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Abstract: Remotely sensed land surface temperature (LST) is often used as a proxy for air temperature
in urban heat island studies, particularly to illustrate relative temperature differences between
locations. Two sensors are used predominantly in the literature, Landsat and Moderate Resolution
Imaging Spectroradiometer (MODIS). However, each has shortcomings that currently limit its utility
for many urban applications. Landsat has high spatial resolution but low temporal resolution,
and may miss hot days, while MODIS has high temporal resolution but low spatial resolution,
which is inadequate to represent the fine grain heterogeneity in cities. In this paper, we overcome
this inadequacy by combining high spatial frequency Environmental Services (ES), Landsat-driven
Normalized Difference Vegetation Index (NDVI), and MODIS low spatial frequency background LST
at different spatial frequency bands (spatial spectral composition). The method is able to provide fine
scale LST four times daily on any day of the year. Using data from Paris in 2019 we show that (1)
daytime cooling by vegetation reaches a maximum of 30 ◦C, above which there is no further increase
in cooling. In addition, (2) the cooling is relatively local and does not extend further than 200 m
beyond the boundary of the NBS. This model can be used to quantify the benefits of NBS in providing
cooling in cities.

Keywords: nature based solutions (NBS); environmental services (ES); land surface temperature
(LST); Landsat; MODIS; Normalized Difference Vegetation Index (NDVI); DisTrad; spatial
spectral composition

1. Introduction

For detailed studies of the impact of nature-based solutions (NBS) on air temperatures
in urban environments, one needs a high spatial resolution distribution of air temperature
on multiple days throughout the year. One can use measured temperature profiles [1–4]
but these are limited to single parks or other transects through the city (i.e., sparse geo-
graphical information) with sparse temporal measurements. Another option would be to
use remotely sensed land surface temperature (LST) since these capture spatial temperature
patterns. However, LST requires conversion in some manner to air temperatures to be
useful with many other studies of the benefits of NBS and the impacts of high urban air
temperatures. For example, the daily mean air temperature has been related to human
mortality and health [5] and energy demand for cooling [6]. Adding a spatially continuous
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proxy for weather station air temperature components on multiple days may improve the
results of the analyses and identify hot spots (pun intended). The goal of this methodol-
ogy is to produce this component (a spatially continuous proxy for weather station air
temperatures) using freely available data such as LANDSAT and MODIS remote sensing
products and weather station temperature records, for example from NOAA or the national
weather service.

However, to reach this desired goal, two hurdles must be overcome: (1) LST with
high spatial resolution tends to have a low temporal resolution, and vice versa, and (2) the
relationship between LST to air temperature is not straightforward. Therefore, the goal
is approached in two phases. Firstly, a new method for producing high spatial frequency
LST on a daily basis will be presented (overcoming the first hurdle). Thereafter, these
intermediary products, daily high spatial frequency LST, will be used to build a relationship
with daily weather station air temperature indicators and this relationship will be applied to
the intermediary product to create a modelled or “synthetic” spatially continuous weather
station air temperature. For consistency, in the remainder of this paper air temperature
has the meaning of weather station based air temperature. This should not be confused
with air temperature measured in situ or other measurements of thermal comfort (e.g.,
Physiological Equivalent Temperature index [7]).

Two sensors, LANDSAT and MODIS, are used predominantly in the literature for LST
studies. However, these two have shortcomings. LANDSAT has a high spatial resolution
(100 to 120 m, resampled to 30 m × 30 m) but a low temporal resolution (every 16 days),
and MODIS has a high temporal resolution (four-times daily) but a low spatial resolution
(1000 m × 1000 m). The low temporal resolution of LANDSAT and the presence of clouds
mean that there are often very few images of a specific location available per year, and
the 16-day interval means that individual hot days, which are often a focus for studying
the impacts of extreme events may not always be represented. The temporal interval of
the MODIS images is well suited to capturing temperature variation at sub-daily scales,
but their spatial coarseness makes them unsuitable in fine-grained highly heterogeneous
urban settings.

To overcome these limitations, methods have been developed to produce high spatial
resolution LST images at frequent temporal resolution. The most commonly used of these
methods are the disaggregation procedure for radiometric surface temperature (DisTrad) [8]
and the algorithm for sharpening thermal imagery (TsHARP) [9]. Both these methods use
the observed linear relationship between LST and the normalized difference vegetation
index (NDVI) to generate the high spatial resolution LST from the existing high resolution
(NDVI). These methods assume that the linear relationship does not change over the study
region. Subsequently, methods that are more complicated have been developed which
improve the accuracy of the downscaling and remove the spatially invariant assumption.
These methods include using additional independent variables [10,11] or geographic vari-
ability [12]. In all studies, the downscaled product is compared with the high resolution
LANDSAT LST. None of these methods attempt to mix LST data from the two sources.

In the present study, we propose a new approach to addressing the first hurdle
by postulating that there are three components to the spatial variation of LST in urban
environments: (1) a mean level controlled by the time of day and year, and weather;
(2) a low spatial frequency component controlled by the broad-scale structure of the city
and surface elevation; and (3) a high spatial frequency component that results from the
addition of NBS in the city. The downscaling methodology does not need to address the
first two spatial components. The mean temperature is available from weather stations
throughout a city. MODIS instruments measure the long wavelength LST component
four times daily. Hence, the problem can be simplified to mixing a short wavelength
“differential” LST calculated using a DisTrad approach to the long wavelength MODIS LST.

For the second hurdle, many studies using MODIS LST have already shown a correla-
tion with air temperature [13–18]. Generally, these studies have found that the correlation
tends to be good for winter months and nighttime in summer months. The correlation
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is poorer for daytime in the summer months. There is a tendency for MODIS LST to
overestimate the air temperature in non-forested areas. This result should not be surprising
since the MODIS LST is a 1000 m × 1000 m sample, and the air temperature is a point
measurement on a grassy area at least 4 m away from a building or other structure.

Of more interest to the present paper are studies investigating the relationship between
LANDSAT LST and air temperature. These studies are much fewer in number. In a regional
study, Goldblatt et al. [19] develop a multiple linear regression model for predicting air
temperature which includes LST, NDVI, surface albedo, elevation, and Julian day. For
a small geographic area, they found significant linear relationships between in-situ air
temperature and LST alone and LST plus other variables at different spatial locations on
2 days. This result was found even though the days of in-situ measurements and the
LANDSAT flyovers did not coincide exactly.

Study Objectives

To summarise, the purpose of this study is to develop a robust method to (1) create
a fine-spatial resolution product of air temperature (daily mean and maximum) based
on publicly available data (LANDSAT and MODIS images and weather station based
temperatures) on any day of the year, (2) apply this method to evaluate the benefits of
urban vegetation in parks in Paris, to demonstrate the potential of such NBS to provide
urban cooling.

