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Abstract

In this study, the trend of widely used MODIS MxD11 and MxD21 Land Surface
Temperature (LST) and ERAS-Land Skin Temperature (SKT) and 2m air temperature
products were validated using 2m air temperature trends obtained by ground observations
from 266 stations in 2000-2021 over Turkey, known to have complex topography. The results
show that colder regions have substantially higher temporal temperature variability than
warmer ones. MxD21 and MxD11 products are 4.4 °C and 2.9 °C warmer than ERAS5-Land
products, respectively, while ERAS5-Land products (SKT and 2m) have nearly similar
averages (12.5 °C). The consistency between MODIS and ERAS-Land data is significantly
lower over areas with more complex topography and irrigation activities, despite the fact that
the products show a high linear relationship over the study area. While February trends are
consistently much higher than other months (2.2 and 1.4 °C/decade for MODIS and ERAS-
Land, respectively), overall MODIS skin temperature products (0.7 °C/decade) generally
exhibit smaller trends than ERAS-Land skin and air temperature trends (0.94 °C/decade). The
results suggested that MODIS and ERAS-Land trends, which are highly consistent with
observations, might replace observations in the absence of long-term station-based records.

Keywords: Surface temperature; warming trend; MxD11; MxD21; ERAS5-Land.

1 Introduction
One of the most significant indicators of climate change is surface temperature, and the
following definition of surface temperature is consistent with that in (IPCC 2021a): Land

surface temperature (LST), also known as skin temperature (SKT), is the theoretical skin
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temperature (i.e., depending on the application, top few cm of the surface) of the Earth and is
a key component in surface energy and water balance estimation at regional and global scales
(Friedl 2002). On the other hand, estimates of near-surface air temperature (i.e., at 2 m level)
are pertinent to estimates based on numerical weather prediction (NWP) models and ground
station-based measurements. While the characteristics of the two estimates of surface
temperature—LST/SKT and 2m air temperatures—are distinct, especially at short time scales
(like hourly), they are both impacted by the changing climate at long time scales. All of
ground station-, satellite remote sensing-, and NWP model-based frameworks can be used to
retrieve LST/SKT and air temperature. Among them, while air temperature estimates are
more commonly obtained through ground station-based observations and NWP, LST/SKT
datasets used in the literature are often obtained utilizing satellite-based remote sensing (Yao
etal. 2017, 2019; Reiners et al. 2023).

Accurate surface temperature estimation is essential since it is one of the most
significant markers of climate change and has drastically increased after the pre-industrial age
of 1850-1900. The Intergovernmental Panel on Climate Change states that the rate of increase
in surface temperature has accelerated since 1970 (IPCC 2021a). Increased mortality rates,
urban heat islands, and drought intensity and duration are all indicators of rising surface
temperatures (Basu and Samet 2002; Imhoff et al. 2010; Manesh et al. 2019). The increase in
surface temperature brought on by climate change is not uniform across the continents,
though, as there are hotspot locations on Earth. Europe and the Mediterranean Basin, for

instance, see greater increases in mean temperatures, intensity, and frequency of hot extremes
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than other regions, according to ample evidence of climate change (IPCC 2021a, b; Cos et al.
2022). Furthermore, land surface heterogeneity, particularly in complex topography, causes
fast spatial and temporal fluctuations in surface temperature (Li et al. 2013).

Estimations of the surface temperature are employed in a wide range of research,
including but not limited to those pertaining to meteorology, climatology, hydrology, and
public health (Duan et al. 2014, 2017). Consequently, in order to have a better understanding
of the spatio-temporal rising of surface temperature, it is required to precisely determine the
current rate of increase of surface temperature under changing climate.

One of the most widely utilized LST products among the satellite-based products is
offered by the Moderate Resolution Imaging Spectroradiometer (MODIS) (Wan 2019). Due
to its high accuracy estimation of the LST with a global coverage, MODIS LST product is
extensively employed in studies at both regional and global scale (Pepin et al. 2019; Zhao et
al. 2019; Reiners et al. 2021; Wang et al. 2022). MODIS LST product has been also used in
estimation of air temperature (Zhang et al. 2016; Yang et al. 2017) provided that LST and air
temperature have strong correlation (Mildrexler et al. 2011; Benali et al. 2012). However, in
order to fully understand this link, a detailed comparison is necessary since their variability
patterns may vary, particularly in mountainous regions (Pepin et al. 2016, 2019; Aguilar-
Lome et al. 2019). Although MODIS has been monitoring LST successfully since 2000,
explicit intercomparison of MODIS-based surface skin temperature trends against
observation-based trends (Liu et al. 2022; Recondo et al. 2022) over complex topography has

not been done (i.e., can MODIS LST trends replace observation-based air temperature
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trends?). Additionally, there are two different flavors of MODIS LST products, namely
MxDI11 and MxD21; yet their explicit validation and intercomparison (Yao et al. 2020) are
required to fully understand their nature and the impact of the variations in their algorithms on
temperature estimates.

NWP models offer users spatially and temporally continuous SKT and 2m air
temperature datasets as an alternative to remote sensing-based products, that may represent
conditions from almost a century or earlier. Among the alternatives, perhaps ERAS5-Land
(Mufioz-Sabater et al. 2021) offers one of the most recent but accurate products (Yilmaz
2023). Here, skin layer represents the vegetation layer, the top layer of the bare soil/snow
pack (ECMWEF 2016), where ERAS/ERAS5-Land of ECMWF offer very accurate estimates of
both SKT and air temperature. Yet, to improve the simulation accuracy of climate models and
provide retrieval strategies for soil and vegetation moisture, very precise SKT and 2m
temperature values must be retrieved (Liu et al. 2022). On the other hand, limited number of
studies have explicitly validated the ERAS5-Land and ERAS temperature trend accuracies
(Yilmaz 2023), and the accuracy of SKT trends generated using ERA5-Land against remote
sensing-based estimates (e.g., MODIS) has not explicitly been inter-compared.

Complex topography poses challenges to both satellite- and NWP-based retrievals,
where the accuracy over complex topography is often lower than in non-complex regions
(Amjad et al. 2020). Hence, it is necessary to explicitly evaluate the accuracy of LST/SKT
and 2m temperature trends over complex regions. Known for its very complex terrain, Turkey

is also a climate change hot spot (Amjad et al. 2020; Bagcaci et al. 2021). While studies
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performed over Turkey have focused on the validation of the temperature datasets (Bagcaci et
al. 2021; Yilmaz 2022) and NWP-based air temperature validation (Yilmaz 2023), remote
sensing-based LST trend investigation and validation has not been performed over Turkey
before.

In this study, for the first time, validation of MODIS LST trends, intercomparison of
two different MODIS LST product flavors (MxD11 and MxD21), and intercomparison of
MODIS LST and ERAS5-Land SKT/2m temperature trends were made over a complex terrain.
Also, for the first time, the trends of these four products were explicitly intercompared against
ground station observation-based temperature trends. Following the dataset and methodology
introduction in section 2, the results are presented in section 3 and discussed in section 4, and

the conclusions are given in section 5.

2 Materials and Methods

2.1 Study Area

This study is performed over Turkey located in the Mediterranean Basin and considered
to be a climate change hotspot region (IPCC 2021b). With a 783,562 km? surface area,
Turkey's elevation ranges from 0 to 5137 m, and it has a complex topography variability
(Amjad et al. 2020). It also has a significant degree of climatic variety, with a predominance
of temperate and subtropical climate zones (Eken et al. 2008). Koéppen-Geiger climate
classification map of Turkey for 1980-2016 is presented in Fig. 1. The map is retrieved from
the study of Beck et al. (2018). The datasets for this study were initially collected throughout

a region bounded by longitudes 25° E to 45° E and latitudes 35° N to 43° N; they were later
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trimmed using Turkey's borders. In this study, analyses were conducted over seven
geographic regions of Turkey (Yilmaz 2023), including I-Marmara (MAR), II-Aegean (AEG),
[II-Mediterranean (MED), IV-Central Anatolia (CE-ANA), V-Black Sea (BL-SEA), VI-

Eastern Anatolia (EA-ANA), and VII-South Eastern Anatolia (SE-ANA).

