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Introduction

Interferometric Synthetic Aperture Radar (InSAR) is a geodetic technique used for the construction of topographic maps (e.g. [START_REF] Graham | Synthetic interferometer radar for topographic mapping[END_REF][START_REF] Zebker | Topographic mapping from interferometric synthetic aperture radar observations[END_REF], the study of earthquake-induced surface displacements (e.g. [START_REF] Massonnet | The displacement field of the Landers earthquake mapped by radar interferometry[END_REF][START_REF] Zebker | On the derivation of coseismic displacement fields using differential radar interferometry: The Landers earthquake[END_REF][START_REF] Feng | Geodetic model of the 2015 April 25 M w 7.8 Gorkha Nepal Earthquake and M w 7.3 aftershock estimated from InSAR and GPS data[END_REF][START_REF] Cheloni | Geodetic model of the 2016 Central Italy earthquake sequence inferred from InSAR and GPS data[END_REF], the measurement of small-scale transient or permanent aseismic slip (e.g. [START_REF] Champenois | Monitoring of active tectonic deformations in the Longitudinal Valley (Eastern Taiwan) using Persistent Scatterer InSAR method with ALOS PALSAR data[END_REF][START_REF] Jolivet | Shallow creep on the Haiyuan Fault (Gansu, China) revealed by SAR Interferometry[END_REF][START_REF] Jolivet | Spatio-temporal evolution of aseismic slip along the Haiyuan fault, China: Implications for fault frictional properties[END_REF][START_REF] Rousset | An aseismic slip transient on the North Anatolian Fault[END_REF], the quantification of land subsidence (e.g. [START_REF] Osmanoglu | Mexico City subsidence observed with persistent scatterer InSAR[END_REF][START_REF] Chaussard | Land subsidence in central Mexico detected by ALOS InSAR time-series[END_REF], the inflation of volcanoes (e.g. [START_REF] Massonnet | Deflation of Mount Etna monitored by spaceborne radar interferometry[END_REF][START_REF] Wang | Complex surface deformation of Akutan volcano, Alaska revealed from InSAR time series[END_REF] or ice sheet motion (e.g. [START_REF] Goldstein | Satellite Radar Interferometry for Monitoring Ice Sheet Motion: Application to an Antarctic Ice Stream[END_REF][START_REF] Minchew | Plastic bed beneath Hofsjökull Ice Cap, central Iceland, and the sensitivity of ice flow to surface meltwater flux[END_REF]. This technique is based on the comparison of pairs of SAR images acquired by an aircraft or a satellite. The phase of the complex conjugate product of two SAR images, called an interferogram, reflects the difference in travel time of the radar signal between the satellite and the ground, between the two acquisitions.

The phase of an interferogram is therefore the combination of multiple sources including ground deformation, orbital terms, topography, unwrapping errors and ionospheric and tropospheric delays. Following the improvement of satellites and the expansion of collected data, many efforts have been made to reduce sources of noise in InSAR. First, the orbital contribution has become insignificant thanks to precise orbit determination, which includes satellite positions at a centimetric precision (e.g. [START_REF] Scharroo | Precise orbit determination and gravity field improvement for the ERS satellites[END_REF][START_REF] Fattahi | InSAR uncertainty due to orbital errors[END_REF][START_REF] Peter | Sentinel-1A -First precise orbit determination results[END_REF][START_REF] Sentinels Pod Team | Sentinels POD Service File Format Specifications[END_REF]. Second, we can reduce the contribution of topography using a Digital Elevation Model (DEM), for instance from the Shuttle Radar Topography Mission (SRTM) (e.g. [START_REF] Massonnet | The displacement field of the Landers earthquake mapped by radar interferometry[END_REF][START_REF] Farr | Shuttle radar topography mission produces a wealth of data[END_REF][START_REF] Farr | The Shuttle Radar Topography Mission[END_REF][START_REF] Gao | Exploitation of SRTM DEM in InSAR data processing and its application to phase unwrapping[END_REF].