The structure of the paper is as follows: first, the methodology is developed in detail.
The method creates high spatial resolution LSTs using an extension to the accepted DisTrad
approach as interim products. The method then converts these interim products to air
temperature (daily mean and maximum) assuming that the relationship between LST
and air temperature throughout the year is similar to the relationship on a specific day
(similar to the concept of ergodicity in geology). Secondly, results are presented after
each processing step. Finally, the main results and their implications are discussed before
drawing a conclusion.

2. Materials and Methods
2.1. Study Area

The study area is Île-de-France/Paris region (1.53◦ E–3.49◦ E, 47.99◦ N–49.48◦ N).
Île-de-France is the administrative region around France’s national capital, Paris. The
region has a population of roughly 12.2 million inhabitants and over 25,000 inhabitants
per 5 km2 [20]. The topography of the region is one of the low hills surrounding the Seine
River valley. The minimum and maximum elevations are 56 m and 183 m respectively.
Paris has average daily temperatures of 4.3 ◦C in January to 19.8 ◦C in July. However,
the average maximum temperatures in July are 24.2 ◦C. In 2019, Orly Airport reported a
then-record daily maximum temperature of 42.4 ◦C on July 25 (day 206). Paris typically
has gentle breezes of 15–18 km/h for most of the year, with slightly higher wind speeds in
winter months. The wind direction in summer is predominantly from the west although in
summer 2019 the wind was southerly.

2.2. Datasets

Remote sensing data are from all MODIS Aqua and Terra daytime LST and NDVI with
low cloud cover from 2019. The two sensors record different LST since Aqua has flyovers
in mid-afternoon and the Terra images are from around 13:00. The spatial resolution of the
images is 1000 m × 1000 m. Each image consists of 163 × 172 = 28, 036 pixels.

In addition, we used five LANDSAT 8 images from 2019 (days 57, 89, 153, 185, and
249). All datasets are from LANDSAT 8, with OLI and TIRS bands, with a processing
level C1 Level-1. These images have a spatial resolution of 30 m × 30 m and consist of
5017 × 5351 = 26,845,967 pixels. LANDSAT flyovers are around mid-day.

Very little weather data is publicly available for the region. Two stations, Orly Airport
(NOAA Station ID FRM00007149, 48.7167 ◦N, 2.3842 ◦E, elevation 89 m) and Le Bourget
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(NOAA Station ID: GHCND:FRM00007150, 48.9675 ◦N, 2.4275 ◦E, elevation 67 m), from
NOAA Climate Data Online (https://www.ncdc.noaa.gov/cdo-web/, accessed on 14 July
2022), were used.

2.3. Approach

The methodology presented consists of four steps:

1. Creating temperature variable DisTrad functions for a specific MODIS sensor
(i.e., Aqua or Terra)

2. Generating day-specific high resolution simple DisTrad LST
3. Calculating day-specific high-resolution synthetic LST using a spatial band-width

composition, including the application of a correction (blurring) filter, and
4. Converting the day-specific high-resolution synthetic LST to a modeled air tempera-

ture by applying linear regression against known weather stations

A quantitative comparison of the processing steps to the LANDSAT LST is not straight-
forward since the MODIS-based products occur at a different time than the LANDSAT LST.
Hence, there is a bias that is inherent in the comparison. For comparison, root mean square
error (RMSE) is shown after each processing step with the assumption that the processing
step is a model, and the LANDSAT LST is the observed data. In addition, since there may
be outliers the mean absolute error (MAE) may also be calculated. In order to accommodate
and correct for the bias, two sets of indicators at each step are shown: without correction,
and with correction by subtracting the mean for the processed data and adding the mean
LANDSAT LST.

Figure 1 shows the flow for the first step. For all days in the study year, a linear
regression is performed between MODIS NDVI (predictor) and LST (response).

LST = a + b NDVI (1)
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Figure 1. Flowchart—step 1—Temperature variable DisTrad functions.

All pixels are used in the regression. The regression parameters (intercept and slope)
are then combined with the daily maximum temperature (NOAA Tmax) to create functions
that predict the DisTrad intercept and slope for any daily maximum temperature. The
form of these functions will be discussed in the results section. Because LST is strongly
affected by clouds and recent precipitation [21], care must be taken to remove poor data
from further analysis. Only scenes with more than 50% non-cloud, and with the percentage
standard error intercept or slope < 25% were included to form the functions.

In the second step, LANDSAT NDVI for all available days was calculated using the
Mono-Window Algorithm (MWA) described in Wang et al. [22]. To find the high resolution
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NDVI on a specific day (z), adjacent LANDSAT NDVI were linearly interpolated (days x and
y) and adjusted using the average MODIS NDVI on a specific day. This is designated the
interpolated NDVI in Figure 2. This raster, in combination with the maximum temperature
(Tmax) for the day and the temperature dependent DisTrad functions, was used to create
a high resolution DisTrad LST for the specified day and time, as illustrated schematically
in Figure 3.
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During the analysis, it became apparent that the MODIS and DisTrad LSTs have quite
different spatial power spectra. The MODIS LST is rich in low and poor in high spatial
frequencies. The DisTrad LST has the reverse relationship. However, a simple summing of
the two products may overestimate the entire spectrum. Hence, a low-pass spatial filter
using a circular equal weight average filter is applied to the day-specific MODIS LST. The
same filter is applied to the day-specific DisTrad LST. However, the filtered product is
subtracted from the DisTrad LST and results in a high-pass spatially filtered version of the
DisTrad LST.

One can compare this spatial bandwidth composed product with different filter radii
with LANDSAT LST to choose an optimal filter radius. For this purpose, the LANDSAT LST
was calculated using the Split Window Algorithm (SWA) described in Rozenstein et al. [23].
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Even with optimal bandwidth composition, the power spectrum of the composed
product does not match the power spectrum of the LANDSAT LST. The composed product
is still too rich in high spatial frequencies as compared to the LANDSAT LST. Hence, a
correction filter is estimated using naïve deconvolution [24] for each day with a LANDSAT
LST. The correction filters are averaged, and the average filter is applied to the day-specific
composed product to create the synthetic LST. The step is related to algorithms for de-
blurring photos, but the blurring filter is estimated and applied purposely to blur the
composed LST. More complicated algorithms could be used that rely on a priori knowledge
of the approximate signal-to-noise ratio (e.g., Wiener deconvolution [24]. However, in our
experience, the naïve deconvolution results were very stable. The processing flow up to
here enables the user to generate a high-resolution synthetic LST for potentially any day of
the year.

