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Land surface temperature (LST) over urban areas is an essential parameter in the monitoring of urban thermal environment. Urbanization has resulted in a more complex geometric structure of urban surface than natural surface. However, in the conventional LST retrieval algorithms, the impact of urban geometric structure is usually neglected. In this study, an extended algorithm that combines the split-window algorithm (SW) and the temperature and emissivity separation algorithm (TES) was proposed to retrieve LST and land surface emissivity (LSE) over urban areas simultaneously from the ECOsystem Spaceborne Thermal Radiometer Experiment on Space Station (ECOSTRESS) thermal infrared (TIR) data. In the extended SW-TES algorithm with considering urban geometry effect, the brightness temperature at ground level was obtained using the SW algorithm, and the LST and LSE were retrieved simultaneously by using the TES algorithm. The results indicate that LST (LSE) retrieved by the extended SW-TES algorithm with urban geometry effect correction has generally lower (higher) values than that without urban geometry effect correction. The LST differences mostly vary from 0.3 K to 1.2 K, whereas the LSE differences are mainly concentrated between -0.01 and -0.06. Furthermore, the root mean squared error (RMSE) between LST/LSE retrieved by the extended SW-TES algorithm with urban geometry effect correction and LST/LSE obtained from the ECOSTRESS level-2 LST/LSE product decrease with the increase of sky view factor (SVF). The largest RMSE is approximately 1.6 K for LST and 0.03 for LSE in the SVF of 0.1, which represents an urban pixel surrounded by high buildings within its adjacent pixels. There are no evident differences between LST/LSE retrieved by the extended SW-TES algorithm with urban geometry effect correction using five and three ECOSTRESS TIR bands. The LST differences are mainly concentrated between -0.2 K and 0.2 K, whereas the LSE differences mostly range from 0.001 to 0.004. The findings of this study indicate that it is necessary to consider urban geometry effect for accurate LST and LSE retrieval over urban areas.

Introduction

As an important physical parameter, land surface temperature (LST) can characterize changes in land surface process and play a crucial role in surface-atmosphere interactions and energy exchange [START_REF] Sandholt | A simple interpretation of the surface temperature/vegetation index space for assessment of surface moisture status[END_REF][START_REF] Arnfield | Two decades of urban climate research: A review of turbulence, exchanges of energy and water, and the urban heat island[END_REF][START_REF] Anderson | Use of Landsat thermal imagery in monitoring evapotranspiration and managing water resources[END_REF][START_REF] Yang | The role of satellite remote sensing in climate change studies[END_REF][START_REF] Li | Satellite remote sensing of global land surface temperature: Definition, methods, products, and applications[END_REF]. It has been widely used in various fields, for example, climate change [START_REF] Peng | Afforestation in China cools local land surface temperature[END_REF][START_REF] Bright | Local temperature response to land cover and management change driven by non-radiative processes[END_REF], urban thermal environment monitoring [START_REF] Streutker | Satellite-measured growth of the urban heat island of Houston, Texas[END_REF][START_REF] Zhou | Satellite remote sensing of surface urban heat islands: Progress, challenges, and perspectives[END_REF][START_REF] Alexander | Normalised difference spectral indices and urban land cover as indicators of land surface temperature (LST)[END_REF], and evapotranspiration and soil moisture estimations [START_REF] Leng | A practical approach for deriving all-weather soil moisture content using combined satellite and meteorological data[END_REF][START_REF] Chen | Evolution of evapotranspiration models using thermal and shortwave remote sensing data[END_REF][START_REF] Song | Applications of a thermal-based two-source energy balance model coupled to surface soil moisture[END_REF]. Consequently, LST has been identified as an important Earth System Data Record (ESDR) and Essential Climate Variable (ECV) by the National Aeronautics and Space Administration (NASA) and the Global Climate Observing System (GCOS) [START_REF] Bojinski | The concept of essential climate variables in support of climate research, applications, and policy[END_REF].

Satellite thermal infrared (TIR) and passive microwave (PMW) measurements were widely used to retrieve LST worldwide at a spatially averaged pixel scale [START_REF] Sobrino | Review of thermal infrared applications and requirements for future high-resolution sensors[END_REF][START_REF] Duan | A framework for the retrieval of all-weather land surface temperature at a high spatial resolution from polar-orbiting thermal infrared and passive microwave data[END_REF]Duan et al., , 2020a)). PMW measurements can penetrate clouds and provide data regardless of the cloud conditions. However, PMW measurements have their limitations, such as low spatial resolution and low temperature-retrieval accuracy (Huang et al., 2019;Duan et al., 2020b). By contrast, TIR measurements are widely used to retrieve LST with high accuracy and high spatial resolution but are limited to clear-sky conditions due to their inability to penetrate clouds (Li et al., 2013a;[START_REF] Zhu | Reconstruction of land surface temperature under cloudy conditions from Landsat 8 data using annual temperature cycle model[END_REF]. With the development of spaceborne TIR sensors, many TIR data with a fine spatial resolution have been collected in the past decades, e.g., Landsat/TIRS (Thermal Infrared Sensor), Terra/ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer), GF-5/VIMS (Visual and Infrared Multispectral Sensor), and ISS/ECOSTRESS (ECOsystem Spaceborne Thermal Radiometer Experiment on Space Station) data.

The acquisition of TIR data at high spatial resolution brings new opportunities and challenges for LST retrieval over urban areas.

Over past decades, several algorithms have been developed to retrieve LST from TIR measurements, such as the single-channel (SC) algorithm (Qin et al., 2001;[START_REF] Jimé Nez-Muñoz | A generalized single-channel method for retrieving land surface temperature from remote sensing data[END_REF][START_REF] Malakar | An operational land surface temperature product for Landsat thermal data: Methodology and validation[END_REF]Duan et al., 2019a), the day/night algorithm [START_REF] Wan | A physics-based algorithm for retrieving land-surface emissivity and temperature from EOS/MODIS data[END_REF], the split-window (SW) algorithm [START_REF] Becker | Towards a local split window method over land surfaces[END_REF][START_REF] Wan | A generalized split-window algorithm for retrieving land-surface temperature from space[END_REF][START_REF] Coll | A split-window algorithm for land surface temperature from advanced very high resolution radiometer data: Validation and algorithm comparison[END_REF], and the temperature/emissivity separation (TES) algorithm [START_REF] Gillespie | A temperature and emissivity separation algorithm for Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) images[END_REF]. The SW and TES algorithms are two operational algorithms widely used to retrieve LST from TIR data (Li et al., 2013a). In the SW algorithm, two adjacent TIR channels are used to eliminate atmospheric effects because of their different atmospheric absorption (Becker andLi, 1990, 1995;[START_REF] Wan | A generalized split-window algorithm for retrieving land-surface temperature from space[END_REF]. Nevertheless, the SW algorithm is sensitive to LSE uncertainty, implying that accurate LSE is essential as an input parameter (Li et al., 2013b). Contrary to the SW algorithm, the LST and LSE can be retrieved simultaneously using the TES algorithm [START_REF] Gillespie | A temperature and emissivity separation algorithm for Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) images[END_REF][START_REF] Coll | Temperature and emissivity separation from ASTER data for low spectral contrast surfaces[END_REF][START_REF] Oltra | Analysis of the performance of the TES algorithm over urban areas[END_REF]. However, when the TES algorithm is used, prior atmospheric correction is required [START_REF] Hulley | Generating consistent land surface temperature and emissivity products between ASTER and MODIS data for earth science research[END_REF][START_REF] Jimé Nez-Muñoz | Temperature and emissivity separation from MSG/SEVIRI data[END_REF][START_REF] Malakar | A water vapor scaling model for improved land surface temperature and emissivity separation of MODIS thermal infrared data[END_REF]. These LST retrieval algorithms mentioned above were proposed under the presumption that the land surface is flat and homogeneous.