Third, we can automatically correct unwrapping errors resulting from incorrect phase unwrapping paths using the phase closure of a triplet of interferograms (e.g. [START_REF] Doin | Presentation of the small baseline NSBAS processing chain on a case example: the Etna deformation monitoring from 2003 to 2010 using Envisat data[END_REF][START_REF] Hussain | Interseismic strain accumulation across the central North Anatolian Fault from iteratively unwrapped InSAR measurements[END_REF][START_REF] Benoit | An algorithm based on phase closure for the correction of unwrapping errors in SAR interferometry[END_REF]. Fourth, ionospheric effects can be derived using a split range-spectrum method [START_REF] Brcic | Estimation and compensation of ionospheric delay for SAR interferometry[END_REF][START_REF] Rosen | Measurement and mitigation of the ionosphere in L-band Interferometric SAR data[END_REF][START_REF] Gomba | Toward Operational Compensation of Ionospheric Effects in SAR Interferograms: The Split-Spectrum Method[END_REF][START_REF] Gomba | Ionospheric Phase Screen Compensation for the Sentinel-1 TOPS and ALOS-2 ScanSAR Modes[END_REF][START_REF] Fattahi | A Network-Based Enhanced Spectral Diversity Approach for TOPS Time-Series Analysis[END_REF]. Ionospheric delays depend on the frequency of the radar carrier and can be estimated through a linear combination of two fractions of the spectrum of the incident radar wavelength. Thanks to these error correction methods, measurements of ground deformation have now reached a millimeter accuracy (e.g. [START_REF] Rosen | Synthetic aperture radar interferometry[END_REF][START_REF] Hanssen | Radar interferometry: data interpretation and error analysis[END_REF][START_REF] Simons | Interferometric Synthetic Aperture Radar Geodesy[END_REF] but still remain challenging because of tropospheric phase delays (e.g. [START_REF] Goldstein | Atmospheric limitations to repeat-track radar interferometry[END_REF][START_REF] Tarayre | Atmospheric Propagation heterogeneities revealed by ERS-1 interferometry[END_REF][START_REF] Hanssen | Radar interferometry: data interpretation and error analysis[END_REF][START_REF] Grandin | Long-term growth of the Himalaya inferred from interseismic InSAR measurement[END_REF][START_REF] Jolivet | Shallow creep on the Haiyuan Fault (Gansu, China) revealed by SAR Interferometry[END_REF]Hu & Mallorqui, 2018a,b).

As electromagnetic waves are sensitive to variations in pressure, temperature and humidity, a change in refractivity of the atmosphere between two SAR acquisitions leads to modify the travel time of the radar signal, hence changes the apparent groundsatellite range (e.g. [START_REF] Hanssen | Radar interferometry: data interpretation and error analysis[END_REF]. The atmospheric contribution can reach tens of centimeters and may obscure our geophysical interpretation of the apparent ground motion (e.g. [START_REF] Delacourt | Tropospheric corrections of SAR interferograms with strong topography. Application to Etna[END_REF][START_REF] Elliott | InSAR slip rate determination on the Altyn Tagh Fault, northern Tibet, in the presence of topographically correlated atmospheric delays[END_REF][START_REF] Jolivet | Systematic InSAR tropospheric phase delay corrections from global meteorological reanalysis data[END_REF][START_REF] Daout | Strain Partitioning and Present-Day Fault Kinematics in NW Tibet From Envisat SAR Interferometry[END_REF][START_REF] Albino | Dyke intrusion between neighbouring arc volcanoes responsible for 2017 pre-eruptive seismic swarm at Agung[END_REF], over a wide range of scales ranging from one to hundreds kilometers [START_REF] Massonnet | Deflation of Mount Etna monitored by spaceborne radar interferometry[END_REF].