With a continuous range of days with synthetic LST products throughout the year,
it is possible to define a relationship between the LST and air temperature at weather
stations (Figure 4). This is especially valuable since weather/synoptic stations serve as
reference points to verify the results. Since, in Europe, MODIS Aqua passes overhead
in mid-afternoon, the Aqua-based synthetic LST can be related to Tmax. The Terra-based
synthetic LST can be used to predict Tave. The parameters defining the relationships can
then be used to generate Tave and Tmax scenes.
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In this study, quadratic regression was used to calculate the relation between air
temperature and synthetic LST using data from two weather stations in Paris, Le Bouget
and Orly airport

3. Results
3.1. Temperature Variable DisTrad Parameters

The results from the first processing step are shown in Figure 5. Here one can see the
variation in the intercept and slope as a function of maximum temperature throughout the
year. The data suggests that a logistic function is more appropriate than a linear model for
relating slope to temperature. The models used are:

Slope = aslope +
bslope(

1− exp(−gslope∗ (Tmax − tslope

) (2)

IIntercept = Tmax + aintercept +
bintercept(

1− exp(−gintercept∗ (Tmax − tintercept

) (3)
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The variables in the equations above are typical of logistic functions. The variable a
controls the minimum of the curve. The sum of the variables a and b is the maximum of the
curve. The variable g is the growth rate, and it controls how steep the transition between
the curve’s minimum and maximum is. Finally, the variable t sets the inflection point of
the curve.

Due to the difference in the time of the flyovers of the MODIS sensors (Aqua in
mid-afternoon, Terra shortly after mid-day), the analysis proceeds separately for each
sensor. For both the Aqua (Table 1) and Terra (Table 2) data, the r2 is larger, and the Akaike
information criterion (AIC) is smaller for a logistic model than for a simple linear regression.
The lessening of the slope at lower temperatures is well known since at air temperatures
below 10 ◦C photosynthesis decreases [25].

Above 30 ◦C, the relationship of photosynthesis with temperature is not straightfor-
ward. It is species-dependent and varies with water availability.

The logistic model suggests that there is a limit to the decrease of LST one can expect
as a result of cooling by vegetation. The maximum magnitudes of the slope are 17.6, and
15.6 ◦C/NDVI, respectively, for Aqua and Terra data. With a maximum ∆NDVI of 0.7,
these values mean that the maximum decrease in LST is 12.3 and 10.9 ◦C in mid-afternoon
(Aqua) and midday (Terra).
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Table 1. Model parameters—Aqua.

Logistic Model

a b t g R2 AIC

Intercept 1.14 11.2 18.6 0.434 0.883 606

Slope −4.93 −12.7 19.5 0.449 0.563 586

Linear Model (c0 + c1 Tmax)

c0 c1 R2 AIC

Intercept −1.87 1.45 0.860 620

Slope −0.592 −0.534 0.460 603

Table 2. Model parameters—Terra.

Logistic Model

a b t g R2 AIC

Intercept −1.52 10.5 18.2 0.3145 0.869 613

Slope −2.40 −13.2 18.8 0.326 0.585 538

Linear Model (c0 + c1 Tmax)

c0 c1 R2 AIC

Intercept −3.57 1.40 0.855 619

Slope 0.730 −0.513 0.490 554

3.2. Interpolation of NDVI

Once the temperature variant DisTrad equation parameters have been calculated,
they can be used in combination with a high resolution LANDSAT NDVI to create a
simple DisTrad LST product. However, the availability of LANDSAT NDVI has the same
constraints as the LANDSAT LST, namely, low temporal resolution (every 16-days) and
losses due to clouds. To overcome these problems, one could naively propose simple linear
interpolation between two good LANDSAT NDVI products as the buildings (lower NDVI)
and green spaces (higher NDVI) do not move spatially. However, NDVI is known to be
sensitive to rainfall in dry climates [26,27], and ground-based NDVI is sensitive to leaf and
canopy properties [28]. In addition, the NDVI used in the DisTrad equations is from MODIS
and not LANDSAT, which we use here. A comparison of the mean NDVI throughout the
year for the various products is shown in Figure 6 (left). There is a monthly variation due
to leaf and canopy properties, an inter-day variation presumably due to changes in rainfall,
and even an intra-day variation. The NDVI from Terra (midday) is usually greater than the
estimate from Aqua (mid-afternoon). In addition, the mean NDVI from LANDSAT (30 m
× 30 m resolution) is much lower than the MODIS products (1000 m × 1000 m resolution).
Hence, simple linear interpolation of LANDSAT NDVI alone is not adequate.

To correct this difference, after the linear interpolation of the LANDSAT NDVI, the
resultant product is scaled so that its mean value equals the mean of the MODIS NDVI
product for the day and time (i.e., Aqua or Terra) of interest. A comparison of the density
plots for the three sensors and the interpolated NDVI is shown in Figure 6 (right).

It is important to note here, that the absolute value of the NDVI is not as important as
the range of NDVI to the synthetic LST (output of step 3) due to the spatial filtering and
combination step that follows. The high spatial frequency information from the DisTrad LST
is used in synthetic LST; the low spatial frequency information (including the mean value)
comes from the MODIS LST products themselves. The scaling of the interpolated NDVI
allows for the comparison of the intermediate DisTrad product, to the LANDSAT LST.
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3.3. Spatial Power Spectra of LANDSAT, MODIS and Simple DisTrad LST

A north-south transect through the three LST products (LANDSAT, simple DisTrad,
and Terra) and the equivalent spatial power spectra are shown in Figure 7. Visual inspection
of the transects shows that the DisTrad product lacks the low spatial frequency features of
the LANDSAT LST, and the Terra LST is mostly devoid of high spatial frequency detail.
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This observation is supported by the spatial power spectra. At low spatial frequencies
(<0.000125 m−1), the Terra spectrum is comparable to the LANDSAT spectrum. Above this
spatial frequency, the simple DisTrad spectrum is more similar to the LANDSAT spectrum.
At spatial frequencies above 0.0025 m−1, the simple DisTrad has more power than the
LANDSAT spectrum. This suggests the sum of products at different spatial bandwidths
may provide a good estimate of the LANDSAT.

As introduced in the methodology section, the sum of low-pass filtered Terra LST
and high-pass filtered simple DisTrad is used to model the LANDSAT LST. Filtering
is performed using a circular, even weighted, average of a user specified radius. The
same filter is applied to the Terra and simple DisTrad products as a low-pass filter. The
low-pass filtered simple DisTrad product is subtracted from the DisTrad LST to create a
high-pass filtered version. The two filtered sub-products are then summed to form the
intermediary product. The choice of filter radius can be optimized to minimize the RMSE
to the LANDSAT LST. The optimum filter length was tested and for these data occurs at
2000 m, as shown in Figure 8.
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and the cooler areas in-between are grass. The synthetic LST (bottom right) shows the 
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than the simple DisTrad. 

A comparison of MSE, RMSE, and MAE after each of the processing steps is shown 
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ments are larger when the data are corrected for the bias caused by the difference in time 
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Figure 8. Selection of optimal filter length for low and high bandpass filters. For calculation expedi-
ency, the analysis is performed on the transect rather than the entire image.