Compared with flat surfaces, the three-dimensional (3-D) structure of urban surfaces makes the thermal radiation processes more complex (Voogt andOke, 1998, 2003;[START_REF] Offerle | Parameterization of net all-wave radiation for urban areas[END_REF][START_REF] Weng | Thermal infrared remote sensing for urban climate and environmental studies: Methods, applications, and trends[END_REF][START_REF] Wang | A geometric model to simulate urban thermal anisotropy for simplified neighborhoods[END_REF][START_REF] Huang | Investigating the effects of 3D urban morphology on the surface urban heat island effect in urban functional zones by using high-resolution remote sensing data: A case study of Wuhan, Central China[END_REF][START_REF] Zheng | Impact of 3D structures and their radiation on thermal infrared measurements in urban areas[END_REF][START_REF] Zhao | Quantitative analysis of spatial heterogeneity and driving forces of the thermal environment in urban built-up areas: A case study in Xi'an, China[END_REF]. The complexity is reflected in three aspects: (1) the increase in the effective emissivity of urban pixels due to multiple scattering (i.e., cavity effect), (2) the reduction in atmospheric downward radiation caused by urban geometric structure, and (3) urban target pixel is influenced by the radiation of its surrounding pixels. Taking into consideration the impact of urban geometric structure, some methods were proposed to retrieve LST over urban areas in previous studies. [START_REF] Oltra | Land surface emissivity retrieval from airborne sensor over urban areas[END_REF] compared three different methods to retrieve LSE over urban areas and further retrieved LST using a SW algorithm in terms of these three LSE. [START_REF] Yang | Modeling the effective emissivity of the urban canopy using sky view factor[END_REF] used the sky view factor (SVF) to describe urban geometry and proposed a method to calculate effective emissivity over urban areas. Then, urban LST was retrieved from Landsat 8 TIR data using the SC and SW algorithms. [START_REF] Yang | Development of an improved urban emissivity model based on sky view factor for retrieving effective emissivity and surface temperature over urban areas[END_REF] evaluated the influence of urban 3-D structure on LST and LSE retrieval over urban areas. [START_REF] Ru | Land surface temperature retrieval from Landsat 8 thermal infrared data over urban areas considering geometry effect: Method and application[END_REF] developed a radiative transfer equation-based SC method with urban geometry effect correction using SVF to retrieve LST from Landsat 8 TIR data.

The SC and SW algorithms mentioned above require urban effective emissivity as an input parameter to retrieve urban LST. Recently, [START_REF] Chen | Geometry and adjacency effects in urban land surface temperature retrieval from high-spatial-resolution thermal infrared images[END_REF] developed an urban TES algorithm considering the geometry effect to retrieve urban LST and LSE simultaneously from Chinese GF-5 TIR data. However, the water vapor scaling (WVS) method [START_REF] Tonooka | Accurate atmospheric correction of ASTER thermal infrared imagery using the WVS method[END_REF] used for minimizing the errors of atmospheric correction in the conventional TES algorithm did not consider in the urban TES algorithm, which could reduce the retrieval accuracy of LST and LSE [START_REF] Hulley | Generating consistent land surface temperature and emissivity products between ASTER and MODIS data for earth science research[END_REF].

Considering the complementary advantages and disadvantages of the SW and TES algorithms, [START_REF] Zheng | A new thermal infrared channel configuration for accurate land surface temperature retrieval from satellite data[END_REF] proposed a SW-TES algorithm to retrieve LST and LSE simultaneously. In this algorithm, the SW algorithm was used for atmospheric correction, and the TES algorithm was used for LST and LSE separation.

Compared with the conventional SW and TES algorithms, the SW-TES algorithm can retrieve LST without any prior LSE or atmospheric knowledge. Nevertheless, the SW-TES algorithm still does not consider urban geometry effect.

It is difficult to obtain the parameters that can describe the complex urban geometric structure in detail. Thus, simplifications are adopted in this paper by using SVF to correct the urban geometry effect. The main purpose of this study is to develop an extended SW-TES algorithm with urban geometry effect correction based on SVF for simultaneously retrieving LST and LSE over urban areas from ECOSTRESS TIR data at high spatial and temporal resolution. The remainder of this paper is organized as follows. The study area and the data correlated to this research are introduced in Section 2. Section 3 describes the extended SW-TES algorithm with considering urban geometry effect. The uncertainty analysis of the extended SW-TES algorithm is conducted in Section 4. In Sections 5 and 6, the results and discussion are presented, respectively. Finally, the conclusions are given in Section 7.

Study area and data

Study area

The center of Beijing is chosen as the study area, which extends from 39.8° to 40.1° north latitude and from 116.2° to 116.6° east longitude. Beijing has a typical temperate continental monsoon climate which has four distinct seasons. The summer is rainy and hot and the winter is dry and cool. The yearly mean temperature is approximately 12 °C and the average annual precipitation is approximately 640 mm.

The majority of the study area consists of buildings, vegetation, water, and impervious surfaces. From the perspective of geometric characteristics, the study area is mixed by buildings of different heights and densities. 

ECOSTRESS data

The ECOSTRESS onboard the International Space Station (ISS) is a space mission launched by NASA on 29 June 2018. It includes a multispectral radiometer to measure radiance in five spectral bands in the TIR region between 8 and 12.5 µm centered at 8. 29, 8.78, 9.20, 10.49, and 12.09 µm. ECOSTRESS has a native spatial resolution of 38 m × 69 m with a large swath width of nominally 402 km (53°) and a revisit time of about 3-5 days based on latitude and times of day [START_REF] Hulley | Validation and quality assessment of the ECOSTRESS Level-2 land surface temperature and emissivity product[END_REF]. [START_REF] Berk | MODTRAN 5.2.2 user's manual[END_REF]). The detailed procedures can be found in Duan et al. (2019a).

Methodology

Atmospheric correction using the SW algorithm

At the top of the atmosphere (TOA), the radiance received by a satellite sensor over flat surfaces can be represented as follows using the thermal infrared radiative transfer equation:
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where i is the band index, Bi(Tbi) is the radiance at the TOA, Bi is the Planck function, Tbi is the brightness temperature (BT) at the TOA, Bi(Tgi) is the surface-leaving radiation, Tgi is the BT at ground level, εf,i is the LSE over flat surfaces, Ts is the LST, and the τi, Ld,i, and Lu,i are atmospheric transmittance, downward radiation, and upward radiation, respectively.

For urban surfaces with complex 3-D structure, the radiance of the satellite observation at the TOA can be described by Eq. ( 1) with different expressions of Bi(Tgi). Bi(Tgi) over urban surfaces is written as [START_REF] Chen | Geometry and adjacency effects in urban land surface temperature retrieval from high-spatial-resolution thermal infrared images[END_REF][START_REF] Ru | Land surface temperature retrieval from Landsat 8 thermal infrared data over urban areas considering geometry effect: Method and application[END_REF]:
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where εu,i is the effective LSE for band i over urban surfaces, υout is the SVF outside a target pixel, and Ladj,i is the adjacent radiance contributed by visible neighboring pixels in band i.

