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Abstract

:

The neutral atmospheric delay has a great impact on synthetic aperture radar (SAR) absolute ranging and on differential interferometry. In this paper, we demonstrate its effective mitigation by means of the direction integration method using two products from the European Centre for Medium-Range Weather Forecast: ERA-Interim and operational data. Firstly, we shortly review the modeling of the neutral atmospheric delay for the direct integration method, focusing on the different refractivity models and constant coefficients available. Secondly, a thorough validation of the method is performed using two approaches. In the first approach, numerical weather prediction (NWP) derived zenith path delay (ZPD) is validated against ZPD from permanent GNSS (global navigation satellite system) stations on a global scale, demonstrating a mean accuracy of 14.5 mm for ERA-Interim. Local analysis shows a 1 mm improvement using operational data. In the second approach, NWP derived slant path delay (SPD) is validated against SAR SPD measured on corner reflectors in more than 300 TerraSAR-X High Resolution SpotLight acquisitions, demonstrating an accuracy in the centimeter range for both ERA-Interim and operational data. Finally, the application of this accurate delay estimate for the mitigation of the impact of the neutral atmosphere on SAR absolute ranging and on differential interferometry, both for individual interferograms and multi-temporal processing, is demonstrated.
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1. Introduction


The atmosphere affects the propagation of radar signals and causes delays in the range direction. There are two main effects: the dispersive delay caused by the ionosphere and the neutral delay caused mainly by the lower atmosphere. The first effect depends on the radar frequency and has an impact of several centimeters in X-band. Fortunately, this effect can be determined and compensated efficiently using total electron content (TEC) maps based on multi-frequency measurements from regional/global networks of global navigation satellite system (GNSS) [1,2] or using the split-spectrum method in interferograms [3,4]. The neutral atmospheric delay has an average value in the meter range and exhibits variations over space and time in the decimeter-level. It is thus mandatory to mitigate it in order to derive accurate absolute and/or relative synthetic aperture radar (SAR) range measurements.



Several methods have been developed for the mitigation of the neutral atmospheric delay exploiting external measurements. In [5,6], the delay is approximated using surface meteorological measurements, achieving an accuracy of several decimeters. The main limitation of such ground-based techniques as well as those based on space-borne water vapor measurements is the sparse spatial and temporal distribution of data [7,8]. Therefore, several methods based on regional or global numerical weather prediction (NWP) products have been proposed [9,10]. In [11,12,13], meso-scale weather models are applied with input from NWP data in order to simulate the weather situation at the exact acquisition time and with a higher spatial resolution. Their accuracy depends on the quality of the input NWP data and varies from centimeter to decimeter range.



The integration method has been introduced in [10,14,15]. It calculates the neutral atmospheric delay using global reanalysis data provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). Its absolute accuracy has been validated against GPS zenith path delay (ZPD) measurements. In [14,15] the application of global NWP products to mitigate neutral atmospheric delay effects in InSAR measurement has been demonstrated. In both studies, the neutral atmospheric delay was firstly integrated in the zenith direction and then projected in the slant direction. In contrast, the direct integration method introduced in [10] integrates the refractivity along the actual propagation path of the radar echoes.



In this paper we focus on two aspects: firstly, a validation of the integrated delay using global NWP products and, secondly, an analysis of the impact of the neutral atmospheric delay on absolute range measurements and differential interferometry and its mitigation. The paper is organized in five sections. In Section 2, the methodology is introduced, discussing the different models and their coefficients. The validation experiments are presented in Section 3. In Section 4 the applications are demonstrated: firstly for absolute ranging measurements and secondly for interferometric measurements. Finally, a short conclusion is provided in Section 5.




2. Methodology


2.1. Atmospheric Path Delay in the Neutral Atmosphere


In the lower atmosphere (<80 km), gravitation and air pressure regulate the vertical atmospheric motion in a hydrostatic equilibrium. Under this condition, the troposphere tends to be stratified and air density is a function of temperature and pressure, which are themselves highly dependent on height. Their relationship can be expressed as Equation (1) [16]:


    ∂ P   ∂ z   = −   P g    R  i d e a l   T   = −   P g    R d   T v    ,  



(1)




where P is pressure in Pascal (Pa); z is geometric height in meter (m); T is temperature in Kelvin (K); g is the gravitational acceleration;   R  i d e a l    is a constant for 1 kg of an ideal gas, e.g.,    R d  = 287.0     J   K  − 1    kg  − 1     is the gas constant for 1 kg of dry air and    R w  = 461.51     J   K  − 1    kg  − 1     the gas constant for 1 kg of water vapor;   T v   is the virtual temperature, which is used to derive the temperature lapse rate of moist air [16].



In this section, the air refractivity equation for the neutral atmosphere as well as its alternative expressions associated with different coefficient constants are presented. Based on the statistical analysis in Section 2.1.3, an approximated expression of air refractivity has been selected for delay integration.



2.1.1. Air Refractivity and Neutral Atmospheric Propagation Delay


The refractive index n varies along the radar echo propagation path. The refractivity   ( n − 1 )   describes the variation with respect to vacuum due to the atmosphere. For convenience, scaled-up refractivity   N =  ( n − 1 )  ×  10 6    is introduced. Neglecting non-ideal gas effects and the effect of the ionosphere, air refractivity N can be written as [17,18,19]:


  N =     k 1    P d  T   ︸   dry air   +     k 2   e T  +  k 3   e  T 2    ︸   wet air   +       k 2   e T    1.45 ·  W  c l    ︸   liquid water   ,  



(2)




where   P d   is the partial pressure of dry air in hPa; e is the partial pressure of water vapor in hPa; T is the absolute temperature in K;   W  c l    is the cloud water content in   g /  m 3   . The constants   k 1  ,   k 2   and   k 3   are derived from laboratory measurements and under different approximations, which are discussed in Section 2.1.3. Note that this equation does not account for the refractivity of the ionosphere, since it is not part of the neutral atmospheric delay.