On average, pressure, temperature and humidity correlate with altitude. The lateral averaging of the state of the atmosphere results in a topography-correlated phase delay in interferograms [START_REF] Hanssen | Radar interferometry: data interpretation and error analysis[END_REF]. Deviations from this behavior result from turbulences in the atmosphere. Turbulent delays may be then smoothed out in time by time series analysis (e.g. [START_REF] Cavalié | Ground motion measurement in the Lake Mead area, Nevada, by differential synthetic aperture radar interferometry time series analysis: Probing the lithosphere rheological structure[END_REF][START_REF] Hooper | Persistent scatterer interferometric synthetic aperture radar for crustal deformation analysis, with application to Volcán Alcedo, Galápagos[END_REF][START_REF] Jolivet | Shallow creep on the Haiyuan Fault (Gansu, China) revealed by SAR Interferometry[END_REF]. Most correction methods focus on the stratified delay and can be grouped in three broad categories. First, one can estimate a phase-elevation relationship and remove it from the phase signal [START_REF] Cavalié | Measurement of interseismic strain across the Haiyuan fault (Gansu, China), by InSAR[END_REF][START_REF] Lin | A multiscale approach to estimating topographically correlated propagation delays in radar interferograms[END_REF][START_REF] Béjar-Pizarro | Andean structural control on interseismic coupling in the North Chile subduction zone[END_REF][START_REF] Welch | Separating volcanic deformation and atmospheric signals at Mount St. Helens using Persistent Scatterer InSAR[END_REF]. Although efficient, such simple methods could be problematic in regions where the deformation signal correlates with topography, such as over volcanoes, leading to remove a significant part of the deformation from the signal [START_REF] Delacourt | Tropospheric corrections of SAR interferograms with strong topography. Application to Etna[END_REF][START_REF] Elliott | InSAR slip rate determination on the Altyn Tagh Fault, northern Tibet, in the presence of topographically correlated atmospheric delays[END_REF]. Second, one may compute synthetic tropospheric delay maps using auxiliary information from either local atmospheric data [START_REF] Delacourt | Tropospheric corrections of SAR interferograms with strong topography. Application to Etna[END_REF], multispectral observations [START_REF] Li | Interferometric synthetic aperture radar atmospheric correction: GPS topography-dependent turbulence model[END_REF], GPS measurements [START_REF] Williams | Integrated satellite interferometry: Tropospheric noise, GPS estimates and implications for interferometric synthetic aperture radar products[END_REF][START_REF] Webley | Atmospheric water vapour correction to InSAR surface motion measurements on mountains: Results from a dense GPS network on Mount Etna[END_REF][START_REF] Li | Interferometric synthetic aperture radar atmospheric correction: GPS topography-dependent turbulence model[END_REF][START_REF] Onn | Correction for interferometric synthetic aperture radar atmospheric phase artifacts using time series of zenith wet delay observations from a GPS network[END_REF][START_REF] Lofgren | Tropospheric correction for InSAR using interpolated ECMWF data and GPS Zenith Total Delay from the Southern California Integrated GPS Network[END_REF] or weather models [START_REF] Foster | Mitigating atmospheric noise for InSAR using a high resolution weather model[END_REF][START_REF] Puysségur | Tropospheric phase delay in interferometric synthetic aperture radar estimated from meteorological model and multispectral imagery[END_REF][START_REF] Foster | The utility of atmospheric analyses for the mitigation of artifacts in InSAR[END_REF], sometimes constrained by local data [START_REF] Wadge | Atmospheric models, GPS and InSAR measurements of the tropospheric water vapour field over Mount Etna[END_REF]. These estimates rely on the availability of meteorological data and the corresponding corrections are limited by the low spatio-temporal resolution of such data. Third, one can calculate tropospheric delay maps from Global Atmospheric Models (GAMs) and correct interferograms from those simulated delays. As these techniques have shown their efficiency in many studies (e.g. [START_REF] Jolivet | Systematic InSAR tropospheric phase delay corrections from global meteorological reanalysis data[END_REF][START_REF] Jolivet | Improving InSAR geodesy using Global Atmospheric Models[END_REF]Hu & Mallorqui, 2018a,b), open source online tools have been developed to provide delay predictions from GAMs, such as the Generic Atmospheric Correction Online Service for InSAR (GACOS) [START_REF] Yu | Generation of real-time mode high-resolution water vapor fields from GPS observations[END_REF](Yu et al., , 2018a,b, ,b, website here: http://ceg-research.ncl.ac.uk/v2/gacos/).