The SW algorithm was proposed for LST retrieval on the basis of the idea that atmospheric water vapor has different impacts on the absorption effect of two bands in the TIR domain (Li et al., 2013a). [START_REF] Zheng | A new thermal infrared channel configuration for accurate land surface temperature retrieval from satellite data[END_REF] used a similar idea to estimate Tgi through the combination of BT at the TOA in two bands according to the first-order Taylor series of the Planck function in Eq. ( 1). The Tgi can be expressed as Eq. ( 4) using the SW algorithm [START_REF] Zheng | Determination of global land surface temperature using data from only five selected thermal infrared channels: Method extension and accuracy assessment[END_REF]:
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where θv is the view zenith angle (VZA), and A0ij, A1ij, A2ij, and A3ij are the VZA-dependent regression coefficients for the combination of BT at the TOA in two bands i and j (Tbi and Tbj). In this study, VZA-independent regression coefficients were used because ECOSTRESS is a near-nadir-viewing sensor (view angles of ±26°).

Coefficients determination using simulation dataset

In this study, the regression coefficients in Eq. (4) were determined by simulation dataset, which are generated through radiative transfer simulation under a broad range of land surface and atmospheric conditions.

The Thermodynamic Initial Guess Retrieval 2000 (TIGR 2000) database [START_REF] Chevallier | A neural network approach for a fast and accurate computation of a longwave radiative budget[END_REF] with 2311 globally distributed atmospheric profiles was used to characterize atmospheric variations. To obtain cloud-free atmospheric profiles, a profile is considered cloudy when one layer has a relative humidity larger than 90% or two consecutive layers have a relative humidity larger than 85%. Sixty atmospheric profiles with a uniformly distributed pattern in six water vapor subranges of 0-1, 1-2, 2-3, 3-4, 4-5, and > 5 g/cm 2 were selected from the remaining 946 profiles. These 60 profiles represent a broad range of atmospheric conditions, with bottom air temperature of the profiles ranging from 230 K to 310 K and water vapor content ranging from 0.06 g/cm 2 to 6.5 g/cm 2 . Each profile includes 40 pressure layers ranging from 1013 hPa to 0.05 hPa. Then, these profiles were input to the radiative transfer model MODTRAN 5.2 to simulate atmospheric transmittance, upward radiation, and downward radiation [START_REF] Berk | MODTRAN 5.2.2 user's manual[END_REF]. To better characterize land surface conditions, LST values used in the radiative transfer simulation were divided into seven different subranges based on the bottom layer air temperature (T0) of each profile, ranging from T0 -10 K to T0 + 20 K with an interval of 5 K [START_REF] Chen | Geometry and adjacency effects in urban land surface temperature retrieval from high-spatial-resolution thermal infrared images[END_REF].

A total of 89 emissivity spectra, including 42 soil, 21 vegetation, 9

water/ice/snow, and 17 man-made samples, were selected from the ECOSTRESS spectral library version 1.0 [START_REF] Meerdink | The ECOSTRESS spectral library version 1.0[END_REF]. Considering multiple scattering inside an urban pixel, pixel effective LSE over urban surfaces is expressed as [START_REF] Yang | Development of an improved urban emissivity model based on sky view factor for retrieving effective emissivity and surface temperature over urban areas[END_REF]:
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where υin is the SVF inside an urban pixel, εu,i is the pixel effective LSE of band i over urban surfaces, and εf,i is the LSE of band i over flat surfaces, which is obtained from channel effective LSE.

Assuming that neighboring pixels have the same LST and LSE as the target pixel, the adjacent radiance from neighboring pixels is simply simulated as:
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where 1-υout represents the visible fraction of neighboring pixels in the hemisphere.

The values of υin and υout are set from 0.1 to 1.0 with an increment of 0.1.

In conjunction with atmospheric transmittance, upward radiation, downward radiation, LST, LSE, υin, and υout, the TOA radiance Bi(Tbi) and surface-leaving radiance Bi(Tgi) were simulated using Eqs. ( 1) and (3), respectively. Bi(Tbi) and Bi(Tgi)

were converted to Tbi and Tgi by linear interpolation according to a look-up table between temperature and radiance in the temperature range of 200-400 K with an increment of 0.1 K.

There are a total of 3738000 cases (60 atm × 7 LST × 89 LSE × 10 υin × 10 υout)

of simulation dataset for each ECOSTRESS band. All cases were used to determine the regression coefficients in Eq. ( 4) in terms of the least square fitting method.

3.3. LST and LSE separation using the TES algorithm [START_REF] Gillespie | A temperature and emissivity separation algorithm for Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) images[END_REF] proposed the TES algorithm to retrieve LST and LSE simultaneously using five ASTER TIR bands. It was further extended to retrieve LST and LSE using three MODIS/VIIRS TIR bands [START_REF] Hulley | Generating consistent land surface temperature and emissivity products between ASTER and MODIS data for earth science research[END_REF][START_REF] Malakar | A water vapor scaling model for improved land surface temperature and emissivity separation of MODIS thermal infrared data[END_REF][START_REF] Islam | A physics-based algorithm for the simultaneous retrieval of land surface temperature and emissivity from VIIRS thermal infrared data[END_REF]. The TES algorithm is composed of three main modules, i.e., the normalized emissivity method (NEM) module, the ratio algorithm (RAT) module, and the maximum-minimum difference (MMD) module. First, the TES algorithm without urban geometry effect correction was used to retrieve LST and LSE over flat surfaces. Second, based on LST and LSE over flat surfaces, the TES algorithm with urban geometry effect correction was further used for retrieving LST and LSE over urban areas.

(1) The TES algorithm without urban geometry effect correction

The NEM module is used to estimate surface radiative temperature from surface-leaving radiation assuming a maximum emissivity εmax of 0.99 in all bands by compensating for the influence of atmospheric downward radiation:
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where Tri is the surface radiative temperature of band i, Bi -1 is the inverse of the Planck function of band i, and εmax is the maximum emissivity in all bands.

The NEM temperature TNEM is obtained from the maximum value of surface radiative temperature in all bands: max( )

NEM ri TT  (8)
According to the NEM temperature TNEM, the initial value of LSE can be obtained as:
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where εi is the LSE of band i.

The RAT module is the second step of the TES algorithm, in which the ratio of LSE is calculated as:
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where N presents the number of TIR bands, and βi is the ratio of LSE in band i.

The MMD module is used to further calculate LST and LSE. It establishes an empirical relationship between the minimum emissivity εmin and the difference between the maximum and minimum values of βi in all bands. The εmin-MMD relationship is written as:

c min a b MMD     (11) with = max( ) min( ) ii MMD   (12)
where a, b, and c are the regression coefficients, and a=0.983, b=0.832, and c=0.928.

The emissivity spectra described in section 3.2 were used to determine these regression coefficients in terms of the least square fitting method.

LSE in each band is re-calculated based on the minimum emissivity: min( )
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The maximum emissivity is obtained as:
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LST is then calculated as:
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where b* is the band number corresponding to the maximum emissivity.