Arid, desert, cold (BWk) Temperate, no dry season, hot summer (Cfa) Cold, no dry seascn, hot summer (Dfa)
Arid, steppe, hot (BSh) Temperate, no dry season, warm summer (Cfb) Cold, no dry season, warm summer (Dfb)
Arid, steppe, cold (BSk) B Cold, dry summer, hot summer (Dsa) M Cold, no dry season, cold summer (Dfc)
Temperate, dry summer, hot summer (Csa) mm Cold, dry summer, warm summer (Dsb) Polar, tundra (ET)

Temperate, dry summer, warm summer (Csb) mmm Cold, dry summer, cold summer (Dsc)

Fig. 1 Koppen-Geiger climate classification map of Turkey for 1980-2016 period. The map is

retrieved from Beck et al. (2018)

2.2 Datasets

Monthly ground station-based 2m air temperature observations, monthly ECMWF
ERAS5-Land SKT and 2m air temperature datasets, and monthly MODIS LST datasets MxD11
and MxD21 were all used in this investigation (Table 1). Datasets from MODIS and ERAS-
Land were obtained globally at monthly temporal resolution; datasets that fell within Turkey's
border were then cropped. While station-based observations were initially collected with a
daily temporal resolution, they were later averaged out to have a monthly resolution. These

datasets of monthly average temperatures are used in all the analyses conducted in this study.
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Despite the fact that ERAS5-Land and a number of station observations cover a wider time

span, this study focuses on the period from 2000 to 2021 due to the availability of MODIS

LST data. Below are further details about these products.

Table 1 Characteristics of the datasets utilized in this study

Product Spatial / File Data
Name Temporal Format Availability Source
(Abbreviation) Resolution (in 2000-2021)
MOD11C3.061 0.05° HDF Feb 2000 — MODIS Terra — Satellite
LST Monthly Dec 2021 https://e4ftl01.cr.usgs.gov/MOLT/MOD11C3.061/
(M11 Ts) (Accessed on 14 December 2022)
MOD21C3.061 0.05° HDF Feb 2000 — MODIS Terra — Satellite
LST Monthly Dec 2021 https://e4£tl01.cr.usgs.gov/MOLT/MOD21C3.061/
(M21 Ts) (Accessed on 14 December 2022)
MYD11C3.061 0.05° HDF Jul 2002 — MODIS Aqua — Satellite
LST Monthly Dec 2021 https://e4ftl01.cr.usgs.gov/MOLA/MYD11C3.061/
(M11 Ts) (Accessed on 14 December 2022)
MYD21C3.061 0.05° HDF Jul 2002 — MODIS Aqua — Satellite
LST Monthly Dec 2021 https://e4ftl01.cr.usgs.gov/MOLA/MYD21C3.061/
(M21 Ts) (Accessed on 14 December 2022)
ERAS5-Land 0.10° NetCDF Jan 2000 — ECMWF — Reanalysis
SKT Monthly Dec 2021 https://cds.climate.copernicus.eu/
(ESL Ts) (Accessed on 5 August 2022)
ERAS5-Land 0.10° NetCDF Jan 2000 — ECMWF — Reanalysis
2m Monthly Dec 2021 https://cds.climate.copernicus.eu/
(ESL Ta) (Accessed on 5 August 2022)
Station Point TXT Jan 2000 — MGM - Observation
2m Daily Dec 2021 https://mevbis.mgm.gov.tr/
(STA Ta) (Sent by MGM on 25 April 2022)
Slope 1 km GeoTiff — SRTM — Satellite
S https://www.earthenv.org/topography
(Accessed on 1 June 2022)
Elevation 1 km GeoTiff - SRTM - Satellite
(DEM) https://www.earthenv.org/topography

(Accessed on 1 June 2022)

2.2.1 MODIS Land Surface Temperature (M11 Ts and M21 Ts)

Data on land surface temperatures used in this study were gathered by the MODIS

instrument installed on the National Aeronautics and Space Administration's (NASA) Terra

and Aqua sun-synchronous and near-polar orbiting satellites. Here, Terra (EOS AM-1) and

Aqua (EOS PM-1) make equatorial passes at 10:30 am/pm and 1:30 am/pm, respectively.


https://e4ftl01.cr.usgs.gov/MOLT/MOD11C3.061/
https://e4ftl01.cr.usgs.gov/MOLT/MOD21C3.061/
https://e4ftl01.cr.usgs.gov/MOLA/MYD11C3.061/
https://e4ftl01.cr.usgs.gov/MOLA/MYD21C3.061/
https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset
https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset
https://mevbis.mgm.gov.tr/
https://www.earthenv.org/topography
https://www.earthenv.org/topography
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LST datasets were collected from MxD11 and MxD21, two separate MODIS products. To
retrieve LST, the MxD11 utilizes the split-window algorithm and the day/night algorithm.
The monthly Climate Modeling Grid (CMG) products MOD11C3.061 (Terra) and
MYDI11C3.061 (Aqua) (Wan 2019), collectively referred to as MxD11, were used in this
study. The monthly CMG LST products MOD21C3.061 (Terra) and MYD21C3.061 (Aqua)
from Collection 6.1 (Hulley et al. 2022) were also utilized, where these products in this study
are referred to as MxD21. The Temperature and Emissivity Separation (TES) technique is
utilized by the MxD21 product to dynamically retrieve LST. All four products were
downloaded in HDF format at 0.05° spatial resolution (~5600 km at the equator) from
NASA's Land Processes Distributed Active Archive Center (LP DAAC) website (NASA). By
averaging all available monthly MOD11C3.061 and MYD11C3.061 datasets (both daytime
and nighttime) for each month separately during the study period, the monthly mean MxD11
dataset was calculated. Similarly, monthly MOD21C3.061 and MYD21C3.061 datasets were
averaged to create the monthly mean MxD21 dataset. All Terra (MOD) and Aqua (MYD)
monthly products (MOD11C3.061, MYD11C3.061, MOD21C3.061, and MYD21C3.061) are
continuous and do not contain any missing monthly record between July 2002 until December
2021 (i.e., end of the study period). Accordingly, no gap-filling algorithm, that are commonly
utilized to fill in the gaps in daily or 8-day datasets (Yao et al. 2021, 2023), is used in this
study. While Aqua (MYDI11 and MYD21) datasets do not have any data between February
2000 and June 2002, Terra (MOD11 and MOD21) monthly products are continuous and

available. Here, in this study, for the sake of utilizing longer records, MxD11 and MxD21
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datasets between February 2000 and June 2002 were only taken from Terra-based products,
while remaining ~20 years were obtained utilizing both Terra- and Aqua-based products. In
this study, MxD11 LST and MxD21 LST are denoted by M11 Ts and M21 Ts, respectively.
Here, All MODIS datasets (from Aqua and Terra during day and night) are averaged to obtain

a single representative temperature estimate for each month.

2.2.2 ERAS-Land Skin Temperature (ESL Ts) and 2m Air Temperature (ESL Ta)
ERAS5-Land (Mufioz-Sabater et al. 2021) by ECMWEF is the latest global dataset for the
land component of the fifth-generation reanalysis product ERAS. ERAS5-Land provides 50
variables that describe water and energy cycles over the land globally with a horizontal
resolution of 0.10° x 0.10° (~9 km) (CDS; Munoz-Sabater et al. 2021; Stefanidis et al. 2022).
ERAS5-Land datasets are continuously available from 1950 to the present in ECMWF Climate
Data Service (CDS) in NetCDF format, with an hourly to monthly temporal resolution (CDS).
The monthly ERAS5-Land air temperature data on single levels—which represent the near-
surface temperature—and the skin temperature (SKT) data—which represent the LST—are
the two variables used in this study. SKT represents the top 7 cm of the surface layer of the
ECMWEF’s land surface model, Carbon Hydrology-Tiled ECMWF Scheme for Surface
Exchanges over Land (CHTESSEL). The monthly ERA5-Land 2m air temperature datasets
and SKT datasets for 2000—2021 period that were used in this study were downloaded on 19
November 2022. In this study, ERA5-Land SKT and ERAS5-Land air temperature are denoted

by ESL Ts and ESL Ta, respectively.
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2.2.3 Ground Station-Based 2m Air Temperature Observations (STA Ta)

The General Directorate of Meteorology (MGM) provided daily ground station-based
near-surface temperature measurements for Turkey. The temperature data were provided by
MGM on request. Over time, the number of operational meteorological stations expanded to
more than 2500 stations throughout Turkey (MGM). However, there are discontinuities in the
observations collected by the stations; newly established stations have shorter observation
records than MODIS datasets. Some of the formerly established stations are no longer
operational, or no proper data have been collected in certain months. Accordingly, a standard
was set in this study which disqualifies stations with less than 95% of the data collected
between 2000 and 2021. 266 stations out of all the stations were selected for this study since
they had more than 95% of the temperature data collected throughout the study period. For
the analysis, monthly mean temperature datasets were created by averaging daily temperature
readings.