The final process in step 3 is the calculation of a correction (blurring filter). It is shown
in Figure 9. It has the effect of spreading the heat at the center to ±200 m. The filter is not
perfectly symmetric in that it is slightly broader to the north side. The sum of all points in
the filter is unity, so it does not change the overall level of the scene.
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A visual summary of the processing steps to create the synthetic LST and a comparison
to the LANDSAT LST is shown in Figure 10. The location is Orly Airport. The Terra LST
(top left) is uniform over the small area shown in the scene. The simple DisTrad (top right)
product shows sharp detail. The linear higher temperature features are the runways and
the cooler areas in-between are grass. The synthetic LST (bottom right) shows the effect of
the correction (blurring) filter, and it resembles the LANDSAT LST much better than the
simple DisTrad.
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Figure 10. Visual summary the processing steps to create the synthetic LST and comparison to the
LANDSAT LST using a small section of the images. UTMX and UTMY are the x (EW) and y (NS)
coordinates in map projection using Universal Transverse Mercator (UTM) coordinate system.

A comparison of MSE, RMSE, and MAE after each of the processing steps is shown in
Table 3. There is a 15% improvement in RMSE from the spatial bandwidth composition
process and a further 7% improvement from applying the blurring filter. The improvements
are larger when the data are corrected for the bias caused by the difference in time of day.

The mean absolute error (MAE) is significantly less than the RMSE. This indicates that
outliers are present in the products. Inspection of the entire LANDSAT image shows some
very hot isolated locations (e.g., Stellantis automotive factory in Poissy: 48.937 N, 2.044 E,
51.6 ◦C). This location is not shown in Figure 10. Another source of outliers is water bodies,
as they have negative NDVI and would appear as very cold spots using a DisTrad-based
methodology unless the calculated NDVI is replaced by some value. Water bodies are not
modeled properly using this method.
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Table 3. Evolution of the mean squared error (MSE), root mean squared error (RMSE) and mean
absolute error (MAE) during the processing steps. The “adjusted” indicators are used to remove the
bias caused by differences in time of day.

Product Mean
[◦C]

Adj. Mean
[◦C]

MSE
[◦C]

RMSE
[◦C]

Adj. MSE
[◦C]

Adj. RMSE
[◦C]

MAE
[◦C]

Adj. MAE
[◦C]

LANDSAT 27.7 27.7

MODIS Terra 28.3 27.7 7.1 2.7 6.8 2.6 2.1 2.0

DisTrad 28.7 27.7 7.8 2.8 7.0 2.6 2.3 2.1

Spatial bandwidth
composition 28.3 27.7 5.7 2.4 5.4 2.3 1.9 1.8

Blurring filter 28.3 27.7 4.8 2.2 4.5 2.1 1.8 1.7

3.4. Converting LST to Air Temperature

With the ability to produce a synthetic LST image for every day in the year, one can
build a linear relationship between the synthetic LST (either Terra or Aqua-based) to a tem-
perature indicator (e.g., average or maximum) from one or more weather
stations [14–16,18,19]. However, non-linear relationships have also been modeled [13,17],
especially for higher temperatures. Here the relationship is modeled as a quadratic function.
Figure 11 displays these relationships for modeled air temperature against measured air
temperature for the two weather stations in Paris with publicly available data, Le Bouget
and Orly airport. The regression parameters are shown in Table 4.
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Table 4. Model parameters—Tavg and Tmax as second order polynomial function of synthetic LST.

Indicator Product Intercept Linear-Term Quadratic-Term R2

Tavg Terra 5.18 0.120 0.0120 0.854

Tmax Aqua 7.76 0.310 0.00834 0.862

With these relationships, one can transform the LST into modeled average and maxi-
mum air temperature products. Figure 12 shows these products in detail for a small park.
At the center of the scene is La friche Kodak, a 14 ha denaturalized area recovered from
the former Kodak Industrial Site. The park is 270 m × 480 m of mixed grassland and trees.
NDVI (not shown) in the park has a maximum value of 0.57 and an average value of 0.40 as
compared to the surrounding built-up area (0.25). The scene selected (23 July) was the
hottest day of the year in 2019. The modeled average air temperature in the park center is
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28.9 ◦C, about 2.3 ◦C cooler than the surroundings. The modeled maximum temperature in
the park center is 35.0 ◦C, which is 3.1 ◦C cooler than the surroundings (38.1 ◦C). A Google
Earth Image of La friche Kodak is provided for reference (Figure 13).
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Figure 13. Google Earth Image of La friche Kodak (48◦55′53.90′′ N, 2◦31′31.40′′ E) and surrounding
land on 8/6/20 12:00 a.m. Eye alt 2.37 km. Note: the scale of this image is approximately half that of
Figure 12. The east-west extent of the image is roughly 3000 m.

4. Discussion
4.1. Temperature Variable DisTrad Functions

The relationship of the DisTrad slope with temperature showed a good fit with the
logistic curve model at low temperatures. However, on days with the highest temperatures,
the fit was not as good, and the absolute value of the DisTrad slope was well below the
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fitted line in some cases. This suggests that there are other factors influencing the ability of
vegetation to provide cooling (i.e., actual DisTrad slope less than the modeled curve).

Studies of stomatal conductance indicate that if there is sufficient water, then higher
temperatures lead to higher stomatal conductance and hence higher photosynthesis [29,30].
Many studies conclude that drought is more significant than heat as a stressor for plant
dynamics [31–34]. A decrease in photosynthesis in Mediterranean Oaks has been observed
above an air temperature of 30 ◦C [35] and above 40 ◦C in oaks in Western USA [36], but
these authors did not consider the influence of drought.

Hence, a combination of high temperatures and prolonged dry periods may explain
the low DisTrad slopes on some days in this study. The overall response of the DisTrad
slope to drought and temperature will not be simple, because Paris is in an area with strong
human influence. Some green areas may be irrigated, and others not. In addition, as the
drought continues in the extreme, irrigation will be discontinued. If this is the case, in
prolonged dry periods, the DisTrad slope versus temperature may not be a logistic curve,
but starts decreasing at high temperatures, due to the loss of evapotranspirative cooling
under drought conditions. In arid climates, studies of LST and vegetation have documented
that there may be little to no cooling from vegetation [37–40].

4.2. Spatial Bandwidth Limited Mixing of MODIS and Simple DisTrad Products

The optimal spatial filter radius of 2000 m is double the spatial resolution of the
MODIS LST. This is probably not a coincidence. The Nyquist frequency for something
sampled every ∆x m is 1/(2 ∆x) and does not include information at frequencies above this
value (if properly sampled). The boxcar filter with a length of 2 L has a frequency notch at
1/(2 L). In this study, the smoothing filter (a circular boxcar filter) has a radius of 2000 m
(L), and the notch occurs at the Nyquist frequency. Since the RMSE is dominated by low
spatial wavelengths, the optimal filter radius should always be around 2000 m.