One of the most popular GAM used for atmospheric corrections is called ERA-Interim. This GAM, first released in 2006 and spanning from 1979 to present, provides a reanalysis of the state of the atmosphere at a temporal resolution of 6 hours and a horizontal resolution of 80 km. At the end of 2018, a new reanalysis called ERA-5 has been released and is meant to replace ERA-Interim, which has not been continued since August 31st, 2019. ERA-5 now provides hourly atmospheric data at a spatial resolution of 30 km. A recent study of Hu & Mallorqui (2018b) tends to suggest ERA-5 is better at predicting tropospheric delays than ERA-Interim and HRES GAMs. Hence, we decide to conduct a thorough study on the performance of ERA-5 and compare it to the two most similar GAMs delivered by ECMWF, ERA-Interim and HRES, to assess whether the switch to this newer model is an improvement for InSAR studies.

We first perform a qualitative and quantitative comparison of atmospheric corrections performed with the three latest GAMs delivered by ECMWF: ERA-Interim, HRES and ERA-5, evidencing higher performance of ERA-5 at predicting atmospheric delays compared to HRES and ERA-Interim. We then discuss the benefits of uncertainty estimates associated with ERA-5 products and finally test the influence of the spatio-temporal improvement in the resolution of ERA-5.

We use the Sentinel-1 track 87, covering the central segment of the North Anatolian fault in central Turkey. The 6-days revisit time of Sentinel-1 allows to build a large dataset of 333 interferograms, computed with the InSAR Scientific Computing Environment (ISCE) software [START_REF] Gurrola | InSAR Scientific Computing Environment[END_REF] and covering a period from the end of 2014 to the end of 2017. This mountainous region, where elevation varies from 100 to 2000 m, is bordered to the north by the Black Sea. Significant topographic gradients and the vicinity of the sea lead to strong atmospheric perturbations inland, both in space and time, thus making this region a perfect case study for the comparison of atmospheric corrections.

Computing tropospheric delays from GAMs

A change in refractivity of the atmosphere between two SAR acquisitions introduces a delay between the two radar signal propagation times. The phase of an interferogram is therefore affected by spatio-temporal variations of the refractivity index N [START_REF] Thayer | An improved equation for the radio refractive index of air[END_REF][START_REF] Hanssen | Radar interferometry: data interpretation and error analysis[END_REF][START_REF] Puysségur | Tropospheric phase delay in interferometric synthetic aperture radar estimated from meteorological model and multispectral imagery[END_REF], defined as:

N = k 1 P d T + k 2 e T + k 3 e T 2 + k 4 W + k 5 ne f 2 , ( 1 
)
where P d is the pressure of dry air, T the temperature, e the partial pressure of water vapor, W the water content of clouds, ne the electronic content mainly in the ionosphere and f the wave frequency. The constants k 1 to k 5 are given in the literature as

k 1 = 0.776 K.Pa -1 , k 2 = 0.716 K.Pa -1 , k 3 = 3.75×10 3 K 2 .Pa -1 , k 4 = 1.45×10 3 m 3 .kg -1
and k 5 = -4.03×10 7 s -2 .m 3 [START_REF] Smith | The Constants in the Equation for Atmospheric Refractive Index at Radio Frequencies[END_REF]. We assume atmosphere to be non-saturated so that liquid water content is neglected [START_REF] Hanssen | Radar interferometry: data interpretation and error analysis[END_REF] and that ionospheric delays are negligible for C-Band satellites in non-polar areas [START_REF] Saito | High resolution mapping of TEC perturbations with the GSI GPS Network over Japan[END_REF]. Hence, equation 1 becomes:

N = k 1 P d T dry + k 2 e T + k 3 e T 2 wet . ( 2 
)
The relative tropospheric delay (two-way), φ tropo , at a specific altitude, z = z 0 , corresponds to the integration of the refractivity between the surface z 0 and the top of the atmosphere z top [START_REF] Hanssen | Radar interferometry: data interpretation and error analysis[END_REF][START_REF] Doin | Corrections of stratified tropospheric delays in SAR interferometry: Validation with global atmospheric models[END_REF]:

φ tropo = 4π λ 10 -6 cos θ z=ztop z=z0 N (z)dz, (3) 
where 4π λ 10 -6 cos θ is a conversion factor to convert delay in the Line Of Sight (LOS) direction, with λ the radar wavelength and θ the incidence angle of the satellite.