Ground station-based observations are acquired at 2 m height, while there are no land
surface temperature observations in Turkey by MGM. Skin temperature measurements are
taken at a small number of sites that do not consistently and densely cover the entire research
region. As a result, this study only has access to and uses ground station-based near-surface
temperature observations. In this study, station-based 2m air temperature observations are

denoted by STA Ta.

11
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2.2.4 Slope, Elevation, and Station Density

The study area has very complex topography in relation with its rapidly changing slope
characteristics. Here, in this study, the variability of trends obtained from ERAS5-Land and
MODIS products with respect to changing topographical complexity is investigated.
Accordingly, the stations are grouped into two classes: non-complex and complex. As the
definitions of complex topography in different studies changes, here the definition of Amjad et
al. (2020), that the terrains with slopes less than 5% are considered as non-complex, is
employed, whereas slopes greater than 5% are regarded as complex. In this study, the slope (S)
and elevation (DEM) data were obtained from 1 km mean datasets from NASA’s Shuttle Radar
Topography Mission (SRTM) in GeoTiff format (Amatulli et al. 2018). Later the percent slope
values were extracted over the locations of individual stations by utilizing the values of the
grids that contains the stations.

Among the regions, BL-SEA and AEG have the highest and the lowest average slope
(%), respectively, while EA-ANA and MAR has the highest and the lowest average elevation
above mean sea level, respectively (Table 2). Among the regions, AEG and EA-ANA have
the highest and the lowest station density, respectively. While EA-ANA has the largest area
among the regions, it has the lowest station density. Overall, the regions with relatively lower
slope (MAR, AEG, SE-ANA) has higher station density than higher slope (MED, CE-ANA,

BL-SEA, EA-ANA), where the station density changes more with slope than elevation.

12
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Table 2 Geographical characteristics of ground station density of the study area (TR) and
seven geographical regions of Turkey

Area S DEM Total#  Area in km? Station per

Region (km? (%) (m) ofstations per station 1000 km? area
TR 784000 335 694 266 2947 0.34
MAR 65000 281 186 38 1711 0.58
AEG 83000 232 350 51 1627 0.61
MED 114000 3.05 403 36 3167 0.32
CE-ANA 162000 3.12 1081 45 3600 0.28
BL-SEA 134000 4.85 389 37 3622 0.28
EA-ANA 165000 4.01 1379 23 7174 0.14
SE-ANA 61000 322 799 36 1694 0.59
2.3 Analyses

2.3.1 Dataset Spatial Resolution

Datasets that were utilized in this study have different spatial resolution. MODIS and
ERAS-Land are gridded datasets with 0.05° and 0.10° spatial resolution, respectively, while
the MGM station-based datasets are point observations. To ensure the comparisons between
the statistics of different datasets are done objectively, the spatial and the temporal resolution
of the products should be the same. Accordingly, this disparity between the spatial resolutions
of the gridded MODIS and ERAS5-Land datasets was eliminated before any further analysis to
be performed in this study. This is achieved by averaging the values of MODIS pixels that fall
inside ERAS5-Land pixels. Thus, MODIS and ERAS5-Land datasets with a spatial resolution of
0.10° were acquired for the area delimited by 35°N and 43°N and 25°E and 45°E,
respectively. Accordingly, gridded maps have 201 columns and 81 rows, total 16,281 grids.
On the other hand, only 8,110 grids cover the study region, and the remaining grids were not
used in the analyses of this study. For all of the analyses in this study, these datasets that have

the same spatial (i.e., 0.10°) and temporal (i.e., monthly) resolutions were utilized.

13
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Additional analyses that serve as the foundation for the direct evaluation of gridded
MODIS and ERAS5-Land datasets use station-based point observations as the ground truth.
Each station's MODIS and ERAS5-Land grids were retrieved for these analyses. This enabled
it possible to compare station-based observations to the equivalent MODIS and ERA5-Land

data on an individual basis.

2.3.2 Data Homogeneity

Any analysis in this study was carried out if the temperature data are mutually available
for all products in purpose of homogeneous intercomparison of MODIS, ERAS5-Land, and
station-based datasets. Therefore, in case any product has no available data over any grid
and/or month, then other products were removed from the analyses for the relevant grid

and/or month.

2.3.3 Map-Based and Point-Based Analyses

MODIS and ERAS5-Land are gridded products and observations collected over stations
are point-based values. Accordingly, analyses were performed using product values for both
entire grids and only over stations. Here, analyses using data from all grids are referred to as
"map-based," while analyses using data from only grids with ground stations are referred to as
"point-based." For instance, for the map-based estimate, the mean temperature over the whole
study region was derived using data from gridded products over all 8,110 grids, while for the
point-based estimate, only values from the 261 grids containing the 266 stations were used.
Here five grids contain multiple stations, while for these five stations same grid values of four

products were assigned as the pair of the station data. Along with evaluations of the entire
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research region, in-depth investigations were carried out separately over each geographical
area. Here, the map- and point-based analyses were also made using the relevant grids that fall
inside each geographic region separately. For the seven regions specified under section 2.1,
values retrieved over a total of 771, 921, 901, 1937, 1259, 1476, and 848 grids (total 8,110)
were utilized for MAR, AEG, MED, CE-ANA, BL-SEA, EA-ANA, and SE-ANA regions,
respectively, for the map-based analyses. On the other hand, 36, 38, 37, 51, 36, 45, and 23
stations (total 266) and the representative grids located in MAR, AEG, MED, CE-ANA, BL-
SEA, EA-ANA, and SE-ANA regions, respectively, were utilized for the point-based

analyses.

2.3.4 Temperature Statistics

Mean, standard deviation, and trend of several monthly datasets were calculated
separately for each product over each region (total of seven regions) and month (total of 12
months). Additionally, similar analyses were also performed using all values retrieved for all
months and over 8,110 grids for map-based and 261 grids for point-based investigations. For
example, for the map-based analyses over MAR region, temporal mean, standard deviation,
and trend were calculated utilizing the temperature values for 12*22 months for each grid
(totaling 771 grids); these statistics were then averaged to produce a region-representative
value for each statistic. Similar calculations were made for the point-based estimates; mean,
standard deviation, and trend statistics were calculated for each grid representing each station

that fell within the relevant region separately (for instance, 36 stations for MAR region), and

15
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then these different estimates representing each station were averaged out to produce a single
value for each statistic for each region.

Linear regression-based trends (°C/decade) were calculated for each monthly product
for the whole study period of 2000-2021. Among this 264 months of data, 240 months of
minimum data availability was enforced for the calculation of trends; if the length of mutually
available datasets was shorter for any grid, then trends were not calculated the trends were
assigned as missing for relevant grids and stations. Here, all 8,110 grids have at least 240
available datasets, accordingly, trends were calculated for all grids inside entire study region.

In monthly and regional analyses, correlation between the temperature products was
calculated in addition to the mean, standard deviation, and trends (i.e., for 12 months and
seven regions separately). In this study, the correlations were calculated from the anomaly
time series, where the monthly seasonality was removed from the total time series. Here, the
anomaly time series were created because the dominant seasonality, rather than anomaly,
controlled the correlations of the whole time series, making the consistency between the

anomaly components more intriguing than the cyclic seasonality information.

2.3.5 Temperature Difference Statistics

To study the regional and/or temporal patterns present in the disparities between the
products, statistics (mean, standard deviation, and trend) of temperature differences were also
calculated, similar to the statistics obtained utilizing temperature values. These temperature
difference-based statistics were only performed map-based but not point-based for brevity.

Here, the differences for six different data pairings were calculated. The second data in each

16
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pair was subtracted from the first in the following pairs: 1) M11 Ts — M21 Ts, 2) M11 Ts —
ESL Ts, 3) M11 Ts — ESL Ta, 4) M21 Ts — ESL Ts, 5) M21 Ts — ESL Ta, and 6) ESL Ts —

E5SL Ta.

3 Results
Intercomparison and investigation of monthly MODIS LST (M11 Ts and M21 Ts) and

ERAS-Land SKT and 2m air temperature (ESL Ts and ESL Ta) products between 2000 and
2021 were performed over Turkey, while validation of these datasets were made via 2m air
temperature observations (STA Ta) acquired at 266 ground stations. Both map-based (i.e.,
using all data retrieved from maps) and point-based (i.e., using only datasets acquired from
the grids containing ground-based stations) analyses performed in this study used mutually
available datasets; if any product was not available over any grid and/or month, then other

products were removed from the analyses for the relevant grid and/or month.