The maximum emissivity is further input into Eq. ( 7). The NEM, RAT, and MMD modules are iterated until the difference in the obtained LST between two times is less than a temperature threshold of 0.1 K or the maximum iterations of 12 are reached. LST and LSE over flat surfaces are then obtained.

(2) The TES algorithm with urban geometry effect correction Urban areas have a much more complicated 3-D structure than flat surfaces.

Thermal radiation is more significantly influenced by urban geometric structure. The radiance reaching to the TOA is reduced due to atmospheric downward radiation being prevented by surrounding buildings. In addition, the total radiance reaching to the TOA is increased because of the adjacent radiance from neighboring pixels.

Based on Eq. ( 3), the surface radiative temperature over urban areas is estimated from surface-leaving radiance by compensating for the effect of atmospheric downward radiation and adjacent radiance from neighboring pixels:
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Given that the urban surfaces can be viewed as discrete columns rather than continuous triangles, [START_REF] Zakšek | Sky-view factor as a relief visualization technique[END_REF] proposed a method to calculate SVF:

1 1 =1- sin n i i n    (17)
where γi is the vertical elevation angle of the visible horizon in each direction of search, and n represents the total number of directions of search. The geometric structure parameter SVF implies urban building density and building height. When SVF is close to 0, the target pixel is almost completely blocked by its surrounding pixels, which means high building height and building density.

Previous studies have shown that the search directions and radius are the most influential characteristics on SVF. [START_REF] Manners | Radiative transfer over resolved topographic features for high-resolution weather prediction[END_REF] indicated that 16 search directions are sufficient for radiation research. To estimate SVF in this study, a search radius of 20 pixels was chosen.

Once the values of Tri over urban areas are available, the NEM, RAT, and MMD modules in the TES algorithm with correction for the effects of urban geometry, i.e., Eqs. ( 8)-( 14), are executed.

Considering the impact of urban 3-D structure on pixel effective LSE, the regression coefficients of the εmin-MMD relationship (i.e., Eq. ( 11)) were re-determined for each SVF from 0.1 to 1.0 with a step of 0.1. Pixel effective LSE over urban areas is calculated using Eq. ( 5) in conjunction with SVF and the emissivity spectra described in section 3.2. 
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The maximum emissivity is further input into Eq. ( 16). The NEM, RAT, and MMD modules iterate until the difference in LST between two times is less than a temperature threshold of 0.1 K or the maximum iterations of 12 are reached. LST and LSE over urban areas are then obtained.

3.4. LST and LSE retrieval using the extended SW-TES algorithm Fig. 4 shows the flowchart of LST and LSE retrieved by the extended SW-TES algorithm with urban geometry effect correction from ECOSTRESS TIR data. The specific steps are described as follows.

(1) BT at the ground level of each ECOSTRESS TIR band was estimated by the SW algorithm (Eq. ( 4)) from BT at the TOA in combination with algorithm coefficients and different band combinations. BT at ground level was converted to surface-leaving radiance by linear interpolation according to a look-up table between temperature and radiance in the temperature range of 200-400 K with an increment of 0.1 K.

(2) On the presumption of a flat surface, the TES algorithm without urban geometry effect correction was implemented. The surface-leaving radiance of five ECOSTRESS TIR bands calculated in step (1) and an assumed maximum emissivity εmax=0.99 was input into the NEM module of the TES algorithm to estimate the initial LSE of five ECOSTRESS TIR bands using Eq. ( 9). Atmospheric downward radiation was obtained from the output of the MODTRAN in conjunction with the NCEP profiles.

(3) The estimated initial LSE was input into the RAT module to calculate the ratio of LSE using Eq. ( 10). The MMD module was used to re-estimate LSE in each band using Eq. ( 13) and calculate LST using Eq. ( 15).

(4) The maximum value of the estimated LSE was further input into Eq. ( 7). The NEM, RAT, and MMD modules iterated until the difference in LST between two times is less than 0.1 K or the maximum iterations of 12 are reached. LST and LSE over flat surfaces were obtained.

(5) Taking the influence of urban geometric structure into account, the TES algorithm was executed with urban geometry effect correction. LST and LSE obtained from step (4) were used to calculate adjacent radiance Ladj. The maximum LSE obtained from step (4) was used as the initial emissivity of the NEM module in the TES algorithm with urban geometry effect correction.

(6) The NEM, RAT, and MMD modules in the TES algorithm with urban geometry effect correction, i.e., Eqs. ( 8)-( 14), were executed. Nevertheless, the regression coefficients of the εmin-MMD relationship for each SVF from 0.1 to 1.0 with a step of 0.1 were re-determined. The MMD module was used to re-estimate LSE in each band using Eq. ( 13) and calculate LST using Eq. ( 18).

(7) The maximum emissivity was further input into Eq. ( 16). The NEM, RAT, and MMD modules iterated until the difference in LST between two times is less than a threshold of 0.1 K or the maximum iterations of 12 are reached. LST and LSE over urban areas were obtained. Fig. 4. Flowchart of LST and LSE retrieved by the extended SW-TES algorithm with correction for the effects of urban geometry from ECOSTRESS TIR data.

Uncertainty analysis

Prior to the presentation of LST and LSE retrieval results, it is necessary to analyze the uncertainty of the extended SW-TES algorithm with correction for the effects of urban geometry. Different sources of uncertainties are identified for the extended SW-TES algorithm, including sensor noise, uncertainty of input parameters, uncertainty of cloud detection, and uncertainty of sensor calibration. Due to a lack of a deep understanding, the uncertainties of cloud detection and sensor calibration are not considered. In this study, we only focus on the four main sources of uncertainties:

1) uncertainty of the extended SW-TES algorithm itself, 2) sensor noise (i.e., noise equivalent temperature difference, NEΔT), 3) uncertainty of atmospheric profile, and 4) uncertainty of SVF. Assuming that the four main sources of uncertainties are independent of each other, according to the law of error propagation, the total LST uncertainty is expressed as:

2 2 2 2 T M A N S LST LST LST LST LST          ( 19 
)
where 𝛿LSTT is the total LST uncertainty, 𝛿LSTM is the LST uncertainty associated The LST uncertainty due to atmospheric profile uncertainty is written as the RMSE between the LST retrieved by the extended SW-TES algorithm with perfect and imperfect atmospheric profiles:

  12 2 _ _ _ =1 1 = N A atm no err atm err i LST LST LST N       (21)
where LSTatm_no_err is the retrieved LST calculated by the extended SW-TES algorithm using perfect atmospheric profiles, and LSTatm_err is the retrieved LST calculated by the extended SW-TES algorithm using imperfect atmospheric profiles with errors in air temperature and relative humidity.

The LST uncertainty associated with sensor noise is given as the RMSE between the LST retrieved by the extended SW-TES algorithm with perfect and imperfect TOA radiance:

  12 2 _ _ _ =1 1 = N N rad no err rad err i LST LST LST N       (22)
where LSTrad_no_err is the retrieved LST calculated by the extended SW-TES algorithm with perfect TOA radiance, and LSTrad_err is the retrieved LST calculated by the extended SW-TES algorithm with imperfect TOA radiance.

The LST uncertainty due to SVF uncertainty is described as the RMSE between the LST retrieved by the extended SW-TES algorithm with perfect and imperfect SVF:

  12 2 _ _ _ =1 1 = N S svf no err svf err i LST LST LST N       (23)
where LSTsvf_no_err is the retrieved LST calculated by the extended SW-TES algorithm with perfect SVF, and LSTsvf_err is the retrieved LST calculated by the extended SW-TES algorithm with imperfect SVF.