We use GAMs to predict tropospheric delays as they provide estimations of pressure, temperature and humidity at multiple pressure levels, with a uniform time interval and on a regular spatial grid. We compute tropospheric delay maps to correct interferograms from propagation delays using the PyAPS library, that we updated to be used in Python 3 (link here: https://github.com/AngeliqueBenoit/pyaps3; et al., 2011;[START_REF] Agram | New radar interferometric time series analysis toolbox released[END_REF]. For a given interferogram, we download GAMs products that are closest to the two SAR acquisition times. We predict the delay φ tropo as a function of altitude on each GAMs node within the SAR acquisition (Eq. 3). We interpolate the delay both vertically, using a spline interpolation, and horizontally, using a bilinear interpolation, to predict delay at any pixel of the SAR scene. We finally calculate the delay map corresponding to the interferogram by differentiating delay maps at the time of the two acquisitions, and we correct the phase of the interferogram from those predicted delays. As atmospheric corrections help the unwrapping procedure, we choose to perform corrections on wrapped interferograms [START_REF] Jolivet | Systematic InSAR tropospheric phase delay corrections from global meteorological reanalysis data[END_REF].

Jolivet

ECMWF datasets

We use three datasets with different spatial and temporal resolutions. The three datasets are produced by the European Centre for Medium-Range Weather Forecasts (ECMWF), which provides public access for ERA-Interim and ERA-5 data and restricted access to HRES data, available under an ECMWF license.

HRES differs from ERA-Interim and ERA-5 as it is a forecast instead of a reanalysis. A forecast corresponds to the prediction of atmospheric variables at time t + 1, estimated with a model which simulates the evolution of atmospheric conditions from an initial state of the atmosphere at time t. An analysis is the product of assimilation techniques, such as the 4-dimensional variational analysis (4D-Var), which simulates the trajectory of the atmospheric model that best fits forecast to the new available observations. A reanalysis corresponds to a constant update of analysis steps with new available observations.

ERA-Interim

ERA-Interim is a global atmospheric reanalysis covering a period from 1979 to August 2019. The data assimilation system is based on Integrated Forecast System cycle 31r2 (IFS Cy31r2) and includes a 4D-Var with a 12-hour analysis window. ERA-Interim products provide atmospheric variables every 6 hours a day (0, 6, 12, 18 UTC), at a spatial resolution of approximately 80 km, on 37 pressure levels (Fig. 1 a; Table 1; [START_REF] Dee | The ERA-Interim reanalysis: configuration and performance of the data assimilation system[END_REF]. Since it is based on a 4D-Var assimilation scheme, it provides the most likely state of the atmosphere at a given time for the assimilated atmospheric data. ERA-Interim has been taken offline since August 31st, 2019, hence the need to evaluate whether its successor, ERA-5, indeed performs better.

ERA-5

ERA-5 is the latest global atmospheric reanalysis released in January 2016, covering a period from 1950 to present. The data assimilation system is based on Integrated

Forecast System cycle 41r2 (IFS Cy41r2) and includes a 4D-Var with a 12-hour analysis window. ERA-5 products provide hourly atmospheric variables, at a spatial resolution of approximately 30 km, and uses the same 37 pressure levels as ERA-Interim (Fig. 1 b; Table 1; [START_REF] Hersbach | ERA5 reanalysis is in production[END_REF]. Compared to previous datasets, ERA-5 products are provided with 10 ensemble members and an ensemble mean for each variable. We evaluate whether those supplements, computed at a lower spatio-temporal resolution (6 hours -62 km), may be useful for the determination of delay uncertainties (cf section 7.1).

HRES

HRES is a global atmospheric high resolution forecast. The data assimilation system is based on the same Integrated Forecast System cycle 41r2 (IFS Cy41r2) as ERA-Interim and ERA-5, but includes a global 10-day forecasting system. Using the latest IFS cycle leads to improve resolution of forecasts. HRES products provide atmospheric variables every 6 hours a day (0, 6, 12, 18 UTC), at a spatial resolution of approximately 9 km, on 25 pressure levels (Fig. 1 c; Table 1). HRES provides atmospheric variables at a higher spatial resolution than the other forecasts and is the most accurate forecast for a 10-day period.