3.1 Mean, Standard Deviation, and Trend of Temperature Products

Average temperatures of these four map-based temperature products over entire
Turkey are shown in Fig. 2 and Tables 2 and 3 presents the statistics of these map-based
temperature products. On average, as shown in Table 3, MODIS products (13.51 and
15.02 °C for M11 Ts and M21 Ts, respectively) are warmer than ERAS5-Land products (11.07
and 11.12 °C for E5L Ts and ESL Ta, respectively). The highest mean temperature values are
found in M21 Ts; which is 1.51, 3.95, and 3.90 °C warmer than M11 Ts, ESL Ts, and ESL Ta,
respectively (Table 3). The mean temperatures are lowest in the snow-dominated EA-ANA

region and greatest in the SE-ANA region. The four products' average temperatures for these
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325  two regions varied by 8.4 °C (Table 3), with a 26 °C difference between the long-term
326  average temperatures of the warmest and coldest regions (i.e., the range of temperature values
327  given in Fig. 2).

328

329  Table 3 Spatial variability of map-based statistics of M11 Ts, M21 Ts, ESL Ts, and ESL Ta
330  products over the study area (TR) and seven geographical regions of Turkey utilizing monthly
331  datasets between 2000 and 2021.

332
Map-based Regions
Statistics Products TR MAR AEG MED CE-ANA BL-SEA EA-ANA SE-ANA
Mean M11 Ts 1351 1486 16.00 15.51 13.52 11.14 9.38 18.24
0 M21 Ts 1502 1649 1742 17.00 15.03 12.81 10.84 19.64
E5L Ts 11.07 1378 1385 13.53 1081 8.78 6.55 14.97
ESL Ta 11.12 1361 13.86 1323 1048 9.12 7.30 14.87
Standard M11 Ts 1047 831 935 941 10.96 8.96 12.87 11.74
Deviation (°C) M21 Ts 1078 843 954 975 11.29 9.06 13.56 11.89
ESL Ts 986 809 898 9.6 10.27 9.01 11.15 11.08
ESL Ta 847 726 789 793 8.57 7.65 9.53 9.84
Anomaly MI1ITs&M21Ts 095 094 096 095 0.96 0.95 0.95 0.96
Correlation MI11Ts&ESLTs 0.82 0.85 0.84 0.82 0.86 0.84 0.78 0.76
M1l Ts&E5LTa 0.84 0.85 085 0.85 0.85 0.86 0.83 0.79
M21 Ts&E5LTs 0.81 0.82 0.83  0.82 0.84 0.82 0.77 0.77
M21 Ts&E5LTa 082 082 083 0.84 0.83 0.84 0.81 0.80
ESLTs&ESLTa 0.96 098  0.98  0.96 0.96 0.96 0.93 0.96
Trend M11 Ts 066 042 037 0.59 0.71 0.68 1.00 0.50
(°C/decade) M21 Ts 074 041 040 0.68 0.82 0.72 1.15 0.63
E5L Ts 096 075 084 094 0.97 1.00 1.08 0.97
E5L Ta 092 073 083 088 0.89 0.97 1.07 0.95
333

18



(°C)

P
(# | 25
e 20
o |
~ 15
o |
o
10
0 |
o
| 5
o™
Q- 0
25 29 33 37 41 45°E
z (°C)
(# | 25
e 20
o |
~ 15
o |
o
10
0 |
o
~ | 5
o
Q- 0
25 29 33 37 41 45°E
z (C)
(# | 25
e 20
o |
~ 15
o |
o
10
0 |
o
- 5
o
Q- 0
25 29 33 37 41 45°E
< (°C)
(# | 25
e 20
o |
~ 15
o |
o
10
0 |
o
~ | 5
o
S1(d) 0
134 25 29 33 37 41 45°E

335 Fig. 2 Long term averages of the monthly: (a) M11 Ts, (b) M21 Ts, (¢) ESL Ts, and (d) ESL
336 Ta temperature products over the study area. Roman numbers I to VII indicate the seven
337  geographical regions of Turkey: | — Marmara (MAR), I — Aegean (AEG), III -
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358

Mediterranean (MED), IV - Central Anatolia (CE-ANA), V — Black Sea (BL-SEA), VI —
Eastern Anatolia (EA-ANA), and VII — Southeastern Anatolia (SE-ANA). Black dots indicate
the meteorological stations (total 266) where observations are taken.

Figs. 2 and 3 illustrate the monthly and regional variability of point-based
temperatures, whereas Fig. 5 shows the temporal variability of average point-based
temperature products. For STA Ta, M11 Ts, M21 Ts, ESL Ts, and ESL Ta, the average
temperatures in 2000-2021 are 13.74, 15.32, 16.81, 12.51, and 12.74 °C, respectively.
Overall, MODIS estimates (M11 Ts and M21 Ts) are on average 2.33 °C warmer than STA
Ta, while ERAS5-Land estimates (ESL Ts and ESL Ta) are 1.12 °C colder than STA Ta
(Yilmaz 2023). Map-based estimations and point estimates both demonstrate that MODIS
products are approximately 3.3 °C warmer than ERAS5-Land products, and that this difference
is persistent over both time (Figs. 2 and 4) and space (Fig. 4). The distribution of average
temperature estimates of M21 Ts is similar to STA Ta (i.e., the width and median value of
green and yellow boxes are similar) during colder months (November-February), however the
median of M21 Ts is considerably higher than STA Ta during warmer months (Fig. 3). The
behavior of ERA5-Land products is comparable, but the difference from STA Ta is less. In
the summer (JJA) and winter (DJF), ESL Ts is typically 1.5 °C warmer and 1.9 °C colder than
ESL Ta. On the other hand, M21 Ts is 5.5 °C warmer and 0.5 °C colder than STA Ta during

summer and winter months, respectively.
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Fig. 3 Temporal variability of boxplot distributions of point-based average temperatures
obtained over 266 stations from STA Ta, M11 Ts, M21 Ts, ESL Ts, and ESL Ta for 12
months: (a) January — (I) December
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Fig. 4 Spatial variability of boxplot distributions of point-based average temperatures
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ANA, (g) MAR, and for Turkey: (h) TR
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Fig. 5 Time series of the point-based annual mean temperatures obtained over 266 stations
from STA Ta, M11 Ts, M21 Ts, ESL Ts, and ESL Ta

Fig. 6 and Table 3 both demonstrate the spatial distribution of the products’ standard
deviation. Overall, the coastal regions have less seasonal temperature variability than the
inlands, where the snow-dominated EA-ANA region having the most seasonal variability
among all regions. Compared to ERA5-Land products, the disparity between the regions is
more apparent with MODIS. In general, MODIS products outperform ERA5-Land products in
terms of their sensitivity to the transition between coastal and continental regions. While there
isn't much of a difference in the transition sensitivity of M11 Ts and M21 Ts, there is higher
difference between ESL Ts and ESL Ta (Fig. 6). In general, the standard deviation is smaller
in the warmest six months (May to October) than the coldest six months (November to April),

with February having nearly twice the standard deviation of the warmer months (Table 4).
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385
386  Fig. 6 Standard deviations of the monthly: (a) M11 Ts, (b) M21 Ts, (¢) ESL Ts, and (d) ESL

387  Ta temperature products over the study area
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388  Table 4 Temporal variability of map-based statistics of M11 Ts, M21 Ts, ESL Ts, and ESL
389  Ta products over the study area (TR) and seven geographical regions of Turkey

Map-based Months

. Products
Statistics Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Mean MIITs -1.82 058 633 1233 1806 2349 27.63 2757 23.10 1560 7.71 0.83
0 M21Ts  -1.08 156 7.96 14.60 2032 2537 2923 29.08 2446 17.13 9.06 1.83

ESL Ts -2.66 -087 385 936 1515 2043 2472 2480 19.76 1289 534 -0.55
ESL Ta -0.63 088 4.65 936 1449 19.18 2279 2290 18.68 1290 6.44 1.27

Standard M11Ts 252 310 245 195 1.57 140 127 136 1.53 1.64 218 2.71
(DOeC\;iatlon M21 Ts 291 344 278 2.08 1.54 137 129 138 154 174 232 3.01

ESL Ts 239 260 236 1.69 132 124 1.11 1.25 147 157 191 246
ESL Ta 198 216 207 1.70 134 1.15 1.04 1.23 148 156 184 2.11