Because LST and LSE are simultaneously retrieved by the extended SW-TES algorithm, Eqs. ( 19)-( 23) are also applied to the corresponding LSE retrieval for the five ECOSTRESS TIR bands.

The simulation dataset described in section 3.2 were used to perform the uncertainty analysis. The parameters input to the extended SW-TES algorithm include atmospheric profile, TOA radiance, and SVF. The uncertainties of these input parameters are set as 0.1 K for NEΔT in the five ECOSTRESS TIR bands [START_REF] Hulley | Validation and quality assessment of the ECOSTRESS Level-2 land surface temperature and emissivity product[END_REF], 2 K for the air temperature profile [START_REF] Seemann | MODIS atmospheric profile retrieval algorithm theoretical basis document[END_REF], 20% for the relative humidity profile [START_REF] Seemann | MODIS atmospheric profile retrieval algorithm theoretical basis document[END_REF], and 0.1 for SVF [START_REF] Jiao | Evaluation of four sky view factor algorithms using digital surface and elevation model data[END_REF]. uncertainties in all TIR bands. The total LSE uncertainties in all TIR bands slightly decrease with the increase of SVF, whereas those increase with the increase of atmospheric water vapor. In general, the total LSE uncertainty of band 1 is the largest, followed by bands 2 and 3. In contrast, the total LSE uncertainties of bands 4 and 5 are smaller than 0.02 for different ranges of SVF and atmospheric water vapor. 

Results

Band combinations of the SW algorithm

As shown in Eq. ( 4), the Tg of each band can be estimated by multiple band combinations. For example, Tg1 can be estimated by the combinations of bands 1 and 2, bands 1 and 3, bands 1 and 4, and bands 1 and 5. Correspondingly, the actual Tg of each band was calculated by the simulation dataset according to Eq. (3), which is described in section 3.2. To correct atmospheric effect to the utmost extent, the smallest RMSE between actual Tgi and estimated Tgi for the combination of two bands was used to determine the regression coefficients of the SW algorithm in band i. Fig. 7 illustrates the RMSE between actual Tgi and estimated Tgi for different combinations of five ECOSTRESS TIR bands. For the estimation of Tgi in bands 1 (8.29 µm) and 2 (8.78 µm), the combination of two adjacent bands 1 and 2 has the smallest RMSE of 0.92 K and 0.84 K, respectively. For the estimation of Tgi in band 3 (9.20 µm), the best combination of bands 3 and 1 is achieved with an RMSE of 1.03 K. For the estimation of Tgi in bands 4 (10.49 µm) and 5 (12.09 µm), the combination of two adjacent bands 4 and 5 has the smallest RMSE of 0.95 K and 1.02 K, respectively. With such combinations of TIR bands, the RMSE between actual Tgi and estimated Tgi in all bands is less than 1.1 K. In general, these five ECOSTRESS TIR bands can be separated to two groups. One group is bands 1, 2, and 3, and another group is bands 4 and 5. In these two groups of bands, the accuracy of band combination within a group is higher than that out of a group. The coefficients of the SW algorithm in Eq. ( 4) to estimate Tgi in each band with the smallest RMSE of different band combinations are presented in Table 2. , the spatial analysis demonstrated that LST in urban area (inside the Fifth Ring Road) is generally higher than that in suburban (outside the Fifth Ring Road), thereby resonating with previous studies [START_REF] Chen | Geometry and adjacency effects in urban land surface temperature retrieval from high-spatial-resolution thermal infrared images[END_REF][START_REF] Quan | Enhanced geographic information system-based mapping of local climate zones in Beijing, China[END_REF]. This result potentially stemmed from the urban heat island effect caused by the differences in land surface properties. Most of land cover types in urban area are buildings and impervious surface, which absorb more thermal and lead to the increase of LST. Besides, building density is higher in urban area with smaller SVF, which results in a greater amount of thermal radiation being trapped in the canyon, leading to a greater LST [START_REF] Yang | Influence of urban morphological characteristics on thermal environment[END_REF]. In suburban area, most of land cover types are bare soil and vegetation, and LST is lower because of less anthropologic heat and the evapotranspiration of the vegetation. From Fig. 8 (a-1) -(d-1), it is also found that there are seasonal differences in urban LSTs. In summer, the lowest LST is found in vegetation-covered areas as well as in water bodies due to their evaporative cooling effect, while during the spring and autumn, water bodies have higher LST than their surroundings due to large thermal capacity.

Compared Fig. 8 (a-1) -(d-1) with Fig. 8 (a-2) -(d-2), the LST retrieved by the extended SW-TES algorithm with urban geometry effect correction is typically less than the LST retrieved without urban geometry effect correction. It is because when considering urban geometry effect, the total radiance reached to the satellite TIR sensor includes not only the radiation emitted from the target pixel itself, but also the radiation from its surrounding pixels. Therefore, the retrieved LST is overestimated if urban geometry effect was not considered. Furthermore, as shown in Fig. 8 (a-3) -(d-3), large LST differences are mainly distributed in high-density and high-height built-up areas with low SVF values. It is because that in compact built-up areas where SVF is small, the target pixel is more influenced by its adjacent pixels [START_REF] Chen | Geometry and adjacency effects in urban land surface temperature retrieval from high-spatial-resolution thermal infrared images[END_REF]. The histograms of LST differences are displayed in Fig. 8 (a-4) -(d-4). The results indicate that LST differences mostly vary from 0.3 K to 1.2 K in these four days, and the RMSE ranges from around 0.5 K to 0.7 K. Therefore, this study also analyzes the applicability of the extended SW-TES algorithm using three bands (bands 2, 4, and 5), and compares it with the extended SW-TES algorithm using five bands (bands 1, 2, 3, 4, and 5). The LST differences are mainly concentrated between -0.2 K and 0.2 K. The absolute bias is smaller than 0.15 K, the STD is smaller than 0.06 K, and the RMSE is smaller than 0.19 K in these four days. September 3, 2018, andMarch 10, 2019. The LSE differences are mostly concentrated between 0.001 and 0.004, which indicates that the influence of using five bands or three bands can be ignored in LSE retrieval. Moreover, the LSE differences in band 2 are slightly larger than those in bands 4 and 5.

The comparison results of LST and LSE indicate that the extended SW-TES algorithm using three bands still has a similar performance to that using five bands.

The results are consistent with the studies of Hully et al. (2021), where the RMSE between LST retrieved by the conventional TES algorithm using five and three ECOSTRESS TIR bands is less 0.14 K over sand sites and 0.05 K over lake and vegetation sites. the STD is smaller than 0.003, and the RMSE is smaller than 0.007 for the five bands in these four days. In addition, the RMSE in bands 1, 2, and 3 is significantly larger than that in bands 4 and 5. The reason is attributed to be the fact that LSE in bands 4

and 5 has higher values and smaller spectral variability when comparing with that in bands 1, 2, and 3. To further analyze the influence of atmospheric profile on LST and LSE retrieval, the results of LST and LSE retrieved by the extended SW-TES algorithm using NCEP profiles with and without errors were compared. Same as the uncertainty analysis in section 4, the NCEP profiles were perturbed with errors in air temperature of 2 K and in relative humidity of 20%.