Ignoring the effect of the clouds, two expressions are available in the literature: under assumption of an ideal gas Equation (3) and of non-ideal gases Equation (4):


   N  a t m o , i d e a l   =  k 1   P T  +   k 2  −  k 1    e T  +  k 3   e  T 2   ,  



(3)






   N  a t m o , n o n − i d e a l   =  k 1   P  T v   +   k 2  − ε  k 1    e   Z w   T   +  k 3   e   Z w    T 2    ,  



(4)




where the constant  ε  is defined as    R d  /  R w  = 0.622   and   Z w   is the compressibility of water vapor.




2.1.2. Integration of the Neutral Atmospheric Delay and Its Alternative Expressions


The total neutral atmospheric delay can be defined as the difference between the radio path length and the straight-line distance [20], which is divided into two parts: the signal delay along the propagation path and the geometric delay due to the bending effect. In this paper, the ray-path bending effect is neglected due to the rather steep incidence angle (typically 20–45   ∘  ) of SAR acquisitions. Therefore, the neutral atmospheric delay is approximated as the integral of air refractivity along the straight-line path from Earth’s surface to the upper limit of the available NWP data. The integration in zenith direction   L  a t m o    and in slant direction   L s   can be expressed:


   L  a t m o   =  10  − 6    ∫   z S    z  a t m o     ( N  ( z )  )  d z ,   L s  =  10  − 6    ∫    r →  S     r →   a t m o     ( N  ( r )  )  d r .  



(5)




where   z S   is the height of Earth’s surface;   z  a t m o    represents the upper limit of the integration path;    r →  S   is the starting point of integration;    r →   a t m o    indicates the end point of the integration path.



Different assumptions have been performed for different applications. Thus the integration has been formulated according to different expressions. Taking the integration in zenith direction as an example, three groups of expressions have been defined under the assumptions of: (1) ideal gases; (2) non-ideal gases; and (3) non-ideal gases based on an approximated equation. For each of them the zenith delay can be written as a combination of hydrostatic   L  h , *    and wet delay   L  w , *   :




	(1)

	
   L  a t m o , i d e a l   =  L  h , i d e a l   +  L  w , i d e a l    ;




	(2)

	
   L  a t m o , n o n − i d e a l   =  L  h , n o n − i d e a l   +  L  w , n o n − i d e a l    ;




	(3)

	
   L  a t m o , a p p r o x   =  L  h , a p p r o x   +  L  w , a p p r o x    .









For an ideal gas, the hydrostatic delay   L  h , i d e a l    can be approximated as a function of surface pressure   P S   and the wet delay   L  w , i d e a l    is given by the last two terms of Equation (3), thus


   L  a t m o , i d e a l   =  10  − 6      k 1   R d   P S    g m   +  10  − 6    ∫   z S    z  a t m o      (  k 2  −  k 1  )    e ( z )   T ( z )   +  k 3    e ( z )   T   ( z )  2     d z ,  



(6)




where   P S   is given by the last layer (first level) of the NWP product and   g m   is the mean gravity acceleration at the mass center of the atmospheric column. In [21] an approximate form for   g m   is provided as a function of latitude  ϕ  and geometric height z:


   g m  ≈  g 0   ( 1 − 0.00266 c o s  ( 2 ϕ )  − 0.28 ·  10  − 6   z )  ,  



(7)




where the constant   g 0   is equal to   9.7840  m /  s 2   . For non-ideal gases, according to Equation (4) the integration can be formulated be as:


   L  a t m o , n o n − i d e a l   =  10  − 6    ∫   z S    z  a t m o      k 1    P ( z )    T v   ( z )    +  k 2 ′    e ( z )    Z w  T  ( z )    +  k 3    e ( z )    Z w  T   ( z )  2     d z ,  



(8)




where    k 2 ′  =  (  k 2  − ε  k 1  )   .



Finally an approximate non-ideal gas hydrostatic equation can be derived as


   L  a t m o , a p p r o x   =  10  − 6    ∫   z S    z  a t m o      k 1    P ( z )   T ( z )   +  k 2 ′    e ( z )   T ( z )   +  k 3    e ( z )   T   ( z )  2     d z .  



(9)








2.1.3. Coefficient Constants


The coefficient constants   k 1  ,   k 2   and   k 3   are empirical values which can be retrieved from laboratory experiments, such as in [18,22]. For geodetic applications, different sets of coefficient constants have been proposed in [21,23,24]. Recently, [19,25] suggest more accurate coefficient constants for precise geodetic applications and GPS radio occultation. The coefficient constants proposed in the literature for the different integral equations are summarized in Table 1. In order to compare them, the ZPD at the Wettzell GNSS station has been integrated for each of the available NWP products from August 2013, generating thus one delay every six hours for each of them. The ZPD integrated according to Equation (9) and the coefficient constants from [18] are used as reference. The mean value and the standard deviation of the residual ZPDs after compensating the reference ZPD are summarized in Table 1.



Regarding the statistical analysis of ZPD differences presented in Table 1, the mean value varies from   − 3.6   to   2.4   mm and the standard deviation from <0.1 mm to   1.0   mm. In general, the reference ZPD is close to the ZPDs under the assumption of an ideal gas, since their standard deviations are all <0.5 mm. The minimum offset of   − 0.2   mm is observed for the ideal gas using the same constants [18] as the reference ZPD. The maximum standard deviation (  1.0   mm) and mean value (  − 3.6   mm) are yielded by the approximated formula for non-ideal gases, been the difference to the reference ZPD thus caused by the different constant values. The next closest constants to [18] are provided by [19] under the assumption of an ideal gas, where the standard deviation is less than   0.1   mm and the offset is about   1.1   mm. In summary, for an ideal gas, the discrepancies in terms of mean value are mainly caused by the difference in   k 1  ; for non-ideal gases, the differences are primarily induced by different formulae of the hydrostatic delay   L  h , *   .



The approximated integral of Equation (9) and the rounded coefficient constants [18], which were used as reference, have been selected for our application. Therefore, after replacing these constants, the approximated air refractivity is given by


   N  a t m o   = 0.776 ·  P T  + 0.2333 ·  e T  + 3.75 ×  10 3   e  T 2   .  