In “R”, the platform used to process these data, the spatial filtering program “focal”
requires that within the filter area all values exist (i.e., non-NA), or an NA value is returned.
This means that NA values in all products should be filled since the spatial bandwidth
mixing step applies a large spatial filter (r = 2000 m) to both the MODIS and the simple
DisTrad product. The issue of the size of filters is not limited to NA values, however.
Studies that include large bodies of water (i.e., ocean or large lakes) or large mountains
may require special processing so that unwanted edge effects during the application of the
filters are minimized. Such geographical effects do not affect the study region in this paper.

4.3. Correction (Blurring) Filter

The correction (blurring) filter size of 200 m is an interesting observation. The filter is
required to blur the composite LST based on LANDSAT resolution (30 m × 30 m) NDVI
to be more like the LANDSAT LST. The value we report here is data-driven, i.e., that
relationship has emerged from the data. A possibility is that different remote sensors
cause it. However, as the high spatial frequency component of the composite LST and
the LANDSAT LST are both from the same sensor, one would think that different sensors
would not likely be the cause.

Another possibility is that the correction (blurring) filter is a natural outcome of the
mixing of air between cooler and warmer locations—i.e., it represents the effectiveness of
green spaces in cooling surrounding areas. Studies of air temperature profiles moving away
from parks have found curves similar to the negative of the blurring filter. The distance
of measured cooling may vary depending on park size. Yu et al. (2017) found cooling
extending to a distance of 60 to 280 m in Fuzhou, China [41]. Sugawara et al. [42] measured
a distance of about 200 m and an impact of wind direction. Other authors have estimated
the distance to be about 300 m [3,43], and Doick, Peace, and Hutchings [44] found the
nighttime effects of Kensington Gardens in London, England, to extend between 20 and
440 m away from the park boundary depending on weather conditions.
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The application of the correction (blurring) filter has significant implications for de-
signing strategies to adapt to increased urban warming using nature based solutions (NBS):
(1) individual trees and pocket parks will have little impact on air temperature unless they
are uniformly spaced throughout the city, and (2) the full cooling impact of an NBS is
reached only if a park is more than 200 m wide. These concepts are discussed in detail by
Yue et al. [45].

4.4. Air Temperature Versus LST

Air temperature and LST represent outcomes of slightly different physical processes.
They respond differently to atmospheric, hydrological, and ecological conditions [46,47].
In addition, the emissivity of the surfaces strongly influences the relationship [48]. Many
methods have been developed to estimate air temperature from MODIS LST [47,49–51]
and inconsistencies over large distances have been documented mostly due to elevation
effects [17]. In this study, because we are using LST based on a mixed LANDSAT, MODIS
product, we have opted to use a simple regression to known weather stations within the
study area as these data are used for input to other studies [5,52,53]. This method, although
simple, has problems if one wants absolute (and not relative) air temperature over the
entire city. However, LST is known to have variation beyond a simple relationship to NDVI
in cropland, water bodies, and snowy landscapes and is also influenced by elevation or
topography. Weather stations measure temperature in a standardized, systematic manner,
but this does not include understory air temperature.

Despite the strong linear relationship between LST and air temperature found in this
study, there may be spatially varying effects in either the air temperature or LST data. In
this situation, a simple linear regression over many weather stations may not be suitable
to resolve this with sufficient accuracy. A more appropriate method to convert LST to air
temperature may be co-kriging [54], a method used predominantly in geological geospatial
analysis [55,56]. However, for only two weather stations, as in this example, this approach
is not possible.

4.5. Limitations

The methodology described in this paper has some limitations. In the interim product,
the low spatial frequency LST is corrected for high spatial frequency NDVI vegetation
effects only. Because the method uses MODIS LST as its basis, low spatial frequency features
such as the gradual increasing density of built up areas, changes in building heights and
materials by district, or district scale topographic effects should be incorporated. However,
local scale impacts of building materials (e.g., cement versus asphalt parking lot), different
albedo (e.g., a building with white versus dark façades), and local wind, humidity, and
shadow effects, and point sources of heat (e.g., air conditioning cooling vanes, heavy
industry) are not included. Some of this variation may be addressed if the regression (in
step 2) includes more predictors. This has been tested by Liu et al. [19].

In addition, one should remember that air temperature is related to, but not exactly
what, people experience. For studies on human exposure, an indicator, such as the Physio-
logical Equivalent Temperature index [57], is more appropriate.

5. Conclusions

In this paper, a methodology is presented whose goal is to produce a spatially con-
tinuous proxy for weather station air temperature using freely available data such as
LANDSAT and MODIS remote sensing products and weather station temperature records,
for example, from NOAA or the national weather service. This goal is accomplished in
two steps. Firstly, a variation of the DisTrad method is presented that mixes high spatial
resolution, and vegetation related LST impacts, using the normalized differential vegetation
index (NDVI) from LANDSAT with lower spatial frequency and resolution background
LST from MODIS in different spatial-frequency bands (spatial spectral composition) to
provide high-resolution LST. A blurring filter that may be a result of heat dissipation then
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further modifies this product. The method allows for the calculation of high-resolution
LST two times daily on any day of the year. The two times during the day depend on the
flyover times of the MODIS Terra and Aqua sensors. Secondly, the daily high-resolution
LSTs that result from the first step are used to define a transfer function to convert Terra
and Aqua-based products to average and maximum daily air temperatures under the
assumption of ergodicity.

An example of the use of this methodology is applied in Paris, Île de France. It is shown
that the methodology relatively accurately replicates the LANDSAT LST (RMSE = 2.1 ◦C,
MAE = 1.7 ◦C). On 23 July 2019, the methodology models that a small park, La friche Kodak,
was 2.3 ◦C cooler at midday and 3.1 ◦C cooler in mid-afternoon than the surrounding
urban area.

The availability of a spatially continuous proxy for weather station air temperature
component on multiple days, that includes influences of NBS, would be extremely helpful
in studies investigating temperature influences at a fine scale, for example, in cities, when
looking at human mortality and health, or energy demand for heating and cooling. These
studies may be used to calculate the economic benefits of NBS. In addition, a detailed
analysis of the products could be used to identify the optimal design of NBS (size, shape,
maximum NDVI attained), and spacing of NBS within the urban landscape. The optimal
design could be used as input to forward thinking studies on adaptation to climate change.

Author Contributions: Conceptualization, D.N.B.; methodology, D.N.B.; software, D.N.B., formal
analysis, D.N.B.; writing—original draft preparation, D.N.B.; writing—review and editing, E.B., J.K.,
W.W. and L.J. All authors have read and agreed to the published version of the manuscript.