Table 4 shows the bias, STD, and RMSE between LST retrieved by the extended SW-TES algorithm using NCEP profiles with and without errors on August 4, August 25, September 3, 2018, and March 10, 2019. Similar to the results shown in Table 3, there are small differences between LST retrieved by the extended SW-TES algorithm using NCEP profiles with and without errors. The bias is smaller than 0.16 K, the STD is smaller than 0.06 K, and the RMSE is smaller than 0.19 K in these four days. 

Advantages and disadvantages of the extended SW-TES algorithm

As mentioned previously, urban geometric structure makes the thermal radiation processes more complex, which is reflected in three aspects: (1) the increase in urban effective emissivity due to multiple scattering within urban pixel, (2) the reduction in atmospheric downward radiation caused by urban geometric structure, and (3) urban target pixel is influenced by the radiation of its surrounding pixels. In the extended SW-TES algorithm, urban LST and LSE were iteratively retrieved based on urban radiative transfer equation with considering the increase in adjacent radiation and the reduction in atmospheric downward radiation. In addition, taking into consideration the impact of urban geometric structure on pixel effective LSE, the εmin-MMD relationship in the urban MMD module was established in terms of the geometric structure parameter SVF to make the TES algorithm applicable over urban areas.

In previous studies, urban LST was retrieved by the SC or SW algorithm with urban effective LSE as an input parameter [START_REF] Yang | Development of an improved urban emissivity model based on sky view factor for retrieving effective emissivity and surface temperature over urban areas[END_REF][START_REF] Ru | Land surface temperature retrieval from Landsat 8 thermal infrared data over urban areas considering geometry effect: Method and application[END_REF]. The urban effective LSE was estimated in conjunction with land-cover-type map and DSM data at high spatial resolution and material emissivity from spectral library [START_REF] Yang | Modeling the effective emissivity of the urban canopy using sky view factor[END_REF]. Compared with the SC or SW algorithm, the extended SW-TES algorithm can retrieve LST and LSE simultaneously without any prior LSE knowledge. Although an urban TES algorithm was proposed to simultaneously retrieve LST and LSE (Chen et al., 2022), the WVS method used for minimizing the errors of atmospheric correction in the conventional TES algorithm did not consider in the urban TES algorithm, which could reduce the retrieval accuracy of LST and LSE. Nevertheless, the extended SW-TES algorithm with considering urban geometry effect takes full advantage of the SW algorithm and the TES algorithm to retrieve LST and LSE over urban areas from TIR data in multiple bands. The SW algorithm was used for atmospheric correction to obtain BT at ground level, and the TES algorithm was used for temperature and emissivity separation to retrieve LST and LSE simultaneously.

To evaluate the performance of the extended SW-TES algorithm, a fully comparison from multiple perspectives was performed. The LST retrieved by the extended SW-TES algorithm with urban geometry effect correction not only compared with the LST retrieved by the extended SW-TES algorithm without urban geometry effect correction, but also with the ECOSTRESS LST/LSE products. These comparison results indicate that urban geometry effect cannot be ignored in the urban LST retrieval and the retrieved LST without urban geometry effect correction is overestimated. Moreover, the difference between LST retrieved by the extended SW-TES algorithm and the ECOSTRESS LST/LSE products varies with SVF. The larger the SVF, the smaller the LST difference. The smaller the SVF, the larger the LST difference. The conclusions are consistent with those drawn in the previous studies [START_REF] Yang | Modeling the effective emissivity of the urban canopy using sky view factor[END_REF][START_REF] Ru | Land surface temperature retrieval from Landsat 8 thermal infrared data over urban areas considering geometry effect: Method and application[END_REF]. The comparison between the LST retrieved by extended SW-TES algorithm using five and three bands demonstrates that there is only a modest loss in accuracy with less bands, which proves that the extended SW-TES algorithm is reliable both using five and three ECOSTRESS TIR bands. It is consistent with the conclusion drawn in Hully et al. (2021).

The following are three main limitations of this study.

(1) Because there is a lack of in situ measurements, the retrieved LST using the extended SW-TES algorithm does not directly validate in this study. Over flat surfaces, the temperature-based (T-based) method was frequently used to validate satellite-derived LST [START_REF] Wan | Validation of the land surface temperature products retrieved from Moderate Resolution Imaging Spectroradiometer data[END_REF][START_REF] Coll | Ground measurements for the validation of land surface temperatures derived from AATSR and MODIS data[END_REF]Duan et al., 2019b;[START_REF] Li | Temperature-based and radiance-based validation of the Collection 6 MYD11 and MYD21 land surface temperature products over barren surfaces in northwestern China[END_REF]. In contrast to flat surfaces, urban surfaces are much more complicated with complex 3-D structures and building materials. Therefore, it is difficult to validate satellite-derived LST over urban areas using in situ measurements at this stage.

Compared with the T-based method, the radiance-based (R-based) method could be a promising way to validate LST retrieved by the satellite data over urban areas [START_REF] Wan | Radiance-based validation of the V5 MODIS land-surface temperature product[END_REF]. First, satellite-pixel-scale urban effective emissivity is determined by combining in situ emissivity measurements with land cover type maps as well as DSM data with high spatial resolution. Second, the R-based method might be used to validate urban LST in conjunction with radiative transfer model and atmospheric profiles collected during satellite overpass,when urban pixel effective emissivity is obtained.

(2) Same as the conventional TES algorithm, the extended SW-TES algorithm requires TIR data in at least three bands to retrieve LST and LSE simultaneously. (3) In theory, the SW-TES algorithm could retrieve LST and LSE simultaneously without any prior LSE and atmospheric knowledge [START_REF] Zheng | A new thermal infrared channel configuration for accurate land surface temperature retrieval from satellite data[END_REF]. To obtain accurate LST and LSE over urban areas, the NCEP reanalysis profiles were required to eliminate the influence of atmospheric downward radiation in this study. However, as discussed in section 6.1, there are small differences between LST retrieved by the extended SW-TES algorithm with perfect profiles and with imperfect profiles (or with the mid-latitude summer model atmosphere in MODTRAN). It indicates that atmospheric profiles have relatively small influence on urban LST and LSE retrieval using the extended SW-TES algorithm.

Conclusions

In this study, we proposed an extended SW-TES algorithm to retrieve LST and LSE simultaneously over urban areas using ECOSTRESS TIR data. Influenced by the urban geometric structure, the change of urban pixel effective LSE, the radiance contribution from adjacent pixels to the target pixel, and the reduction in atmospheric downward radiation were considered. Several conclusions are drawn as follows.

(1) The uncertainty analysis in terms of the simulation dataset indicates that the LST/LSE uncertainty associated with the extended SW-TES algorithm itself is the main contribution of the total LST/LSE uncertainty. The total LST/LSE uncertainty slightly decrease with the increase of SVF, whereas that increase with the increase of atmospheric water vapor. The total LST uncertainty is smaller than 0.9 K. For the five ECOSTRESS TIR bands, the total LSE uncertainty has an evident difference. The total LSE uncertainty of band 1 is the largest (>0.02), followed by bands 2 and 3, whereas those of bands 4 and 5 are smaller than 0.02.