(10)









2.2. Direct Integration Method Using Global NWP Products


The direct integration method has been introduced in [10,26]. It has three processing steps: preprocessing and preparation, horizontal interpolation and direct integration. According to the input scene parameters, such as acquisition time, scene location and satellite orbit information, the corresponding NWP data sets are downloaded from the ECMWF product server. In the first step, the NWP products are preprocessed to a regular latitude-longitude grid and each model level is related to a geometrical height [27]. A proper horizontal interpolation is required due to the coarse horizontal resolution of NWP data. Finally, the integration starts from a given location (for instance, a GPS receiver or a SAR image pixel) and ends at the top of NWP data. The meteorological parameters at each integration step are interpolated or extrapolated along the integration path in zenith or in slant range direction in order to evaluate and integrate refractivity.




2.3. Terminology: Tropospheric Delay


The neutral atmospheric delay is integrated until the top level of the NWP data, which depending on the ECMWF product has a geometric altitude of approximately 65 km (0.2 hPa for ERA-Interim) (https://www.ecmwf.int/en/forecasts/documentation-and-support/60-model-levels) or 79 km (0.02 hPa for operational data) (https://www.ecmwf.int/en/forecasts/documentation-and-support/137-model-levels). Thus the integration is performed across the troposphere, the stratosphere and the mesosphere. Commonly, in the SAR community this neutral atmospheric delay is called tropospheric delay, since the troposphere has the highest contribution to the neutral atmospheric delay. In the following we will follow this convention, namely we will use the term tropospheric delay instead of neutral atmospheric delay.





3. Validation of Integrated Tropospheric Delay


3.1. ECMWF Products


In the last decades, major improvements in NWP accuracy have been achieved thanks mainly to increased computational power and increased observation coverage. Nowadays, the NWP models provide a variety of atmospheric parameters on a global scale with high horizontal and vertical resolution. It provides a unique possibility to derive the necessary 3-dimensional atmospheric parameters for delay integration at a given analysis time, namely P, T and e.



Two kinds of NWP products generated by the ECMWF Integrated Forecast System (IFS) have been selected for integration: reanalysis data sets and operational data (OP). Reanalysis data are produced with a fixed IFS version and at a fixed resolution. ERA-Interim is the current ECMWF global atmospheric reanalysis, providing data sets from 1979 up to a 3 months delay behind real time [28]. It will be fully replaced by ERA5 reanalysis by the end of 2018 [29], the next generation of reanalysis data set. ERA5 reanalysis products are available hourly compared to the 6-hour interval of ERA-Interim and OP. Reanalysis data sets can be accessed via the ECMWF public data service. The operational forecast based on the up-to-date IFS version enables a near real-time analysis with a wider range of atmospheric parameters only for registered users. The basic product specifications, such as horizontal and vertical resolution and IFS release cycle are presented in Table 2. The selection of NWP products depends on access authorization, data availability and the application.



In this study, both reanalysis and operational data are used. The validation is focused on ERA-Interim and OP. ERA-Interim data are downloaded from the ECMWF public data sets (http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=ml/). OP are acquired from archive catalogue.




3.2. Validation Approaches


The ECMWF IFS performs each data assimilation with millions of observations from an extensive range of inputs, which are not error-free. Therefore, it is important to determine the accuracy and the reliability of NWP products for the calculation of the integrated tropospheric delay. According to the air refractivity equation (Equation (10)), the accuracy of the delay depends on the accuracies of P, T and e. An overview of the general assessment of ERA-Interim products in comparison with GPS ZPD is provided in [28]. Compared to the accuracy of P and T, the accuracy of water vapor (related to e) is limited due to the modeling complexity and to the accuracy of the input data [30,31,32,33].



A validation approach is proposed in order to evaluate the accuracy of ECMWF integrated tropospheric delay using GPS and corner reflector (CR) observations as reference data sets. A sketch of the validation concept is depicted in Figure 1. The reference tropospheric delays are ZPD derived from GPS measurements (  ZPD  G P S   ) and SPD estimated from CR observations (  SPD  C R   ) using the Imaging Geodesy method [34]. The tropospheric delays are integrated both in zenith (  ZPD  E C M W F   ) and in slant range (  SPD  E C M W F   ) direction using ECMWF products in order to compare them to the reference data sets. In Section 3.3,   ZPD  E C M W F    from both ERA-Interim and OP are compared to   ZPD  G P S    from the International GNSS Service (IGS) [35]. In Section 3.4, a comparison of   SPD  E C M W F    from both ERA-Interim and OP with   SPD  C R    at two GNSS stations is presented.




3.3. Validation of Integrated ZPD with GPS ZPD


For precise positioning purposes the tropospheric delay must be estimated in the GPS analysis [21,23]. GPS ZPDs are not assimilated at the ECMWF [36]. Hence, ECMWF ZPDs are independent from GPS ZPDs. GPS ZPD has been widely used for comparison against the integrated total delay and/or the integrated delay of water vapor (ZWD) derived from radiosondes, microwave radiometers and NWP products [37,38,39]. The accuracy of GPS ZPD measurements has been proven to be of about 5 mm [38].



3.3.1. Time-Series Comparison Using ERA-Interim and OP Data Sets at the Wettzell Station


A time series of ECMWF ZPD has been generated using 1460 ERA-Interim and OP data fields at the Wettzell station in 2015. For validation purposes, the corresponding GPS ZPD time series has been gathered from IGS. Unfortunately, GPS ZPDs are not always available during this year. There is a 17 days data-gap. The single ECMWF ZPD for each analysis time (0, 6, 12 and 18 h UTC) is integrated from the station coordinates to the top of the NWP data. Furthermore, empirical ZPDs are calculated based on the GPT2w model [40].



The comparison is presented in Figure 2. GPS ZPD varies about 29 cm along the year, from   2.101   m in winter to   2.391   m in summer. Both integrated ZPDs using ERA-Interim and OP exhibit a good agreement with GPS ZPD. The differences between integrated ZPDs and GPS ZPD are depicted in Figure 2b. The standard deviation of differences is about   10.9   mm for ERA-Interim and   9.0   mm for OP. The offsets are both under 5 mm,   4.9   mm for ERA-Interim and   1.6   mm for OP. The empirical model can capture the seasonal trend of the delay, but the standard deviation of the residual difference is   32.4   mm, approximately three times higher than that of integrated delays.