Anomaly MI11 Ts& 095 096 096 094 0.94 0.93 0.94 0.94 0.95 095 097 0.96
Correlation M21 Ts
Ml11 Ts& 0.81 085 0.83 0.80 0.74 0.76 0.80 0.83 0.87 0.81 0.89 0.84

ESL Ts
MI11Ts& 0.84 089 08 08 078 0.73 0.77 083 08 082 091 0.87
ESL Ta
M21Ts& 079 084 082 078 0.72 0.77 0.81 0.84 087 0.82 088 0.82
ESL Ts
M21Ts& 081 087 084 08 076 075 078 083 08 082 090 0.85
E5L Ta
ESL Ts& 096 09 097 09 095 09 095 098 098 098 097 097
ESL Ta

Trend M11Ts 024 215 068 083 037 -032 -026 034 051 044 086 1.40

(°Cldecade)  M21Ts 023 226 073 076 047  -001 -0.07 055 058 041 090 1.55
ESLTs 075 146 079 053 091 034 024 046 092 067 098 1.10
ESLTa 072 134 058 057 098 042 027 051 08 073 087 1.06

390

391 3.2 Correlation of Temperature Products

392 Overall, the total variability of the products can be decomposed into seasonality and
393 the remaining anomaly components. Similarly, correlation between two products (i.e., cross-
394  correlation) can be determined separately for the total, seasonality, and anomaly components.
395  Given that the study area's seasonal temperature pattern is well known—summers are

396  significantly warmer than winters—it is more intriguing to investigate the correlations

397  between the anomaly components (Fig. 7) rather than total products. Overall, same family
398  correlations (i.e., between the two MODIS or two ERAS5-Land products) are ~0.95 while

399  MODIS vs ERAS5-Land correlations are around ~0.82 (Table 3). On average, M11 & ESL
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400  correlations are 0.01 higher than M21 & ESL, where the correlations between these two

401  products are much lower over water bodies (0.60-0.85) than over land (~0.95) (Fig. 7, for

402  instance over Lake Van with centroid coordinates 38.6°N and 42.9°E). Similarly, ESL Ta &
403  MODIS correlations are 0.01 higher than those between ESL Ts & MODIS. Average seasonal
404  correlations are 0.90, 0.88, 0.85, and 0.84 during autumn, winter, spring, and summer

405  respectively, where November correlations are the highest (0.92) and May-June are the lowest
406  (0.82) (Table 4). In general, correlations between MODIS and ESL Ts are significantly lower
407  than those between MODIS and ESL Ta, particularly over colder areas in EA-ANA and

408  warmer SE-ANA regions (Fig. 7 and Table 3), as well as during April (Table 4).
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411 Fig. 7 Anomaly correlations between the map-based temperature product pairs: (a) M11 Ts &
412 M21 Ts, (b) M11 Ts & ESL Ts, (c) M11 Ts & ESL Ta, (d) M21 Ts & ESL Ts, (e) M21 Ts &
413 ESL Ta, and (f) ESL Ts & ESL Ta
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3.3 Trends of Temperature Products

Spatial variability of temperature trends obtained utilizing map-based datasets are
shown in Fig. 8 and Tables 3 and 4. With the exception of the MAR region, the spread of
ERAS5-Land trends is generally more comparable to station-based trends, where MODIS
trends show more disparities with stations. In comparison to M11 Ts (0.66 °C/decade) and
M21 Ts (0.74 °C/decade) trends, ERAS5-Land trends significantly higher on average
(0.94 °C/decade). Over the AEGEAN and SE-ANA regions, ERAS5-Land products have much
greater average trends (0.90 °C/decade) than MODIS products (0.48 °C/decade), whereas
their average trends are the same over the EA-ANA region. The relative ranking of trends
varies by month (Table 4); in instance, ERA5-Land trends during May, June, and July
(0.53 °C/decade) are noticeably greater than MODIS trends (0.03 °C/decade). On the
contrary, ERA5-Land trends during February (1.40 °C/decade) are much lower than MODIS
(2.21 °C/decade) trends.

Temporal and regional variability of point-based trend estimates are shown in Figs. 8
and 9. These results show average STA Ta trends (0.98 °C/decade) are higher than those of
MI11 Ts and M21 Ts (0.65 and 0.73 °C/decade, respectively), and ESL Ts and ESL Ta (0.94
and 0.90 °C/decade, respectively) (Fig. 10). Average map-based trend estimates over entire
Turkey (Table 3) also show similar trend magnitudes (0.66, 0.74, 0.96, and 0.92 °C/decade
for M11 Ts, M21 Ts, ESL Ts, and ESL Ta, respectively). Accordingly, on average map- and
point-based estimates are very consistent. For all regions, the tendency remains the same—

STA Ta trends are larger than both MODIS and ERAS5-Land trend estimates. Similarly,
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ERAS5-Land trends are consistently higher than MODIS trends (Fig. 10). Relative ranking of
point-based monthly trends is consistent with this behavior, except for couple months:
MODIS trends during February, April, and December are higher than both ground-
observations and ERAS5-Land (Fig. 9). In general, the trends for all products are higher in
February and December than in any other month (Yilmaz 2023), and the trends for both
MODIS products are highest in February (2.0 °C/decade) and lowest in June

(- 0.07 °C/decade), respectively (Fig. 9). The STA Ta, M11 Ts, M21 Ts, ESL Ts, and ESL Ta
trends in Fig. 9 have average interquartile ranges (IQR) of 0.47, 0.60, 0.73, 0.45, and

0.38 °C/decade, respectively. For the trends presented in Fig. 10, the average IQR for STA
Ta, M11 Ts, M21 Ts, ESL Ts, and ESL Ta are 0.237, 0.239, 0.322, 0.188, and

0.158 °C/decade, respectively. As a result, MODIS products have greater IQR than station
and ERAS5-Land products (particularly in February, CE-ANA, and EA-ANA), and IQR for all
products is also higher in February and over EA-ANA than other months and regions,
respectively. On the other hand, IQR for MAR and August-November is typically lower than
other regions and months (Figs. 8 and 9), in particular for ERA5-Land products across the
MAR region (Fig. 10). Overall, compared to other regions, the EA-ANA region has the

highest trends (>1.0 °C/decade) for all products.
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temperature products over the study area
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Fig. 9 Temporal variability of boxplot distributions of point-based temperature trends
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Fig. 10 Spatial variability of boxplot distributions of point-based temperature trends obtained
over 266 stations from STA Ta, M11 Ts, M21 Ts, ESL Ts, and ESL Ta for seven geographical
re-gions: (a) AEG, (b) CE-ANA, (c) BL-SEA, (d) EA-ANA, (e) MED, (f) SE-ANA, (g)
MAR, and for Turkey: (h) TR

3.4 Statistics of Temperature Differences

Spatial distribution of the mean, standard deviation, and trend of the difference
between the products (i.e., the total six combinations for the four products) are shown in Figs.
10-12, while Tables 4 and 5 present their average statistics. For all products, the average

absolute temperature difference over Turkey is 2.4 °C (Fig. 11 and Table 5). The magnitude
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of the temperature differences varies in space and time. Analysis of regional distributions
reveals that, on average, the CE-ANA and SE-ANA regions have the biggest absolute
difference (2.8 °C) and the MAR region has the lowest (1.6 °C) across the four products
(Table 5). In comparison to other seasons and regions, the largest differences between M21 Ts
and ESL Ta occur during summer (6.3 °C) and over SE-ANA (4.8 °C). On the other hand, the
average difference during the coldest months (November — March) are highest for the
difference between M21 Ts and ESL Ts products (Table 6). While the absolute differences
between the products during the colder months are smaller than those during the warmer
months (1.1 °C for January and 3.7 °C for July), analyses of the seasonality of the temperature

differences demonstrate that this pattern persistently depends on temperature rates (Table 6).