(2) The LST retrieved by the extended SW-TES algorithm with urban geometry effect correction has generally lower values than that without urban geometry effect correction. The LST differences mostly range from 0.3 K to 1.2 K, whereas the RMSE ranges between around 0.5 K and 0.7 K. The LSE retrieved by the extended

  Fig. 1. (a) land surface cover types and (b) building density generated by urban vector data of the study area.

  The native spatial resolution of the pixel is aggregated to 70 m × 70 m for Level-1B or higher-level products. Due to mass storage unit anomalies, ECOSTRESS data are only available for acquisitions in band 2 (8.78 µm), band 4 (10.49 µm), and band 5 (12.09 µm) after 15 May 2019. The ECOSTRESS At-sensor Calibrated Radiance Daily L1B Global 70 m (ECOBRAD) Version 1 data product downloaded from the NASA Land Processes Distributed Active Archive Center (LPDAAC, https://lpdaac.usgs.gov/) was used to obtain at-sensor calibrated radiance. In addition, the ECOSTRESS Land Surface Temperature and Emissivity Daily L2 Global 70 m (ECO2LSTE) Version 1 data product generated by the physics-based TES algorithm were used to compare with LST and LSE retrieved by the extended SW-TES algorithm. The ECOSTRESS Cloud Mask Daily L2 Global 70 m (ECO2CLD) Version 1 data product was used to eliminate cloud-contaminated pixels. The corresponding ECOSTRESS Geolocation Daily L1B Global 70 m (ECO1BGEO) Version 1 data product was used to georeference the ECOBRAD, ECO2CLD, and ECO2LSTE data products. 2.3. DSM data Digital surface model (DSM) is a 3-D representation of the height of the land surface, including natural or man-made objects located on it, which describes the relief and the situation on the land surface. Based on the features of the DSM data, it was used to characterize the geometry structure over urban areas. The DSM data used in this study with an accuracy of approximately 1.8 m at fine spatial resolution of 3 m was bought from the Natural Resources Satellite Remote Sensing Cloud Service Platform (http://www.

  Fig. 2. Emissivity spectra of (a) 17 man-made, (b) 42 soil, (c) 21 vegetation, and (d) 9 water/ice/snow samples selected from the ECOSTRESS spectral library.

Fig. 3

 3 Fig. 3 displays the scatterplot of the εmin-MMD relationship for each SVF from 0.1 to 1.0 with a step of 0.1.Table 1 presents the corresponding regression

Fig. 3 .

 3 Fig. 3. Scatterplot of the εmin-MMD relationship for each SVF from 0.1 to 1.0 with a step of 0.1.

  with model error caused by assumptions in the extended SW-TES algorithm, 𝛿LSTA is the LST uncertainty caused by atmospheric profile uncertainty, 𝛿LSTN is the LST uncertainty associated with sensor noise, and 𝛿LSTS is the LST uncertainty induced by SVF uncertainty. To calculate the LST uncertainty associated with the model uncertainty, it is assumed that there are no uncertainties in the input parameters, including atmospheric profile, TOA radiance, and SVF, only the uncertainty of the algorithm itself is considered. The LST uncertainty associated with the model uncertainty is characterized by the RMSE between the LST retrieved by the extended SW-TES algorithm and the LST used in the MODTRAN radiative transfer simulations: the number of the simulated data sample, LSTret is the LST retrieved by the extended SW-TES algorithm without any errors in the input parameters, and LSTsim is the LST used in the MODTRAN radiative transfer simulations.

Fig. 5

 5 Fig. 5 shows the scatterplots of LST uncertainties due to different uncertainty sources versus SVF and atmospheric water vapor. The LST uncertainty associated with the model uncertainty is smaller than 0.9 K, whereas the LST uncertainties due to other uncertainty sources are smaller than 0.3 K for different ranges of SVF and atmospheric water vapor. In general, the LST uncertainty associated with the model uncertainty contributes the most to the total LST uncertainty. The total LST uncertainty slightly decreases with the increase of SVF, whereas that increases with the increase of atmospheric water vapor.

Fig. 6

 6 Fig. 6 displays the scatterplots of LSE uncertainties due to different uncertainty sources versus SVF and atmospheric water vapor for the five ECOSTRESS TIR bands. Similar to the results of LST uncertainties (Fig. 5), the LSE uncertainties associated with the model uncertainty are the main contribution of the total LSE

Fig. 6 .

 6 Fig. 6. Scatterplots of LSE uncertainties due to different uncertainty sources versus (a-1)-(a-5) SVF and (b-1)-(b-5) atmospheric water vapor for five ECOSTRESS TIR bands.

Fig. 7 .

 7 Fig. 7. RMSE between actual Tgi and estimated Tgi for different combinations of five ECOSTRESS TIR bands. (a) band 1, (b) band 2, (c) band 3, (d) band 4, and (e) band 5.

  Fig.8depicts the spatial distribution and differences (ΔTs=LSTwithout_geometry-LSTwith_geometry) between LST retrieved by the extended SW-TES algorithm without and with urban geometry effect correction in these four days. It can be seen from Fig.8 (a-1) -(d-1) that the spatial distribution of LST can characterize the geometric structure of the study area to some extent. Due to its high spatial resolution, the ECOSTRESS TIR image has a clear texture, and the urban LST retrieved from the ECOSTRESS TIR data presents a detailed thermal pattern over urban area. Combined with Fig.1(b)

  Fig. 8. Spatial distribution and differences (ΔTs=LSTwithout_geometry-LSTwith_geometry) between LST retrieved by the extended SW-TES algorithm without and with urban geometry effect correction. (a-1), (b-1), (c-1), and (d-1) are the spatial distribution of LST retrieved by the extended SW-TES algorithm with urban geometry effect correction. (a-2), (b-2), (c-2), and (d-2) are the spatial distribution of LST retrieved by the extended SW-TES algorithm without urban geometry effect correction. (a-3), (b-3), (c-3), and (d-3) are the spatial distribution of the differences between LST retrieved by the extended SW-TES algorithm without and with urban geometry effect correction. (a-4), (b-4), (c-4), and (d-4) are the histograms of LST differences on August 4, August 25, September 3, 2018, and March 10, 2019, respectively.

Fig. 11 .

 11 Fig. 11. RMSE between LSE retrieved by the extended SW-TES algorithm with urban geometry effect correction and LSE obtained from the ECOSTRESS L2 LST/LSE

Fig. 12

 12 Fig. 12 shows the difference (ΔTs=LST5band-LST3band) between LST retrieved by the extended SW-TES algorithm with urban geometry effect correction using five and three ECOSTRESS TIR bands on August 4, 2018, August 25, 2018, September 3, 2018, and March 10, 2019. It is observed that the results of the extended SW-TES algorithm using five bands and three bands are not significantly different. Compared with the results of five bands, the use of three bands leads to slightly worse results.

Fig. 13

 13 Fig. 13 displays the box-plots of differences (Δε=LSE5band-LSE3band) between LSE retrieved by the extended SW-TES algorithm with urban geometry effect correction using five and three ECOSTRESS TIR bands on August 4, August 25,

Fig. 12 .