3.3.2. Global Validation of ERA-Interim Products


In order to test the quality of ECMWF products globally, the validation of ERA-Interim products is extended to a global scale using 268 permanent stations from the IGS network as reference. The time-series validation approach presented in Section 3.3.1 is carried out for the GPS stations of the IGS network over the time period from 2010 to 2015. The average value of the ZPD over time is presented in Figure 3a. The maximum delay is   2.672   m and the minimum is   1.515   m. The average over the 268 stations is   2.345   m. The magnitude of the temporal variation of the delay can be represented by the standard deviation of the ZPD over time for a given station, which varies from   15.1   mm to   98.1   mm and has an average value over the stations of   50.7   mm.



The difference between integrated ZPD and GPS ZPD is calculated in order to evaluate the accuracy of the ERA-Interim integrated delay. The standard deviation of the differences is depicted in Figure 3b. The average standard deviation over the 268 GPS stations is   14.5   mm, with a minimum of   5.1   mm and a maximum of   38.0   mm. The accuracy of the integrated delay is directly related to the water vapor content distribution. In higher latitudes the water vapor content is lower than in lower latitudes due to the lower temperatures at higher latitudes [41]. In order to visualize this dependency of the integrated delay accuracy on latitude, a scatter plot with the absolute latitude as X-axis and the standard deviation of the difference as Y-axis is shown in Figure 4 (right) color coded according to the station height. The accuracy of the integrated delay in higher latitudes (>55   ∘  ) is better than   1.5   cm. In lower latitudes (<  30 ∘  ), the accuracy is mostly between   1.5   and   3.0   cm due to the higher water vapor content. No obvious dependency on height can be observed. An analogous scatter plot for the mean integrated ZPD is shown in Figure 4 (left), where a clear dependency on absolute latitude as well as on height can be observed.





3.4. Validation of Integrated SPD with SPD Estimated from CR Measurements


As introduced in [34], the mismatch between the measured absolute range of a target in a SAR image and its predicted position (calculated using the orbit information and its known absolute position) is caused not only by the tropospheric delay and measurement noise, but also by the ionospheric delay as well as delays caused by geodetic effects, such as solid Earth tides (SET), ocean tidal loading (OTL), atmospheric pressure loading (APL) and continental drift (CD). Atmospheric (tropospheric and ionospheric) delays and geodetic effects must be considered in order to achieve centimeter-level ranging accuracy [1,26,34]. The tropospheric delay in SAR range measurements (SAR SPD) can be estimated if all the other effects have been accurately corrected for on the range mismatch. This SAR SPD can be used for validation of the ECMWF SPD. Furthermore, if there is a permanent GPS station nearby then the slant tropospheric delay GPS SPD, here calculated from the GPS ZPD using the secant of the SAR incidence angle as mapping function, can be used as an additional reference for validation. In this section, both SAR SPD and GPS SPD are used as reference for validation of the ECMWF integrated SPD.



For this experiment, three trihedral CRs with   1.5   m edge length were installed at two test sites close to permanent GNSS stations: two at the Wettzell geodetic observatory (WTZR) in Germany, with WTZR 01 orientated for ascending (ASC) orbits and WTZR 02 for descending (DSC) orbits, and one at the Metsähovi observatory in Finland (METS) for DSC orbits [42,43,44]. High resolution SAR images from the two German satellites TerraSAR-X (TSX-1) and TanDEM-X (TDX-1) have been acquired regularly: 176 scenes from July 2012 to October 2015 at WTZR and 155 scenes from December 2013 to February 2016 at METS. The acquisitions were acquired around 17:00 UTC at WTZR 01 and around 05:00 UTC at WTZR 02. At METS, SAR scenes were acquired around 05:00 UTC. ERA-Interim and OP data sets have been collected around the acquisition time, prepared according to the CR coordinate and integrated directly from the phase center of the CR to the upper limit of the ECMWF data in the direction towards the satellite position. In Figure 5, GPS SPD and ECMWF SPD show a clear agreement with SAR SPD with a correlation coefficient of   99.8 %   in WTZR. Measurements are color coded according to the incidence angle class, i.e. the acquisition geometry. The impact of tropospheric delay increases in absolute value with increasing incidence angle.



Visually, GPS SPD has a better agreement with SAR SPD than the integrated delay based on ECMWF data sets (see Figure 5). We summarize the statistics of the comparison in Table 3 for each CR. Thanks to the higher temporal resolution (and to the fact that a GPS station is locally available), the best accuracy for the three CRs is achieved using GPS SPD as tropospheric delay corrections, with an accuracy that varies from   9.7   to   13.6   mm. The correction accuracy based on both ECMWF data sets are similar, having OP data a slightly better performance (around 1 mm) than ERA-Interim. The maximum mean offsets (up to   − 27.6   mm) are observed in WTZR 01, which are mainly caused by the local ground subsidence that occurred after the installation of the CR [44].





4. Applications


The absolute accuracy of the tropospheric delay calculated with the direct integration method using ECMWF data has been validated against both GPS and CR measurements, demonstrating an accuracy in the centimeter range (Section 3). Note that the accuracy estimates also contain errors in the reference data used (GPS ZPD [38] and SAR SPD [1,44]).



In this section, we present several applications using the direct integration method to mitigate the tropospheric impact on SAR absolute range measurements (Section 4.1) and on SAR interferometry (Section 4.2).



4.1. Application to Absolute Ranging Measurements


In the framework of the DLR@Uni Munich Aerospace Project “Geodetic Earth Observation”, five CRs have been installed in three test sites [43,44]: two CRs at the geodetic observatory in Wettzell (WTZR) in Germany, two at GARS O’Higgins (OHIS) in the Antarctic Peninsula and one at Metsähovi (METS) in Finland. The two CRs in WTZR and the CR in METS have been used in Section 3.4 for ECMWF SPD validation purposes. From 2007 to 2014 over four hundreds of High Resolution SpotLight (HRSL) images have been acquired by both the TSX-1 and the TDX-1 satellites from ASC and DSC orbits. The acquisitions started firstly in July 2011 in WTZR, then in March 2013 in OHIS and finally in October 2013 in METS. Due to the near-polar orbit, most acquisitions are gathered in OHIS, where 10 different viewing geometries are available.