M11 Ts - M21 Ts

Fig. 11 Long term average of the map-based temperature differences between the products
pairs: (a) M11 Ts —M21 Ts, (b) M11 Ts — ESL Ts, (c) M11 Ts — ESL Ta, (d) M21 Ts — ESL
Ts, () M21 Ts — ESL Ta, and (f) ESL Ts — E5L Ta
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The EA-ANA region, which is cold and snow-dominant, has the highest standard
deviation of temperature differences (2.93 °C), whereas coastal and warmer regions (MAR,
AEG, and MED) have significantly lower standard deviations (1.43 °C). The average standard
deviation of all temperature differences is 1.94 °C (Fig. 12 and Table 5). When the
temperature differences for each month are taken into account separately, the two MODIS
products have an average standard deviation of the difference (0.63 °C) that is higher than the
two ERAS5-Land products (0.48 °C). However, when the entire year datasets are taken into
account, the relative rankings are reversed (0.91 and 1.53 °C for MODIS and ERAS-Land
products, respectively). The trends of the differences between the MODIS and ERAS5-Land
estimates are particularly more pronounced over the warmer SE-ANA and the coastal regions
as opposed to interior and colder regions (Fig. 13). While generally the trend of temperature
difference between MODIS and ERAS5-Land is positive over the coldest EA-ANA, it is
negative over all of the four coastal regions. Similar to this, ESL Ts generally has a higher

temperature difference trend than ESL Ta, with the exception of the EA-ANA region.
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502  Table 5 Spatial variability of map-based statistics of temperature differences between M11
503  Ts, M21 Ts, ESL Ts, and ESL Ta products over the study area (TR) and seven geographical
504  regions of Turkey

Difference Product Reglgl;; BL EA SE
Statistics Differences - - - -
TR~ MAR AEG  MED |, SEA  ANA ANA
Mean MIITs-M21Ts -1.51 -1.63 -142 -149  -1.51 .67 -1.45 141
O MI1Ts-ESLTs  2.44  1.08 214 198 2.71 2.36 2.83 3.7
MI1Ts-ESL Ta 239 125  2.14 229 3.04 2.02 2.09 3.37
M21 Ts-ESLTs  3.95 271 356  3.47 4.22 4.03 4.8 4.68
M21 Ts-ESL Ta 390  2.88  3.56  3.78 4.55 3.69 3.54 4.77
ESLTs-ESLTa  -0.05  0.17 000  0.31 0.33 034 075 0.10
Standard MIITs-M21Ts 091 067 067 081 0.97 0.81 1.31 0.75
EeCViation M1l Ts-ESL Ts ~ 1.72 124 128 132 1.66 1.56 2.70 1.68
O MI1Ts-ESL Ta 249  1.62 188  1.94 2.80 1.96 3.77 2.36
M21 Ts-=ESLTs ~ 2.09 144 154 156 2.15 1.79 3.40 1.84
M21 Ts-ESL Ta 291 183 217 232 3.29 2.19 4.55 2.56
ESLTs-ESLTa 153 090 117  1.44 1.80 1.49 1.87 1.37
Trend MIITs-M21Ts -0.08  0.02 -0.02 -0.08  -0.12 0.04  -0.15 0.13
(°C/decade)  MijTs-ESLTs  -0.13  -0.18  -031  -0.18  -0.07 20.16 0.09 031
MI1Ts-ESLTa  -0.11  -0.17 -031  -0.15  -0.02 0.15 0.08 2031
M21 Ts-ESLTs ~ -0.04  -020  -029  -0.10 0.04 0.12 0.24 018
M21 Ts-ESL Ta  -0.03  -0.19  -029  -0.06 0.10 0.12 0.22 0.17
ESLTs-ESLTa 004 020 029  0.10 -0.04 0.12 0.24 0.18
505
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507  Fig. 12 Standard deviations of the map-based temperature differences between the products
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pairs: (a) M11 Ts — M21 Ts, (b) M11 Ts — ESL Ts, (¢c) M11 Ts — ESL Ta, (d) M21 Ts — E5SL
Ts, (e) M21 Ts — ESL Ta, and (f) ESL Ts — ESL Ta

Table 6 Temporal variability of map-based statistics of temperature differences between M11
Ts, M21 Ts, ESL Ts, and ESL Ta products over the study area (TR) and seven geographical
regions of Turkey

Difference Product Months
Statistics Differences Jan TFeb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Mean M1l Ts-M21Ts -0.74 -098 -1.63 -227 -225 -1.88 -1.60 -1.51 -136 -1.53 -135 -1.00
O MI1Ts-ESLTs  0.84 145 249 297 291 3.06 291 277 334 271 237 138
M1l Ts-ESL Ta  -1.20 -0.30 1.69 297 3.57 432 483 467 442 270 127 -0.44
M21 Ts-ESLTs ~ 1.58 243 412 525 517 494 452 428 470 424 372 238
M21 Ts-ESL Ta  -0.46 0.68 332 524 582 619 644 618 578 423 262 0.56
ESLTs-ESLTa -2.04 -1.75 -0.80 0.00 066 126 1.92 190 108 -0.01 -1.10 -1.82
Standard MIITs-M21Ts 087 089 077 073 051 047 042 043 045 054 059 085
Deviation  M11Ts-ESLTs 149 165 146 125 108 090 077 072 076 095 104 150
O MI1Ts-ESLTa 141 1.59 136 108 098 096 082 076 079 094 093 1.40
M21 Ts-ESLTs 1.82 193 1.67 141 109 087 077 073 077 096 113 176
M21 Ts-ESLTa 179 194 1.62 124 1.02 091 08 076 082 097 1.08 1.69
ESLTs-ESLTa 071 077 061 052 039 036 037 028 027 029 045 0.70
Trend MIITs-M21Ts 001 -0.12 -0.05 0.07 -0.09 -030 -0.19 -021 -0.07 0.03 -0.04 -0.15
(°C/decade) M1 Ts-ESLTs -0.14 070 -0.11 030 -0.54 -0.66 -0.50 -0.12 -0.41 -023 -0.12 031
M1l Ts-ESL Ta -0.14 081 0.10 026 -0.61 -074 -0.53 -0.17 -038 -0.30 -0.01 0.34
M21 Ts-ESL Ts  -0.15 0.81 -0.05 023 -045 -036 -031 009 -034 -026 -0.08 0.45
M21 Ts-ESL Ta  -0.14 093 0.15 0.9 -0.51 -043 -034 004 -031 -033 0.04 049
ESLTs-ESLTa  0.15 -0.81 0.05 -023 045 036 031 -0.09 034 026 008 -0.45

4 Discussion

4.1 Ts vs Ta — Long-term Averages

The nature of the temperature values compared in this study differs (Ts vs Ta).
Warmer medium would radiate toward colder medium among two very close mediums,
reaching balance over long periods of time—Ilike 22 years—and large regions—Ilike Turkey’s
surface area, ~784,000 km?. Overall, when average values are taken over long term and large
regions, the mean differences, particularly between the trends, are expected to disappear: on

average there is no reason for long term and large region averaged Ts to deviate from Ta (i.e.,
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due to lapse rate, which is not directly related to trend changes, the temperature difference
between two places with a 2m elevation difference is expected to be only 0.02 °C).
Accordingly, persistent patterns may exist at monthly or seasonal timeframes, but it is
anticipated that long-term and large-region averages of these products' tendencies will
converge. The behavior is supported by the map-based ERAS5-Land model results, which
show that the difference between the long-term averages of ESL Ts and ESL Ta is only

0.05 °C (Table 5 and Fig. 5). The results that the bias between the Ts and Ta estimates of
ERAS5-Land over the long term is only marginal are also supported by the temperature
differences between these two ERAS5-Land products over ground station locations, where the
average temperatures for ESL Ts and ESL Ta are 12.51 and 12.74 °C, respectively. While the
differences between ESL Ts and ESL Ta estimates are almost negligible, those between the
same-type M11 Ts and M21 Ts are not; both map- (Tables 5 and 6) and point-based (Table 7
and Fig. 5) analyses suggest that M21 Ts is, on average, 1.5 °C warmer than M11 Ts. The
long-term biases between different product families, however, are greater than the biases
between different variables for the same family—point-based MODIS, ERA5-Land, and
station mean temperatures are 16.07, 13.74, and 12.62 °C, respectively (Table 7). Here,
average station-based temperature observations are in between MODIS and ERAS5-Land

temperatures but not any closer to ESL Ta estimates than MODIS and/or ESL Ts (Fig. 5).
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542 Fig. 13 Trends of the map-based temperature differences between the products pairs: (a) M11
543  Ts—M21 Ts, (b) M11 Ts —ESL Ts, (¢) M11 Ts — ESL Ta, (d) M21 Ts — E5L Ts, (e¢) M21 Ts —
544  ESL Ta, and (f) ESL Ts — ESL Ta

545

546  Table 7 Spatial variability of point-based statistics of M11 Ts, M21 Ts, ESL Ts, and ESL Ta
547  products over entire study area (TR) and seven geographical regions of Turkey

Point- Regions

based Products

Statistics MAR AEG MED CE-ANA BL-SEA EA-ANA  SE-ANA

Mean STATa 1374 146 16.2 16.8 114 13.0 10.6 16.8

0 MIITs 1532 156 17.5 17.7 14.1 13.5 12.3 19.3
M21Ts 1681 174 189 193 15.5 15.2 13.6 20.7
ESLTs 1251 144 15.1 15.1 10.9 10.7 8.5 16.0
ESLTa 1274 142 154 151 10.8 112 9.6 15.8

