must be applied before
LST data can be compiled into a long-term data set, assimilated into weather prediction models or
used in climate research [77]. The accuracy of MODIS products may be affected by errors in land
surface emissivity. While the errors that occur in MODIS LST products are weakly, but they are,
view angle dependent [78]. The IFOV grows considerably for off-nadir observations, especially in
the across-track direction. Therefore, the cases for which the MODIS viewing angle is larger than 40°
should be considered with care, since they may be affected by larger uncertainties [61].
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According to the remarks given above and inconsistencies in MODIS QC flags (see Section 2.2),
along with the fact that the specification of the view angle in MODIS products is faultless, inequality
in the impact of different types of weights on the final results seems legitimated.

4.7. Applicability of Presented Methodology to Similar Studies

Each type of weight gave different density distribution and spatial distribution of LST (Sections 3.1
and 3.2). Rasters constructed by means of MODIS data quality flags (LST retrieval errors and
emissivity errors) gave an unrealistic pattern of urban LST, which leads to the conclusion that temporal
aggregation based solely on such metadata may result in significant discrepancies. When weights
based on the view angle are also included in the composition process, the image obtained by means of
all types of weight combined gives a plausible urban LST pattern.

The overall differential spatial pattern of LST obtained by the first and second types of temporal
composition process is highly diversified (Figure 7). It is quite common for adjacent urban pixels
to have very different values or even opposite signs, or that growing exponential power changes
the increasing or decreasing trend of differences. This underlines the importance of MODIS QC for
long-term urban LST monitoring. Hence, it is concluded that a weighted arithmetic mean, which
fully exploits MODIS QC metadata and the view angle of observations, might be an appropriate tool
to construct a temporal composite of urban LST. It could be suggested that, in studies focused on
other cities with more high-rise buildings in the city center, the impact of MODIS QC on temporal
composites might be higher than in the presented study. However, given that no field validation
was applied, additional studies are required to analyze and validate the proposed methodology with
other approaches.

Since the weights applied during the composition process were explicitly based on quality
thresholds and the view angle indicated by MOD11A1 QC, the applicability of the presented
methodology for other satellite instruments is limited to those products that contain appropriate
metadata, such as products available from AATSR [79], VIIRS [80], and SEVIRI [81], or the recently
launched Sentinel-3 [82].

5. Conclusions

The goal of the presented study was to estimate a mean SUHI intensity for Warsaw, a Central
European agglomeration, in transitional seasons (spring and autumn) by obtaining the most
representative LST image for a 15-year period. The intention behind the approach was based on
an assumption that, according to the nature of thermal remote sensing observations and typical
synoptic conditions over the study area, it is justified to put an emphasis on high-quality pixels.
Therefore, a weighted arithmetic mean was applied in order to calculate the final rasters that represent
the mean LST values for the period from 2000 to 2014. Weights were accumulated over 15 years and
based on MOD11A1 QC metadata (LST retrieval errors and emissivity errors) and view angles.

The most important conclusion is that, accounting for the MODIS QC and the view angle of
satellite observation in the temporal aggregation process was found to have a significant impact on
the long-term urban LST composites. Analysis of temporarily aggregated LST for each analyzed case
(Sections 3.1-3.3 and 3.5) shows that the temporal aggregation process has a clear impact on the values,
the spatial pattern of urban and rural LST, and the density distribution of both urban and rural LST.
This remark is consistent with the findings of [6]. However, the impact of MODIS QC and the view
angle on long-term SUHI intensity is less distinctive than on an LST spatial pattern (Section 3.4).

The impact of the MODIS QC and the view angle on temporal composites is more distinct during
spring cases than autumn cases, as well as more distinct during daytime cases than nighttime cases.
This is consistent with a higher variability of synoptic conditions in spring cases and the daytime,
alongside the lower impact that thermal anisotropy has on nighttime thermal imagery. It is also
acknowledged that the most profound effect of MODIS QC was observed in the city center.
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