 12  between LST retrieved by the extended SW-TES algorithm with urban geometry effect correction using five (bands 1, 2, 3, 4, and 5) and three (bands 2, 4, and 5) ECOSTRESS TIR bands. (a-1), (b-1), (c-1), and (d-1) are the spatial distribution of LST retrieved by the extended SW-TES algorithm with urban geometry effect correction using five bands. (a-2), (b-2), (c-2), and (d-2) are the spatial distribution of LST retrieved by the extended SW-TES algorithm with urban geometry effect correction using three bands. (a-3), (b-3), (c-3), and (d-3) are the spatial distribution of the differences between LST retrieved by the extended SW-TES algorithm with urban geometry effect correction using five and three bands. (a-4), (b-4), (c-4), and (d-4) are the histograms of LST differences on August 4,August 25, September 3, 2018, and March 10, 2019, respectively. 

Fig. 14

 14 Fig. 14 displays the bias, STD, and RMSE between LSE retrieved by the extended SW-TES algorithm with NCEP profile and with the mid-latitude summer model atmosphere in MODTRAN for five ECOSTRESS TIR bands on August 4, August 25, September 3, 2018, and March 10, 2019. The bias is smaller than 0.006,

  Fig. 14. Bias, STD, and RMSE between LSE retrieved by the extended SW-TES algorithm with NCEP profile and with the mid-latitude summer model atmosphere in MODTRAN for five ECOSTRESS TIR bands on (a) August 4, (b) August 25, (c) September 3, 2018, and (d) March 10, 2019.

Fig. 15

 15 Fig. 15 displays the bias, STD, and RMSE between LSE retrieved by the

  Fig. 15. Bias, STD, and RMSE between LSE retrieved by the extended SW-TES algorithm using NCEP profiles with and without errors for five ECOSTRESS TIR bands on (a) August 4, (b) August 25, (c) September 3, 2018, and (d) March 10, 2019.

  Currently, besides ECOSTRESS, only ASTER onboard Terra satellite and VIMI onboard Chinese GF-5 satellite have more than three TIR bands. Nevertheless, many countries have plans to launch satellites with multi-band TIR sensors, e.g., Thermal infraRed Imaging Satellite for High-resolution Natural resource Assessment (TRISHNA), Surface Biology and Geology (SBG), and Land Surface Temperature Monitoring (LSTM) missions, which meet band requirements of the extended SW-TES algorithm.

  

  

  

  

  

  Table 1 presents the corresponding regression coefficients and RMSE. It can be seen that the RMSE values for all SVFs are less than 0.008.

Table 1 .

 1 Regression coefficients and RMSE of the εmin-MMD relationship for each SVF from 0.1 to 1.0 with a step of 0.1.

	SVF	a	b	c	RMSE
	0.1	0.998	0.873	0.960	0.008
	0.2	0.996	0.881	0.957	0.007
	0.3	0.994	0.878	0.953	0.006
	0.4	0.993	0.871	0.949	0.005
	0.5	0.991	0. 865	0.945	0.005
	0.6	0.989	0.860	0.943	0.004
	0.7	0.987	0.853	0.939	0.003
	0.8	0.985	0.846	0.935	0.002
	0.9	0.984	0.838	0.931	0.002
	1.0	0.983	0.832	0.928	0.001
	LST over urban areas is calculated as:		

Table 2 .

 2 The SW algorithm coefficients in Eq. (4) for estimating Tgi in each band with the smallest RMSE of different band combinations.

	Tgi Band combination	A0	A1	A2	A3	RMSE (K)
	Tg1	B1&B2	-2.54277 1.01819 -2.44838 0.16110	0.92
	Tg2	B2&B1	-0.80951 1.01135 1.52926 0.15094	0.84
	Tg3	B3&B1	-14.93591 1.07418 1.38995 0.19000	1.03
	Tg4	B4&B5	-3.67405 1.01462 0.53408 0.15463	0.95
	Tg5	B5&B4	-4.86167 1.01948 -1.48046 0.16150	1.02
	5.2. Spatial distribution of LST and LSE retrieved by the extended SW-TES algorithm
		Four ECOSTRESS scenes on August 4 (summer, overpass time: 15:00 P.M.),
	August 25 (summer, overpass time: 15:00 P.M.), September 3 (autumn, overpass time:

9:00 A.M.), 2018, and March 10, 2019 (spring, overpass time: 8:00 A.M.) were selected to retrieve LST and LSE. Due to high probability of rainy and cloudy weather in winter as well as mass storage unit anomalies after May 2019, ECOSTRESS data in winter are not used in this study.

Table 3

 3 There are small discrepancies between LST retrieved by the extended SW-TES algorithm with NCEP profile and with the mid-latitude summer model atmosphere in MODTRAN. The bias is smaller than 0.13 K, the STD is smaller than 0.06 K, and the RMSE is smaller than 0.15 K in these four days.

	shows the bias, STD, and RMSE between LST retrieved by the extended
	SW-TES algorithm with NCEP profile and with the mid-latitude summer model
	atmosphere in MODTRAN on August 4, August 25, September 3, 2018, and March
	10, 2019.

Table 3 .

 3 Bias, STD, and RMSE between LST retrieved by the extended SW-TES algorithm with NCEP profile and with the mid-latitude summer model atmosphere inMODTRAN on August 4, August 25, September 3, 2018, and March 10, 2019. 

	Date	Bias (K)	STD (K)	RMSE (K)
	August 4, 2018	0.09	0.04	0.12
	August 25, 2018	0.07	0.03	0.10
	September 3, 2018	0.10	0.04	0.12
	March 10, 2019	0.13	0.06	0.15

Table 4 .

 4 Bias, STD, and RMSE between LST retrieved by the extended SW-TES algorithm using NCEP profiles with and without errors on August 4,August 25, September 3, 2018, and March 10, 2019. 

	Date	Bias (K)	STD (K)	RMSE (K)
	August 4, 2018	0.14	0.05	0.16
	August 25, 2018	0.14	0.06	0.17
	September 3, 2018	0.16	0.06	0.19
	March 10, 2019	0.13	0.04	0.15
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SW-TES algorithm with urban geometry effect correction is larger than that without urban geometry effect correction. The LSE differences are mainly concentrated between -0.01 and -0.06. The absolute LSE differences in bands 1, 2, and 3 are significantly larger than those in bands 4 and 5.

(3) The RMSE between LST retrieved by the extended SW-TES algorithm with urban geometry effect correction and LST obtained from the ECOSTRESS level-2 LST/LSE product decreases with the increase of SVF. The largest RMSE is approximately 1.6 K in the SVF of 0.1. The RMSE between LSE retrieved by the extended SW-TES algorithm with urban geometry effect correction and LSE obtained from the ECOSTRESS level-2 LST/LSE product ranges from 0.001 to 0.035 in the five ECOSTRESS TIR bands. Similar to the tendency of the LST RMSE, the LSE RMSE decreases with the increase of SVF. The LSE RMSE in bands 1, 2, and 3 is significantly larger than those in bands 4 and 5, especially for SVF smaller than 0.6.

The largest LSE RMSE is obtained for band 1, whereas the smallest LSE RMSE is achieved for band 4.

(4) There are no evident differences between LST/LSE retrieved by the extended SW-TES algorithm with urban geometry effect correction using five and three ECOSTRESS TIR bands. The LST differences are mainly concentrated between -0.2 K and 0.2 K, and the RMSE is smaller than 0.19 K. The LSE differences mostly range from 0.001 to 0.004. The comparison results of LST/LSE indicate that the extended SW-TES algorithm with urban geometry effect correction using three bands still has similar performance to that using five bands.