Funding: Authors of this work received are part of The REGREEN Nature-based Solutions project
(https://www.regreen-project.eu/, accessed on 14 July 2022) which has received funding from
the European Union’s Horizon 2020 research and innovation programme under grant agreement
No 821016.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Skoulika, F.; Santamouris, M.; Kolokotsa, D.; Boemi, N. On the Thermal Characteristics and the Mitigation Potential of a Medium

Size Urban Park in Athens, Greece. Landsc. Urban Plan. 2014, 123, 73–86. [CrossRef]
2. Saito, I.; Ishihara, O.; Katayama, T. Study of the Effect of Green Areas on the Thermal Environment in an Urban Area. Energy

Build. 1990, 15, 493–498. [CrossRef]
3. Yu, C.; Hien, W.N. Thermal Benefits of City Parks. Energy Build. 2006, 38, 105–120. [CrossRef]
4. Potchter, O.; Cohen, P.; Bitan, A. Climatic Behavior of Various Urban Parks during Hot and Humid Summer in the Mediterranean

City of Tel Aviv, Israel. Int. J. Climatol. 2006, 26, 1695–1711. [CrossRef]
5. Laaidi, K.; Zeghnoun, A.; Dousset, B.; Bretin, P.; Vandentorren, S.; Giraudet, E.; Beaudeau, P. The Impact of Heat Islands on

Mortality in Paris during the August 2003 Heat Wave. Environ. Health Perspect. 2012, 120, 254–259. [CrossRef]
6. Bird, D.N.; de Wit, R.; Schwaiger, H.P.; Andre, K.; Beermann, M.; Žuvela-Aloise, M. Estimating the Daily Peak and Annual Total

Electricity Demand for Cooling in Vienna, Austria by 2050. Urban Clim. 2019, 28, 100452. [CrossRef]
7. Goldblatt, R.; Addas, A.; Crull, D.; Maghrabi, A.; Levin, G.G.; Rubinyi, S. Remotely Sensed Derived Land Surface Temperature

(LST) as a Proxy for Air Temperature and Thermal Comfort at a Small Geographical Scale. Land 2021, 10, 410. [CrossRef]
8. Kustas, W.P.; Norman, J.M.; Anderson, M.C.; French, A.N. Estimating Subpixel Surface Temperatures and Energy Fluxes from the

Vegetation Index–Radiometric Temperature Relationship. Remote Sens. Environ. 2003, 85, 429–440. [CrossRef]
9. Agam, N.; Kustas, W.P.; Anderson, M.C.; Li, F.; Neale, C.M.U. A Vegetation Index Based Technique for Spatial Sharpening of

Thermal Imagery. Remote Sens. Environ. 2007, 107, 545–558. [CrossRef]
10. Zhou, D.; Xiao, J.; Bonafoni, S.; Berger, C.; Deilami, K.; Zhou, Y.; Frolking, S.; Yao, R.; Qiao, Z.; Sobrino, A.J. Satellite Remote

Sensing of Surface Urban Heat Islands: Progress, Challenges, and Perspectives. Remote Sens. 2019, 11, 48. [CrossRef]
11. Zhou, J.; Liu, S.; Li, M.; Zhan, W.; Xu, Z.; Xu, T. Quantification of the Scale Effect in Downscaling Remotely Sensed Land Surface

Temperature. Remote Sens. 2016, 8, 975. [CrossRef]

https://www.regreen-project.eu/
http://doi.org/10.1016/j.landurbplan.2013.11.002
http://doi.org/10.1016/0378-7788(90)90026-F
http://doi.org/10.1016/j.enbuild.2005.04.003
http://doi.org/10.1002/joc.1330
http://doi.org/10.1289/ehp.1103532
http://doi.org/10.1016/j.uclim.2019.100452
http://doi.org/10.3390/land10040410
http://doi.org/10.1016/S0034-4257(03)00036-1
http://doi.org/10.1016/j.rse.2006.10.006
http://doi.org/10.3390/rs11010048
http://doi.org/10.3390/rs8120975


Atmosphere 2022, 13, 1152 17 of 18

12. Duan, S.-B.; Li, Z.-L. Spatial Downscaling of MODIS Land Surface Temperatures Using Geographically Weighted Regression:
Case Study in Northern China. IEEE Trans. Geosci. Remote Sens. 2016, 54, 6458–6469. [CrossRef]

13. Zhang, P.; Bounoua, L.; Imhoff, M.L.; Wolfe, R.E.; Thome, K. Comparison of MODIS Land Surface Temperature and Air
Temperature over the Continental USA Meteorological Stations. Can. J. Remote Sens. 2014, 40, 110–122. [CrossRef]

14. Williamson, S.N.; Hik, D.S.; Gamon, J.A.; Kavanaugh, J.L.; Flowers, G.E. Estimating Temperature Fields from MODIS Land
Surface Temperature and Air Temperature Observations in a Sub-Arctic Alpine Environment. Remote Sens. 2014, 6, 946–963.
[CrossRef]

15. Zhu, W.; Lű, A.; Jia, S. Estimation of Daily Maximum and Minimum Air Temperature Using MODIS Land Surface Temperature
Products. Remote Sens. Environ. 2013, 130, 62–73. [CrossRef]

16. Vancutsem, C.; Ceccato, P.; Dinku, T.; Connor, S.J. Evaluation of MODIS Land Surface Temperature Data to Estimate Air
Temperature in Different Ecosystems over Africa. Remote Sens. Environ. 2010, 114, 449–465. [CrossRef]

17. Sun, T.; Sun, R.; Chen, L. The Trend Inconsistency between Land Surface Temperature and Near Surface Air Temperature in
Assessing Urban Heat Island Effects. Remote Sens. 2020, 12, 1271. [CrossRef]

18. Urban, M.; Eberle, J.; Hüttich, C.; Schmullius, C.; Herold, M. Comparison of Satellite-Derived Land Surface Temperature and Air
Temperature from Meteorological Stations on the Pan-Arctic Scale. Remote Sens. 2013, 5, 2348–2367. [CrossRef]

19. Liu, Y.; Ortega-Farías, S.; Tian, F.; Wang, S.; Li, S. Estimation of Surface and Near-Surface Air Temperatures in Arid Northwest
China Using Landsat Satellite Images. Front. Environ. Sci. 2021, 9, 791336. [CrossRef]

20. Eurostat. Regions in Europe—Statistics Visualised; European Commission: Brussels, Belgium, 2020; Available online: https://ec.
europa.eu/eurostat/cache/digpub/regions_2020/ (accessed on 21 March 2022). [CrossRef]

21. Tomlinson, C.J.; Chapman, L.; Thornes, J.E.; Baker, C. Remote Sensing Land Surface Temperature for Meteorology and Climatol-
ogy: A Review. Meteorol. Appl. 2011, 18, 296–306. [CrossRef]