Trend STATa 099 090 083 092 1.02 0.95 1.22 0.98

(°C/decade) M1 Ts 065 054 038 057 0.69 0.66 0.98 0.56
M2ITs 073 057 038 065 0.83 0.69 1.11 0.71
ESL Ts 094 074 079  0.89 0.97 0.98 1.15 0.97
ESLTa 090 072 078  0.85 0.88 0.93 1.11 0.96
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4.2 Ts vs Ta — Bias Seasonality

Products from MODIS are consistently warmer than those from ERAS5-Land (Table
6). Systematic strong seasonality can be expected between the difference between Ts and Ta
estimations of these two products, much like the temperature signal that exhibits strong
seasonality. Due to their random retrieval errors and the different nature of the two products
(i.e., Ts vs Ta), MODIS-based Ts estimations and STA Ta differ from one another. Since
there are both Ts and Ta simulations, it is possible to use ERAS5-Land estimations to
decompose the existing difference between MODIS Ts and STA Ta products into these two
components. Above results and discussions show while there are systematic differences
between MODIS Ts and ESL Ta, the nature of the retrieval algorithms—rather than the
estimates themselves—is primarily responsible for these differences in long-term and large
region averages. Ts estimations are typically 1.70 °C warmer than Ta during the summer and
1.87 °C colder during the winter, according to map-based ERAS-Land products. As a result, it
may be inferred that for the identical retrieval platform over the study domain, there exists an
average 1.79 °C systematic difference between Ts and Ta estimations during summer (i.e., Ts
- Ta=1.79 °C) and winter (i.e., Ta - Ts = 1.79 °C). Point-based analyses reveal that M21 and
MI11 Ts products, on average, have a summer warm bias of 5.40 and 3.80 °C, respectively,
compared to STA Ta, while the winter warm biases are -0.46 and -1.50 °C, respectively
(Table 8). When the 1.79 °C bias (i.e., Ts against Ta) is eliminated from these MODIS
estimations, the temperature bias of the M21 and M11 Ts products becomes 3.61 and 2.01 °C,

respectively, during summer and 1.33 and 0.29 °C, during winter (i.e., compared against
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"non-existent but expected" Ts observations). Although the 1.79 °C bias estimate obtained
from the ERAS5-Land estimates heavily influences these results, they still demonstrate that the
M21 and M11 Ts products have bias that is dependent on temperature rate, with warmer

summer temperatures being linked to higher warm bias rates than colder winter months.

Table 8 Temporal variability of point-based statistics of M11 Ts, M21 Ts, ESL Ts, and ESL
Ta products over entire study area (TR) and seven geographical regions of Turkey

Point-based Months
.. Products
Statistics Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Mean STATa 24 39 77 121 170 216 251 251 208 151 89 4.1
Q) MIITs 03 29 86 141 198 252 29.1 289 244 17.1 93 2.7

M21Ts 12 40 103 163 218 270 306 304 258 185 106 38
ESLTs -0.9 0.7 53 107 164 217 259 259 210 142 68 12
ESLTa 12 26 63 109 160 207 242 243 202 145 81 3.0
Trend STATa 086 144 059 047 081 028 0.19 041 084 074 058 1.09
(°C/decade)  M11Ts 029 202 059 077 037 -026 -0.14 041 060 042 082 1.36
M21Ts 028 211 0.64 066 048 006 005 0.63 0.67 041 088 148
ESLTs 072 145 078 053 086 030 023 046 092 065 095 1.10
ESLTa 068 132 057 057 093 038 025 050 088 070 085 1.05

4.3 Standard Deviations and Anomaly Correlations

When the average standard deviation of the differences between any two products are
taken into account (Table 5), ESL Ta (2.31 °C), M21 Ts (1.97 °C), ESL Ts (1.78 °C), and
MI11 Ts (1.71 °C) are ranked highest to lowest. Investigating the relationships between the
anomaly components of these products would be important if it were assumed that these
standard deviations were caused by the random components of their errors and the variations
in the nature of these products. Overall, ERAS outputs are less variable than MODIS, and
coastal regions (MAR, AEG, MED, BL-SEA) exhibit less variability than inlands with

terrestrial climate (CE-ANA, EA-ANA, and SE-ANA). The heat capacity difference between
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the ocean and the atmosphere/land contributes significantly to this disparity. The sea warms
and cools more slowly than land because water can store more heat. As a result, relative to
inland areas, temperature variation is less in coastal locations. Compared to sea temperatures,
land temperatures fluctuate rapidly. Inland regions experience greater temperature extremes
because land absorbs and releases heat energy more quickly than water does. Abbasnia and
Toros (2020) have investigated the variability of the trends in weather extremes including
temperature and diurnal temperature range over coastal and inland regions of Turkey. They
also concluded that in coastal zones, heat capacity of water tends to keep temperatures
relatively stable in daily basis. This could imply the relative stability of monthly mean
temperatures in coastal zones. As a result, analogous with the results of this research (Fig. 7
and Table 3), coastal regions have consistently experienced less variability than terrestrial
locations.

Average anomaly correlation for the products mentioned above is 0.87 (Table 3) and
total correlation is 0.98 (result not shown). Although their nature and retrieval algorithms are
considerably different from one another, the anomaly correlations in this case are considered
to be high enough to support the conclusion that the products reflect a similar signal.
Similarly, the spatial correlation of average temperatures shown in Fig. 2 ranges between
0.965 and 0.995, implying that despite constant discrepancies in their mean values, the
products reflect the spatial distribution's variability well. This suggests that, should estimation
of one of the products utilizing others be relevant, post-processing algorithms (e.g. least

squares- or machine learning-based) might better reduce these systematic differences.
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4.4 Trend of Differences between Products

As shown in Table 4, map-based trends during February for MODIS (2.21 °C/decade)
are significantly higher than those for ERAS5-Land (1.40 °C/decade). This result is contrary to
long-term map-based (MODIS and ERAS5-Land trends are 0.70 and 0.94 °C/decade,
respectively) and point-based (MODIS, ERAS5-Land, and STA trends are 0.69, 0.92, and
0.99 °C/decade, respectively) that show MODIS has lower trends than both ERAS5-Land and
STA. MODIS warming trends during February are also significantly higher than the rates
provided by (Yilmaz 2023) and an average climate change hot spot Mediterranean Basin. On
the other hand, the sign of the trend of difference MODIS and ERAS5-Land reverses during
May and June (Table 6), where MODIS has an average trend of 0.54 °C/decade less than
ERAS5-Land. The reason for the higher temperature trends in the ERA5-Land- than MODIS-
based temperatures could be attributed to several factors. These may include differences in the
methodologies and assumptions used in the two datasets, variations in data processing
techniques, or potential biases in either dataset. These varying results highlight the importance
of examining the trend of differences between observation-, satellite-, and model-based
estimates, where further analysis would be required to pinpoint the specific reasons for the
discrepancy.

The overall trend of the differences between MODIS and ERAS5-Land is strongly
negative and distinct across the irrigated SE-ANA region when compared to other
areas (Table 5 and Fig. 11). This result would be expected if the land cover map of the land

surface model did not include irrigated regions, while satellite-based estimations, which make
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far less assumptions about the ground condition. Although adding irrigation maps would be
effortless, providing the land surface model of NWP models (such as ERA5-Land) with
information regarding the amount of irrigated water may not always be simple. As a
consequence, in irrigated areas, remote sensing-based products (like MODIS) have a distinct
advantage in sensing the actual conditions, particularly for the estimation of variables that are
related to the components of the water and/or energy balance (e.g, soil moisture and
temperature).

The products investigated in this study have different nature; station-based
observations and ESL Ta represent 2m air temperature, while MODIS and ESL Ts products
indicate SKT/LST. However, the disparities between the Ts and Ta products of ERAS5-Land's
large region and long-term averages remain very small, whereas those across different product
families (MODIS and ERAS5-Land, or MODIS and observations) are more pronounced. There
is no reason to predict higher or lower Ta than Ts over such long time scales and broad areas
(here, datasets spanning 22 years are examined over entire Turkey). Instead, trends and
averages of Ta and Ts temperatures could be expected to converge. As a result, rather than the
nature of different variables—Ta vs Ts—, it is expected that disparities between different

products are primarily caused by the estimation algorithms (e.g., MODIS vs ERA5-Land).