As discussed in Section 3.4, discrepancies between expected and measured absolute ranges are caused by geodetic and atmospheric effects [1,26,34]. Assuming that geodetic effects and ionospheric delay have been already compensated as described in [43,44], the remaining tropospheric delay can be compensated using either the IGS SPD (mapped ZPD) or the integrated ECMWF SPD using ERA-Interim data sets. A statistical analysis of the ranging residuals after these corrections has been performed. Only the data sets acquired before January 2015 have been evaluated. The results are reported in Table 4.



The mean values of the residuals are similar when using either IGS SPD or ECMWF SPD. However, the standard deviation varies from   11.2   mm at WTZR (ASC) using IGS SPD to   20.4   mm at OHIS (ASC) using ECMWF SPD. At WTZR, the difference of the standard deviation between IGS SPD and ECMWF SPD is more than 5 mm, namely   7.6   mm for ASC and   6.7   mm for DSC. At METS, the difference decreases to   3.9   mm. Moreover, ECMWF SPD has a slightly better performance in OHIS ASC. These accuracy differences are mainly influenced by the different temperatures at each test site, which can be expressed as a function of latitude. For instance, test sites located at higher latitudes receive less sunlight than those at lower latitudes. Therefore, since the average temperature is lower at higher latitudes (e.g., METS and OHIS) the atmosphere can hold less water vapor, which leads to smaller water vapor variability and thus can be better modeled by NWP model (see Section 3.3.2) [16].




4.2. Application to Interferometric Measurements


For SAR Interferometry (InSAR), the relative tropospheric delay between two acquisitions is of interest. According to its height dependency, the tropospheric delay can be divided into two parts: a height-dependent delay dominated by vertical stratification, the so-called stratified tropospheric delay, and a height-independent delay induced by turbulent mixing [6,17], which is described as a spatially correlated and temporally decorrelated effect. Let us illustrate these two delay components by means of interferograms of the Hierro Island in Spain. Firstly, in Figure 6c a height-dependent tropospheric delay can be clearly observed, which is solely due to different meteorological conditions. Secondly, the tropospheric delay effect induced by the turbulent atmosphere can be seen in Figure 6d, where in contrast to Figure 6c no correlation with height can be observed.



Two application test cases have been selected for interferometric applications. Firstly, the impact of tropospheric delay mitigation on persistent scatterer interferometry (PSI) estimation is demonstrated by using stacks of TerraSAR-X HRSL images of the Stromboli Volcano (Section 4.2.1). Secondly, an application to a stripe of Sentinel-1 interferograms in a mountainous area with a coverage of around   250 × 750   km   2   is presented (Section 4.2.2).



4.2.1. PSI Processing—Test Site: Stromboli Volcano, Italy


The Stromboli Volcano is one of the most active volcanoes. The Sciara del Fuoco (SdF) depression, the nested horseshoe-shaped scar opening located on the north-east flank, exhibits the most dynamic changes in Stromboli, which are caused by lava flows, rock falls, landslides, lava accumulation, condensation, etc. Current volcanic activities are concentrated within the summit crater zone, which is located in the upper part of the SdF. This summit crater zone has remained at its current position. Nevertheless, the number and size of vents located inside it are varying over time due to the changing magma level within the conduit. The two most recent major effusive eruptions, which occurred in 2002–2003 and in 2007, induced large morphological changes on the SdF.



In the period from January to October 2008, 68 TerraSAR-X HRSL SAR images have been acquired from ascending and descending orbits with different incidence angles, which constitutes about 1 acquisition every   3.6   days. The resulting four stacks have been processed using the PSI technique. For both ascending and descending geometries, on average around   3 ×  10 5    persistent scatterers (PSs) were detected per stack when selecting PSs with a signal-to-clutter ratio (SCR) larger than   3.0   [45]. The final estimation results are presented in Figure 7, having selected as valid PSs those with an overall model test (OMT) smaller than   1.0   [46]. A clear correlation between deformation estimates and height values is observed in the deformation maps as well as in the scatter plots depicted in Figure 7 [26].



At Stromboli the deformation and residual topography signals are overlaid with a strong stratified tropospheric delay in the differential interferometric phases. This is the cause for the height-correlated deformation signals that can be observed in Figure 7. Therefore it is necessary firstly to compensate the tropospheric delay and then to apply time series processing (PSI estimation) in order to reliably estimate deformation and residual topography.



In order to mitigate the height-correlated stratified tropospheric delay, the differential tropospheric delay is firstly calculated for the PSs for each scene of the reference network using ERA-Interim data, then it is interpolated for all the other PSs and finally it is corrected on the differential interferometric phases. After this correction PSI processing is performed again. The resulting PS deformation maps after tropospheric delay mitigation are presented in Figure 8. In comparison to Figure 7, the height-dependent components have been effectively removed. Similar deformation patterns in SdF can be observed both in ascending and descending orbits. Some mismatches near craters are caused by horizontal deformation components, which are differently projected in the ascending and the descending geometries.



In order to assess the impact of the stratified tropospheric delay in the PSI estimates, the difference between the original estimates and the estimates after tropospheric delay compensation at identical PSs has been calculated. Note that an offset must be corrected for both difference of deformation estimates   Δ D e f  o i  = D e f  o  o r i , i   − D e f  o  a t m o , i     and difference of residual topography   Δ T o p  o i  = T o p  o  o r i , i   − T o p  o  a t m o , i     due to different reference points. Their maximum and minimum values as well as their correlation with height are summarized in Table 5. On the one hand, all deformation differences have a positive correlation (>85%) with height due to the temporal distribution (from January to October). The maximum relative deformation difference observed is   74.6   mm/y in beam 061. On the other hand, differences of residual topography have both positive and negative correlation with height due to the different baseline distributions, exhibiting an absolute correlation higher than   90 %   except for beam 033. The maximum relative residual topography difference observed is   61.7   m in beam 069.