22. Wang, L.; Lu, Y.; Yao, Y. Comparison of Three Algorithms for the Retrieval of Land Surface Temperature from Landsat 8 Images.
Sensors 2019, 19, 5049. [CrossRef] [PubMed]

23. Rozenstein, O.; Qin, Z.; Derimian, Y.; Karnieli, A. Derivation of Land Surface Temperature for Landsat-8 TIRS Using a Split
Window Algorithm. Sensors 2014, 14, 5768–5780. [CrossRef] [PubMed]

24. Levin, A.; Weiss, Y.; Durand, F.; Freeman, W.T. Understanding and Evaluating Blind Deconvolution Algorithms. In Proceedings
of the 2009 IEEE Conference on Computer Vision and Pattern Recognition, Miami, FL, USA, 20–25 June 2009. [CrossRef]

25. Labate, C.A.; Leegood, R.C. Limitation of Photosynthesis by Changes in Temperature. Planta 1988, 173, 519–527. [CrossRef]
[PubMed]

26. Fabricante, I.; Oesterheld, M.; Paruelo, J.M. Annual and Seasonal Variation of NDVI Explained by Current and Previous
Precipitation across Northern Patagonia. J. Arid Environ. 2009, 73, 745–753. [CrossRef]

27. Richard, Y.; Poccard, I. A Statistical Study of NDVI Sensitivity to Seasonal and Interannual Rainfall Variations in Southern Africa.
Int. J. Remote Sens. 1998, 19, 2907–2920. [CrossRef]

28. Yang, H.; Yang, X.; Heskel, M.; Sun, S.; Tang, J. Seasonal Variations of Leaf and Canopy Properties Tracked by Ground-Based
NDVI Imagery in a Temperate Forest. Sci. Rep. 2017, 7, 1267. [CrossRef]

29. Urban, J.; Ingwers, M.; McGuire, M.A.; Teskey, R.O. Stomatal Conductance Increases with Rising Temperature. Plant Signal. Behav.
2017, 12, e1356534. [CrossRef]

30. Marchin, R.M.; Backes, D.; Ossola, A.; Leishman, M.R.; Tjoelker, M.G.; Ellsworth, D.S. Extreme Heat Increases Stomatal
Conductance and Drought-Induced Mortality Risk in Vulnerable Plant Species. Glob. Chang. Biol. 2022, 28, 1133–1146. [CrossRef]

31. Schuldt, B.; Buras, A.; Arend, M.; Vitasse, Y.; Beierkuhnlein, C.; Damm, A.; Gharun, M.; Grams, T.E.E.; Hauck, M.; Hajek, P.; et al.
A First Assessment of the Impact of the Extreme 2018 Summer Drought on Central European Forests. Basic Appl. Ecol. 2020,
45, 86–103. [CrossRef]

32. Duarte, A.G.; Katata, G.; Hoshika, Y.; Hossain, M.; Kreuzwieser, J.; Arneth, A.; Ruehr, N.K. Immediate and Potential Long-Term
Effects of Consecutive Heat Waves on the Photosynthetic Performance and Water Balance in Douglas-Fir. J. Plant Physiol. 2016,
205, 57–66. [CrossRef]

33. Struthers, R.; Ivanova, A.; Tits, L.; Swennen, R.; Coppin, P. Thermal Infrared Imaging of the Temporal Variability in Stomatal
Conductance for Fruit Trees. Int. J. Appl. Earth Obs. Geoinf. 2015, 39, 9–17. [CrossRef]

34. Bauweraerts, I.; Ameye, M.; Wertin, T.M.; McGuire, M.A.; Teskey, R.O.; Steppe, K. Water Availability Is the Decisive Factor for the
Growth of Two Tree Species in the Occurrence of Consecutive Heat Waves. Agric. For. Meteorol. 2014, 189–190, 19–29. [CrossRef]

35. Mediavilla, S.; Santiago, H.; Escudero, A. Stomatal and Mesophyll Limitations to Photosynthesis in One Evergreen and One
Deciduous Mediterranean Oak Species. Photosynthetica 2002, 40, 553–559. [CrossRef]

36. Hamerlynck, E.; Knapp, A.K. Photosynthetic and Stomatal Responses to High Temperature and Light in Two Oaks at the Western
Limit of Their Range. Tree Physiol. 1996, 16, 557–565. [CrossRef]

37. Keramitsoglou, I.; Kiranoudis, C.T.; Ceriola, G.; Weng, Q.; Rajasekar, U. Identification and Analysis of Urban Surface Temperature
Patterns in Greater Athens, Greece, Using MODIS Imagery. Remote Sens. Environ. 2011, 115, 3080–3090. [CrossRef]

38. Frey, C.; Rigo, G.; Parlow, E. Investigation of the Daily Urban Cooling Island (UCI) in Two Coastal Cities in an Arid Envi-ronment:
Dubai and Abu Dhabi (U.A.E). In Proceedings of the 25th EARSeL Symposium Global Developments in Environmental Earth
Observation from Space, Porto, Portugal, 6–11 June 2005.

http://doi.org/10.1109/TGRS.2016.2585198
http://doi.org/10.1080/07038992.2014.935934
http://doi.org/10.3390/rs6020946
http://doi.org/10.1016/j.rse.2012.10.034
http://doi.org/10.1016/j.rse.2009.10.002
http://doi.org/10.3390/rs12081271
http://doi.org/10.3390/rs5052348
http://doi.org/10.3389/fenvs.2021.791336
https://ec.europa.eu/eurostat/cache/digpub/regions_2020/
https://ec.europa.eu/eurostat/cache/digpub/regions_2020/
http://doi.org/10.2785/352582
http://doi.org/10.1002/met.287
http://doi.org/10.3390/s19225049
http://www.ncbi.nlm.nih.gov/pubmed/31752412
http://doi.org/10.3390/s140405768
http://www.ncbi.nlm.nih.gov/pubmed/24670716
http://doi.org/10.1109/CVPR.2009.5206815
http://doi.org/10.1007/BF00958965
http://www.ncbi.nlm.nih.gov/pubmed/24226689
http://doi.org/10.1016/j.jaridenv.2009.02.006
http://doi.org/10.1080/014311698214343
http://doi.org/10.1038/s41598-017-01260-y
http://doi.org/10.1080/15592324.2017.1356534
http://doi.org/10.1111/gcb.15976
http://doi.org/10.1016/j.baae.2020.04.003
http://doi.org/10.1016/j.jplph.2016.08.012
http://doi.org/10.1016/j.jag.2015.02.006
http://doi.org/10.1016/j.agrformet.2014.01.001
http://doi.org/10.1023/A:1024399919107
http://doi.org/10.1093/treephys/16.6.557
http://doi.org/10.1016/j.rse.2011.06.014