4.5 Topographical Complexity
The study area is considered to be very complex owing to its rapidly changing
topography. In light of this, Table 9 investigates the variability of average temperature trends

over Turkey in relation to changing slope characteristics. On average, the variability of the
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trends and their errors are higher between the products (i.e., MxD and ESL) compared to those
between the slope zones (i.e., 0 — 5%, 5 — 23.39%, where the highest slope in the area is
23.39%). In this study, S > 5% are regarded as complex, and slopes S < 5% are deemed non-
complex (Amjad et al. 2020). MxD-based products have consistently lower trends than those
of stations or ESL, while the errors of ESL-based products are significantly lower than those of
MxD. Overall, for both products, complex regions (i.e., S > 5%) exhibit greater trends than non-
complex regions (i.e., S <5%). In comparison to MxD, where these statistics are lower over
complex regions than non-complex, the standard deviation and the mean of the trend errors of
ESL are generally smaller. These results imply overall ESL offers better temperature trend
estimations than MxD both in terms of trend bias and error over both complex and non-complex

regions.

Table 9 Variability of trends (°C/dec.) and trend errors (°C/dec.) with respect to terrain slope
slope (S in %) and elevation (DEM in m).

Trend S DEM STA MxD ESL Err Err AbsErr AbsErr
Statistics (%) (m) (°Cldec) (°Cldec) (°Cldec) XD ESL MxD ESL
(°C/dec.) (°C/dec.)  (°C/dec.)  (°C/dec.)
Mean 0<S<5 663 0.988 0.680 0.910 20312 -0.086 0.350 0.199
°C/dec.
(CCMec) o 52330 807 0.958 0.721 0.942 -0.235 -0.019 0.295 0.167
0<S<2339 694 0.982 0.689 0.917 -0.296 -0.072 0.338 0.192
Standard 0<S<5 569 0.258 0.282 0.178 0.258 0.240 0.210 0.160
Deviation o, 0.190 0311 0.195 02 0.204 0210 0.115
(C/dec.) $<2339 590 19 3 19 273 . . .
0<S<2339 575 0.246 0.289 0.182 0.263 0.234 0211 0.152

4.6 Station Density

In this study, a total of 266 stations were used spanning a 784.000 km? region, with one

station being available on average over a 3000 km? area (Table 2). The World Meteorological
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Organization (WMO 2008) provides recommendations for the minimum station densities (area
in km? per station). For accurate representation of precipitation over complex topography, an
observation station is advised for each 250 km? for non-recording sensors and 2500 km? for
recording sensors. A comparable estimate is not given for temperature, though. According to
Vose and Menne (2004), at least 25 stations are needed to identify temporal variability in the
spatial mean of temperature and precipitation, but this number rises to at least 135 for trend
detection. Although the research they conducted over the entire USA failed to define a specific
density requirement particularly over the complex topography, they came to the conclusion that
an increase in station number corresponded to improved performance indicators. This brings up
the issue of cost-benefit when constructing a dense network (Njoku et al. 2023).

While the average station density over the whole research area is roughly doubled in the
MAR, AEG, and SE-ANA regions (1700 km?*/station), the EA-ANA region has less than half
of this density (7200 km?/station; Table 2). Given EA-ANA region is very mountainous and
have very complex topography, such a sparse station density is not considered sufficient for the
relevant region. Compared to recently installed automatic weather stations (AWOS)—
installation started in particular after 2010—which have a substantially greater station density
throughout the entire research region (300 km?/station), these stations, which previously
gathered observations manually, had a rather low station density (3000 km?/station). However,
the majority of these AWOS only collected data for a short period of time—many collected only

less than five years. The datasets derived from AWOS available in the region are not suitable
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for performing the trend analysis done in this work considering the very high sampling errors
of 5-year observational datasets.

For the entire study, especially across regions with relatively higher topographical
complexity, manually observing station density is insufficient. This demonstrates the need of
using model- or remote sensing-based datasets to provide representative estimates across the
study area, and in particular across sub-regions. The accuracy analyses of the products are
compared consistently in this study, and only datasets that are mutually available are used.

Considering gridded datasets provide an estimate for each 81 km? area (ERAS5-Land
spatial resolution), they are considered to exceed the spatial representation of stations (WMO
2008). This implies that representative regional trends can be estimated using these products
rather than station-based observations due to the availability of gridded remote sensing- or
model-based datasets spanning entire sub-regions.

The goal of this study is to intercompare the trends for various products at the same
spatial resolution over the same grids, even though the available 3000 km?/station density with
non-recording gauges may not be adequate to acquire sufficiently low temperature
representation errors in representing the entire study area. As a result, under the assumption that
the performances remain relatively consistent in space, representation errors are not anticipated

to have an impact on the findings of this study.
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4.7 Temperature Under Changing Climate

Rising temperatures brought on by climate change are having globally significant impact.
Between 2011 and 2020, the average global surface temperature was 1.09°C higher than it
was between 1850 and 1900 (IPCC 2023). Overall, the warming over land during this time
period (1.59°C) was higher than the warming over the ocean (0.88°C). Similarly, according to
IPCC (2023), the average global surface temperature between 2001 and 2020 was 0.99 °C
higher than it was between 1850 and 1900. This implies the years 2011 to 2020 will be on
average 0.10 °C warmer than the years 2001 to 2020. Global average temperatures are

0.23 °C warmer between 2011 and 2020 than they were between 2001 and 2010 (NOAA).
The region investigated in this study, which is situated in the Mediterranean basin, one of the
hotspots for climate change (IPCC 2021Db), is anticipated to experience warming conditions of
up to 7.5 °C by the end of the century (Gumus et al. 2023). In the study region, the average
station-based temperature for the period 2011-2020 is on average 0.45 °C warmer than for the
period 2001-2010 (Figure 5). Given the global average estimates have much smaller sampling
errors, the averages presented in this study have much higher sampling errors, for example,
2010 is a much warmer year and 2011is a much colder year relative to long term trends. The
disparity between the two successive decades is lessened by these two single-year deviations
from the trends. Here, the average temperature of 2012—-2021 period is 0.99 °C higher than it
was in 2000-2009, which is in line with the trends obtained in this study. As a result, the

average warming over the study area (0.99 °C) is significantly higher than the global warming
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rates (0.23 °C) mentioned above, highlighting the fact that the study area has already

experienced greater adverse impacts from climate change than the global rates do.

5. Conclusions

In this study, the monthly temperature over Turkey between 2000 and 2021 was
investigated using data from MODIS (M11 and M21 Ts), ERAS5-Land (ESL Ts and ESL Ta),
and ground station-based observations (STA Ta). The temporal and spatial variability of the
trends and accuracy of these products were particularly examined and compared. Separate
analyses were carried out for map- and point-based temperature estimates.

Overall ESL offers better temperature trend estimations than MxD both in terms of
trend bias and error over both complex and non-complex regions. The average point-based
temperatures from MODIS and ERAS5-Land over stations are 1.7 °C warmer than the map-
based averages calculated over the full study region, yet the bias of these products relative to
one another (i.e., ranking of average temperature) remains quite comparable. When
considering MODIS and ERAS5-Land products, inter-family differences in the mean, the
standard deviation, and the trend components are larger and more consistent than minor
differences in the nature of products within the same family (such as between M11 and M21
Ts or between ESL Ts and ESL Ta). While M21 and M11 Ts products are 4.2 °C and 2.7 °C
warmer than ERAS5-Land products, respectively, point-based ESL Ts and ESL Ta products
have similar means (12.6 °C). MODIS-based products also show larger monthly variability

(standard deviation 10.6 °C) compared to ERAS5-Land results (9.2 °C). On the other
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hand, ERAS5-Land has larger trends (0.94 °C) while MODIS products exhibit lesser trends
(0.70 °C).

Despite the differences between the statistics of these estimates showing some
variability in time and space, the ranking of these differences is systematic and consistent, with
certain exceptions (for instance, MODIS trends during February are 2.2 °C/decade while
ERAS-Land on average are 1.4 °C/decade). Such systematic discrepancies are largely
eliminated using post-processing algorithms—Iinear regression or machine learning—,
while such modified datasets are expected to exhibit consistent temporal and spatial variability.

For the validation and comparison of the temperature-based statistics over a region
with a complex topography, only a limited number of stations (i.e., a total of 266) could be
used in this study. This investigation might be expanded over much larger areas, perhaps
executed globally using all available meteorological station-based observations, although the
performance of both model- and remote sensing-based products may vary over complex and

non-complex regions.
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