4.2.2. Wide Area Interferometry—Sentinel-1 Interferogram


In this section, the OP-based integrated tropospheric delay as well as ionospheric delay (based on CODE TEC maps) and SET correction have been applied on four contiguous Sentinel-1 interferograms in order to demonstrate the application of integrated tropospheric delay in a large-scale. The Sentinel-1 images have been acquired by the Sentinel-1A satellite in the Interferometric Wide Swath Mode (IW) on 14 and 26 July 2016 at around 05:30 UTC. The resulting swath has a size of approximately 250 km by 750 km and spans from   8 .  5 ∘   E to    13.0 ∘   E in longitude and    42.5 ∘   N to    48.8 ∘   N in latitude. The effective baseline is around 21 m. In the acquired region the elevation varies from sea level up to almost 4000 m.



The interferograms have been processed using the Integrated Wide Area Processor (IWAP) [47,48] without and with compensation of atmospheric and geodetic delays. The results are shown in Figure 9. It can be clearly observed that the interferometric phase of the interferogram without corrections (see left column of Figure 9) is dominated by the differential stratified tropospheric delay. The tropospheric delay of the scenes varies from   1.79   to   3.47   m for the master acquisition and from   1.86   to   3.65   m for the slave acquisition. These big variations are due to the very big height variation within the scene as well as to the high incidence angle in far range. The maximum differential delay between the two acquisitions is of about 28 cm and the minimum of about 6 cm. After compensation of the tropospheric differential phases, the height-dependent phase has been significantly mitigated (see right column of Figure 9). Other atmospheric effects with lower magnitude are thus visible, such as the turbulent atmosphere, which is not contained in the ECMWF data but could be potentially modeled using meso-scale weather assimilation techniques [49,50].






5. Conclusions


The propagation of radar echoes across the troposphere (in fact, troposphere, stratosphere and mesosphere) causes a signal delay due to atmospheric refractivity. This delay has a mean value in the meter range and variations over time in the decimeter range. As a consequence, it has a great impact on both SAR absolute ranging measurements and differential interferometry. In this paper, we have shortly reviewed the modeling of the tropospheric delay for the direct integration method based on NWP products, focusing on the different refractivity models available and presenting our model choice. Its accuracy is evaluated using two NWP products provided by ECMWF: ERA-Interim and OP data. These products are provided at four analysis times per day (at 0, 6, 12 and 18 h UTC respectively) with a spatial resolution from approximately 80 km to less than 10 km. The accuracy of the integrated tropospheric delay using both products has been assessed using GPS ZPD of IGS stations and SAR SPD derived from TerraSAR-X HRSL CR measurements as reference.



In the zenith direction, the accuracy of the integrated tropospheric delay using ERA-Interim and OP is evaluated firstly against GPS ZPD at the Wettzell GNSS station. The standard deviation of the differences between the integrated ECMWF ZPD and GPS ZPD is about   10.9   mm for ERA-Interim and   9.0   mm for OP. Secondly, the validation of ERA-Interim products has been extended to a global scale using 268 permanent GNSS stations from the IGS network. The standard deviation of the difference between ECMWF ZPD and GPS ZPD varies from   5.1   to   38.0   mm. The accuracy of the integrated tropospheric delay at higher latitudes (>55   ∘  ) is better than   15.0   mm, whereas that at lower latitudes (<30   ∘  ) is mostly between   15.0   and   30.0   mm. This variation of the accuracy is mainly correlated with the total water vapor content and depends on several factors such as location, station height and analysis time.



In the range direction, the accuracy of the integrated delay from both ECMWF data sets has been assessed using SAR SPD measurements as reference. More than 300 TerraSAR-X HRSL images of three CRs installed at the Wettzell geodetic observatory and at the Metsähovi observatory have been acquired. The standard deviation of the differences between ECMWF SPD and SAR SPD is approximately 15 mm for both ERA-Interim and OP, whereas their mean values vary from   − 2.4   to   − 27.6   mm.



Finally, the application of the direct integration method to tropospheric delay mitigation for SAR absolute range measurements and differential interferometry has been demonstrated. The impact on absolute range measurements has been evaluated using 5 CRs located at three far-distributed test sites. A ranging accuracy of   15.3   to   20.4   mm has been achieved. The accuracy using locally available GNSS station is better (from   11.2   to   20.3   mm). Nevertheless, using ECMWF data allows the exploitation of SAR absolute ranging with a centimeter-level accuracy without the requirement of a locally available GNSS station.



The impact of tropospheric delay mitigation on differential interferometry has been demonstrated for two test cases: TerraSAR-X PSI processing in the Stromboli Island and wide area Sentinel-1 differential interferometry. The differential interferograms without tropospheric delay correction exhibit a dominant phase component correlated with height which is caused by tropospheric stratification. This leads to height-dependent errors in the PSI estimates. The proposed direct integration method has been successfully applied in order to correct this stratified tropospheric phase component on the interferometric phase. As a result, the impact of the tropospheric delay on PSI estimation in the Stromboli test site has been effectively mitigated. The difference between PSI estimates without and with tropospheric delay mitigation is up to   74.6   mm/year of relative deformation and up to   61.7   m of relative residual topography. Due to the reduction of the height-dependent deformation component caused by the tropospheric delay it is now possible to observe the ground deformation patterns around the crater zones as well as to clearly delimitate the area with active deformation in the SdF. The mitigation of tropospheric stratification has been further demonstrated for wide area Sentinel-1 differential interferometry.
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Abbreviations


The following abbreviations are used in this manuscript:





	APL
	Atmospheric pressure loading



	ASC
	Ascending



	CD
	Continental drift



	CR
	Corner reflector



	DEM
	Digital elevation model



	DLR
	German Aerospace Center



	DSC
	Descending



	ECMWF
	European Centre for Medium-Range Weather Forecasts



	GNSS
	Global navigation satellite system



	GPS
	Global positioning system



	HRSL
	High Resolution SpotLight



	ID
	Ionospheric delay



	IFS
	Integrated forecast system



	IGS
	International GNSS Service



	InSAR
	SAR interferometry



	METS
	CR test site in Metaähovi (Finland)



	ML
	Model level



	NWP
	Numerical weather prediction



	OHIS
	CR test site in GARS O’Higgins at the Antarctic Peninsula



	OMT
	Overall model test



	OP
	Operational data



	OTL
	Ocean tidal loading.