Atmosphere 2022, 13, 1152 18 of 18

39. Rasul, A.; Balzter, H.; Smith, C. Spatial Variation of the Daytime Surface Urban Cool Island during the Dry Season in Erbil, Iraqi
Kurdistan, from Landsat 8. Urban Clim. 2015, 14, 176–186. [CrossRef]

40. Boudjellal, L.; Bourbia, F. An Evaluation of the Cooling Effect Efficiency of the Oasis Structure in a Saharan Town through
Remotely Sensed Data. Int. J. Environ. Stud. 2018, 75, 309–320. [CrossRef]

41. Yu, Z.; Guo, X.; Jørgensen, G.; Vejre, H. How Can Urban Green Spaces Be Planned for Climate Adaptation in Subtropical Cities?
Ecol. Indic. 2017, 82, 152–162. [CrossRef]

42. Sugawara, H.; Shimizu, S.; Takahashi, H.; Hagiwara, S.; Narita, K.; Mikami, T.; Hirano, T. Thermal Influence of a Large Green
Space on a Hot Urban Environment. J. Environ. Qual. 2016, 45, 125–133. [CrossRef]

43. Hamada, S.; Ohta, T. Seasonal Variations in the Cooling Effect of Urban Green Areas on Surrounding Urban Areas. Urban For.
Urban Green. 2010, 9, 15–24. [CrossRef]

44. Doick, K.J.; Peace, A.; Hutchings, T.R. The Role of One Large Greenspace in Mitigating London’s Nocturnal Urban Heat Island.
Sci. Total Environ. 2014, 493, 662–671. [CrossRef] [PubMed]

45. Yu, Z.; Fryd, O.; Sun, R.; Jørgensen, G.; Yang, G.; Özdil, N.C.; Vejre, H. Where and How to Cool? An Idealized Urban Thermal
Security Pattern Model. Landsc. Ecol. 2021, 36, 2165–2174. [CrossRef]

46. Mutiibwa, D.; Strachan, S.; Albright, T. Land Surface Temperature and Surface Air Temperature in Complex Terrain. IEEE J. Sel.
Top. Appl. Earth Obs. Remote Sens. 2015, 8, 4762–4774. [CrossRef]

47. Zhou, D.; Zhang, L.; Li, D.; Huang, D.; Zhu, C. Climate–Vegetation Control on the Diurnal and Seasonal Variations of Surface
Urban Heat Islands in China. Environ. Res. Lett. 2016, 11, 074009. [CrossRef]

48. Becker, F. The Impact of Spectral Emissivity on the Measurement of Land Surface Temperature from a Satellite. Int. J. Remote Sens.
1987, 8, 1509–1522. [CrossRef]

49. Mildrexler, D.J.; Zhao, M.; Running, S.W. A Global Comparison between Station Air Temperatures and MODIS Land Surface
Temperatures Reveals the Cooling Role of Forests. J. Geophys. Res. Biogeosci. 2011, 116, G03025. [CrossRef]

50. Janatian, N.; Sadeghi, M.; Sanaeinejad, S.H.; Bakhshian, E.; Farid, A.; Hasheminia, S.M.; Ghazanfari, S. A Statistical Framework
for Estimating Air Temperature Using MODIS Land Surface Temperature Data. Int. J. Climatol. 2017, 37, 1181–1194. [CrossRef]

51. Gallo, K.; Hale, R.; Tarpley, D.; Yu, Y. Evaluation of the Relationship between Air and Land Surface Temperature under Clear- and
Cloudy-Sky Conditions. J. Appl. Meteorol. Climatol. 2011, 50, 767–775. [CrossRef]

52. Dousset, B.; Gourmelon, F.; Laaidi, K.; Zeghnoun, A.; Giraudet, E.; Bretin, P.; Mauri, E.; Vandentorren, S. Satellite Monitoring of
Summer Heat Waves in the Paris Metropolitan Area. Int. J. Climatol. 2011, 31, 313–323. [CrossRef]

53. Thorsson, S.; Rocklöv, J.; Konarska, J.; Lindberg, F.; Holmer, B.; Dousset, B.; Rayner, D. Mean Radiant Temperature—A Predictor
of Heat Related Mortality. Urban Clim. 2014, 10, 332–345. [CrossRef]

54. Park, S. Integration of Satellite-Measured LST Data into Cokriging for Temperature Estimation on Tropical and Temperate Islands.
Int. J. Climatol. 2011, 31, 1653–1664. [CrossRef]

55. Cressie, N. The Origins of Kriging. Math. Geol. 1990, 22, 239–252. [CrossRef]
56. Papritz, A.; Stein, A. Spatial prediction by linear kriging. In Spatial Statistics for Remote Sensing; Stein, A., Van der Meer, F.,

Gorte, B., Eds.; Remote Sensing and Digital Image Processing; Springer: Dordrecht, The Netherlands, 2002; pp. 83–113. [CrossRef]
57. Höppe, P. The Physiological Equivalent Temperature—A Universal Index for the Biometeorological Assessment of the Thermal

Environment. Int. J. Biometeorol. 1999, 43, 71–75. [CrossRef] [PubMed]

http://doi.org/10.1016/j.uclim.2015.09.001
http://doi.org/10.1080/00207233.2017.1361610
http://doi.org/10.1016/j.ecolind.2017.07.002
http://doi.org/10.2134/jeq2015.01.0049
http://doi.org/10.1016/j.ufug.2009.10.002
http://doi.org/10.1016/j.scitotenv.2014.06.048
http://www.ncbi.nlm.nih.gov/pubmed/24995636
http://doi.org/10.1007/s10980-020-00982-1
http://doi.org/10.1109/JSTARS.2015.2468594
http://doi.org/10.1088/1748-9326/11/7/074009
http://doi.org/10.1080/01431168708954793
http://doi.org/10.1029/2010JG001486
http://doi.org/10.1002/joc.4766
http://doi.org/10.1175/2010JAMC2460.1
http://doi.org/10.1002/joc.2222
http://doi.org/10.1016/j.uclim.2014.01.004
http://doi.org/10.1002/joc.2185
http://doi.org/10.1007/BF00889887
http://doi.org/10.1007/0-306-47647-9_6
http://doi.org/10.1007/s004840050118
http://www.ncbi.nlm.nih.gov/pubmed/10552310

	Introduction 
	Materials and Methods 
	Study Area 
	Datasets 
	Approach 

	Results 
	Temperature Variable DisTrad Parameters 
	Interpolation of NDVI 
	Spatial Power Spectra of LANDSAT, MODIS and Simple DisTrad LST 
	Converting LST to Air Temperature 

	Discussion 
	Temperature Variable DisTrad Functions 
	Spatial Bandwidth Limited Mixing of MODIS and Simple DisTrad Products 
	Correction (Blurring) Filter 
	Air Temperature Versus LST 
	Limitations 

	Conclusions 
	References