	PSI
	Persistent Scatterer (PS) interferometry



	SAR
	Synthetic aperture radar



	SCR
	Signal-to-Clutter Ratio



	SET
	Solid Earth tide



	SPD
	Slant range path delay



	SWD
	Slant range wet delay



	TEC
	Total electron content.



	TDX-1
	German TanDEM-X satellite



	TSX-1
	German TerraSAR-X satellite



	WTZR
	Wettzell GNSS station in EPN (Germany)



	ZHD
	Zenith hydrostatic delay



	ZPD
	Zenith path delay



	ZWD
	Zenith wet delay
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Figure 1. Sketch of validation methods. Types of delay measurements: (1) ZPD from GPS measurements (  ZPD  G P S   ) estimated at the GPS coordinates    [ X , Y , Z ]   G P S    and   S P D   projected with the local incidence angle   θ  l o c    (  SPD  G P S   ); (2) SPD from CR measurements (  SPD  C R   ) at the CR coordinates    [ X , Y , Z ]   C R   ; (3) integrated ECMWF delays:   ZPD  E C M W F    at    [ X , Y , Z ]   G P S    and   SPD  E C M W F    at    [ X , Y , Z ]   C R   . The integration steps are visualized as points over the integration path, with a smaller step under the effective height   z  e f f    and a bigger step over   z  e f f    until   z  a t m o   . 
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Figure 2. Time-series analysis of integrated and approximated ZPD during 2015 at each analysis time (0, 6, 12 and 18 h UTC) compared to GPS ZPD at the Wettzell station. (a) Absolute ZPD: integrated using ERA-Interim (cyan) and OP (blue), empirical from GPT2w model (green) and GPS (black). (b) Difference between integrated and empirical ZPDs and GPS ZPD with same color coding. 
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Figure 3. Global validation of ERA-Interim products from 2010 to 2015 based on 268 GPS stations of the IGS network: (a) mean value of the integrated ZPD; (b) standard deviation of the difference between the integrated ZPD and GPS ZPD. 
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Figure 4. Dependency on absolute latitude of mean ERA-Interim ZPD and standard deviation of ZPD residuals with respect to GPS ZPD evaluated at IGS stations. (Left) Mean integrated ZPD as a function of absolute latitude. (Right) Standard deviation of the difference between integrated and GPS ZPD as a function of absolute latitude. The color coding is used to indicate the height of the IGS stations. 
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Figure 5. Correlation analysis of absolute localization residuals of both CRs in WTZR: (a) scatter plot of the mapped range delay based on GPS ZPD (GPS SPD) and the SAR range residuals (SAR SPD). (b) scatter plot of the range delays integrated using ERA-Interim data (ECMWF SPD) and SAR SPD. (c) scatter plot of the range delays integrated using OP data (ECMWF SPD) and SAR SPD. Each dot represents a SAR acquisition, which is color coded according to the different incidence angle classes: ∼  30 ∘   in blue; ∼  40 ∘   in red and ∼  50 ∘   in green. 
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Figure 6. Tropospheric propagation delay effects on SAR interferometry due to vertical stratification and turbulent mixing: an example in the Hierro Island (Spain) using TerraSAR-X StripMap images. (a) Digital elevation model (DEM) of Hierro Island, with elevation varying from sea level (black) to about 1542 m (white). (b) SAR intensity image acquired on 10 October 2011. (c) Differential interferogram with master image acquired on 10 October 2011 and slave image on 21 October 2011 with an effective baseline of about 58 m. (d) Differential interferogram with master image acquired on 4 December 2011 and slave image on 15 December 2011 with an effective baseline of about 80 m. In (c) the interferometric phase is dominated by vertical stratification, whereas in (d) by turbulent mixing. Note that both are 11-day repeat pass interferograms. 






Figure 6. Tropospheric propagation delay effects on SAR interferometry due to vertical stratification and turbulent mixing: an example in the Hierro Island (Spain) using TerraSAR-X StripMap images. (a) Digital elevation model (DEM) of Hierro Island, with elevation varying from sea level (black) to about 1542 m (white). (b) SAR intensity image acquired on 10 October 2011. (c) Differential interferogram with master image acquired on 10 October 2011 and slave image on 21 October 2011 with an effective baseline of about 58 m. (d) Differential interferogram with master image acquired on 4 December 2011 and slave image on 15 December 2011 with an effective baseline of about 80 m. In (c) the interferometric phase is dominated by vertical stratification, whereas in (d) by turbulent mixing. Note that both are 11-day repeat pass interferograms.
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Figure 7. PS deformation maps without tropospheric correction of four TerraSAR-X HRSL stacks over the Stromboli Island with the geocoded average amplitude image as background. These stacks cover the time period January to October 2008 and contain (a) 18, (b) 17, (c) 16 and (d) 17 acquisitions. A scatter plot of deformation versus height is also illustrated for each of them. A linear fit is presented as a red line on each scatter plot. A clear correlation between deformation estimates and height is observed. 
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Figure 8. PS deformation maps after mitigation of the differential tropospheric delay for the stacks introduced in Figure 7. A comparison with Figure 7 clearly shows that the compensation of ECMWF based integrated tropospheric differential delay corrections has effectively mitigated the impact of tropospheric stratification. 
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Figure 9. Eight Sentinel-1 images acquired in Interferometric Wide Swath Mode (IW) on 14 and 26 July 2016 at around 05:30 UTC. (a) Differential interferogram. (b) Atmospheric delays (tropospheric and ionospheric) and SET compensated interferogram. Zooms of the selected region around Po Valley provided in (c,d). Contains modified Copernicus Sentinel data 2016. Background: Data © OpenStreetMap contributors, Rendering © DLR/EOC. 
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Table 1. Summary of the coefficient constants   k 1  ,   k 2   and   k 3   from [18,19,21,22,23,24,25]. They are divided into three groups: (1) ideal gases; (2) non-ideal gases; (3) non-ideal gases based on an approximated equation. Differences relative to the reference ZPD (  L  a t m o , a p p r o x    with rounded coefficient constants [18]) are calculated for NWP products during August 2013 at the Wettzell GNSS station. The mean value and the standard deviation of the differences are presented.
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Authors (Year)

	
   k 1    (K/hPa)

	
   k 2    (K/hPa)

	
    k 3  ×  10  − 5      (K    2   / hPa)

	
ZPD Diff. (mm)




	
Mean

	
Std






	
Ideal Gas




	
Smith and Weintraubt [18]

	
   77.607 ± 0.01   

	
   71.600 ± 8.5   

	
   3.747 ± 0.031   

	
   − 0.2   

	
   0.1   




	
Saastamoinen [21]

	
   77.624   

	
   64.70 ± 0.08   

	
   3.719   

	
   − 0.9   

	
   0.4   




	
Rüeger [25] (best available)

	
   77.695   

	
   71.970   

	
   3.75406   

	
   2.4   

	
<0.1




	
Rüeger [25] (best average)

	
   77.6890   

	
   71.2952   

	
   3.75463   

	
   2.3   

	
<0.1




	
Healy [19]

	
   77.643   

	
   71.2952   

	
   3.75463   

	
   1.1   

	
<0.1




	
Non-ideal Gases




	
Thayer [22]

	
   77.60 ± 0.014   

	
   64.80 ± 0.08   

	
   3.776 ± 0.004   

	
   − 2.2   

	
   0.6   




	
Davis et al. [23]

	
   77.604 ± 0.008   

	
   65.27 ± 10   

	
   3.776 ± 0.03   

	
   − 2.1   

	
   0.6   




	
Healy [19]

	
   77.643   

	
   71.2952   

	
   3.75463   

	
   − 1.7   

	
   0.8   




	
Non-ideal Gases—Approximated Equation




	
Bevis et al. [24]

	
   77.60 ± 0.05   

	
   70.40 ± 2.2   

	
   3.739 ± 0.012   

	
   − 3.6   

	
   1.0   
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Table 2. Summary of ECMWF reanalysis data sets (ERA-Interim and ERA5) and OP specifications: horizontal resolution in latitude/longitude; vertical resolution model level (ML); IFS release cycle and date [28]. Only releases with major changes, either in spatial resolution or ML, are reported.
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ECMWF Products

	
Horizontal Resolution (deg)     1   

	
Vertical Resolution     1   

	
IFS Release     2   

	
Release Date






	
Operational

	
0.100

	
137-Level

	
Cycle 41r2

	
8 March 2016




	
0.125

	
137-Level

	
Cycle 38r2

	
26 June 2013




	
0.125

	
91-Level

	
Cycle 38r1

	
11 March 2008




	
0.225

	
91-Level

	
Cycle 30r1

	
1 February 2006




	
0.350

	
60-Level

	
Cycle 23r3

	
21 November 2000




	
ERA-Interim

	
0.750

	
60-Level

	
Cycle 31r2

	
1 January 2006




	
ERA5

	
0.280

	
137-Level

	
Cycle 41r2

	
1 January 2018








   1  https://www.ecmwf.int/en/forecasts/documentation-and-support;    2  https://www.ecmwf.int/en/forecasts/documentation-and-support/changes-ecmwf-model.
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Table 3. Validation results using SAR SPDs as reference.
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CR ID

	
Input Data

	
Mean (mm)

	
STD (mm)






	
WTZR 01 (ASC)

	
GPS ZPD

	
   − 20.5   

	
   9.7   




	
ERA-Interim

	
   − 27.6   

	
   16.7   




	
Operational

	
   − 25.9   

	
   15.7   




	
WTZR 02 (DSC)

	
GPS ZPD

	
   − 8.6   

	
   13.6   




	
ERA-Interim

	
   − 8.2   

	
   17.6   




	
Operational

	
   − 9.6   

	
   16.2   




	
METS (DSC)

	
GPS ZPD

	
   − 0.6   

	
   11.8   




	
ERA-Interim

	
   − 2.4   

	
   15.2   




	
Operational

	
   − 3.2   

	
   14.7   
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Table 4. Statistical analysis of absolute range residuals using IGS SPD (mapped ZPD) and integrated ECMWF SPD at test sites: Wettzell (WTZR) in Germany, GARS O’Higgins (OHIS) at the Antarctic Peninsula and Metsähovi (METS) in Finland.
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Test Site Code

	
Crossing Orbit Direction

	
IGS SPD

	
ECMWF SPD




	
Mean (mm)

	
STD (mm)

	
Mean (mm)

	
STD [mm]






	
WTZR

	
ASC

	
   − 17.1   

	
   11.2   

	
   − 21.5   

	
   18.8   




	
DSC

	
   − 8.8   

	
   13.6   

	
   − 9.3   

	
   20.3   




	
OHIS

	
ASC

	
   − 7.1   

	
   20.3   

	
   − 5.3   

	
   20.4   




	
DSC

	
   4.9   

	
   17.2   

	
   3.4   

	
   16.3   




	
METS

	
DSC

	
   − 3.2   

	
   11.4   

	
   − 4.5   

	
   15.3   
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Table 5. Summary of statistical analysis of the differences of two PSI processing results without and with tropospheric delay correction: maximum and minimum value of deformation differences and residual topography differences as well as their correlation with height. An offset compensation has been performed on both differences in order to account for the different reference points.
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Beam

	
   Δ Defo    (mm/year)

	
   Δ Topo    (m)




	
Nr.

	
Max

	
Min

	
Corr. (-)

	
Max

	
Min

	
Corr. (-)






	
033

	
   49.2   

	
   − 6.6   

	
   92.1 %   

	
   5.9   

	
   − 32.0   

	
   − 14.5 %   




	
061

	
   64.9   

	
   − 9.7   

	
   98.2 %   

	
   37.6   

	
   2.7   

	
   − 92.4 %   




	
069

	
   33.2   

	
   − 5.0   

	
   87.8 %   

	
   56.7   

	
   − 5.0   

	
   97.4 %   




	
024

	
   25.0   

	
   − 4.5   

	
   96.3 %   

	
   11.6   

	
   − 2.8   

	
   94.6 %   
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