Inter-model variability of atmospheric variables

The three datasets mentionned above differ from both spatial and temporal resolutions. We use 171 dates spanning October 2014 to September 2018, corresponding to acquisition dates of our dataset, to estimate the inter-model variability of pressure, temperature, humidity and delay as a function of elevation.

We extract for each date and each model the elevation profile of pressure P , temperature T and humidity Q on a given node (longitude: 33 • ; latitude: 41.25 • ). For each date, we then calculate inter-model differences in pressure, temperature and humidity.

We average these differences for all dates (Fig. 2 a, b andc). Error bars represent the standard deviation of inter-model differences. Similarly, we compute on the same node inter-model differences in total, dry and wet tropospheric delays as a function of elevation. We average these differences for all interferograms (Fig. 3 a, b andc). We represent delays up to a maximum altitude of 3.3 km, corresponding in our case to 100 m above the maximum altitude of DEM. We finally show differences in delays for an interferogram spanning January 11, 2018 and March 24, 2018, where ERA-5 performs efficient corrections (Fig. 4 a, b and c).

We see that largest inter-model variability in pressure, temperature and humidity are within the lowest troposheric layer, between 0 and 0.5 km (Fig. 2). Such intermodel variability lead to significant variations of mean predicted delays between the three models, where variations reach ∼ 1 cm between ERA-5 and ERA-Interim and decrease to 6 mm between ERA-5 and HRES and 3 mm between ERA-Interim and HRES models (Fig. 3 a). In the interferogram example, differences in predicted delay between HRES and ERA-5, estimated to be around 5 mm, are small compared to others inter-model differences, which reach 1.5 cm for ERA-5 / ERA-Interim and 1 cm for ERA-Interim / HRES (Fig. c). One intriguing point is that there seems to be a systematic bias in the predicted delays between those predicted by ERA-5 on one side and ERA-Interim on the other side.

We highlight a variability in atmospheric variables between ERA-Interim, ERA-5 and HRES, mostly concentrated in the lowest layer of the troposphere. As it is also in this layer that the delays are the strongest, we can expect significant differences between the performance of the three models in correcting delays, especially between ERA-5 and ERA-Interim where differences in predicted delays may reach 1 cm. These differences should be maximum at low elevations within a SAR scene, hence close to the sea and within valleys.

4 Qualitative comparison of ERA-Interim, ERA-5 and

HRES atmospheric corrections

We compare the performances of atmospheric corrections using the example of an interferogram combining acquisitions of the 11 th January and 24 th March 2018 (Fig. 5).

The phase of the interferogram is strongly affected by a long-wavelength signal due to atmospheric delays (Fig. 5 a). The apparent range change is of about 2 cm in the north, with a north-south gradient down to -3 cm in the south portion of the scene. We have chosen this particular example because the phase signal mimics, at least qualitatively, the deformation signal expected for such a large strike-slip fault, such as the North Anatolian fault which crosses the scene. We compute atmospheric delay maps using products of each GAMs (Fig. 5 c, d ande). Resulting interferograms corrected from the predicted atmospheric delay all show a reduction in standard deviation (Fig.

f, g and h)

. ERA-Interim does not predict the entire dynamics of the signal related to the atmosphere (Fig. 5 c andf). The spatial distribution of the phase delay is close to that observed but the predicted amplitude is twice lower than observed. HRES gives a better prediction than ERA-Interim. The predicted delay removes three-quarters of the long-wavelength signal from the interferogram (Fig. 5 d andg). The best atmospheric correction is performed with ERA-5, where the predicted delay removes the entire long-wavelength signal from the interferogram (Fig. 5 e and h). We still see turbulences on the three corrected interferograms. As their characteristic size (< 5 km) is smaller than the grid size of GAMs (10, 30 and 80 km respectively for HRES, ERA-5

and ERA-Interim) and not correlated to topography, turbulences cannot be predicted by GAMs. As we only correct the stratified component of the atmosphere, the better the correction, the more obvious the turbulence becomes.

Thanks to the high spatial resolution of ERA-5, data allow to predict also small- We have shown a single example of atmospheric corrections on the North Anatolian fault case study, where ERA-5 performs better than ERA-Interim and HRES. We have illustrated its ability to predict both small and long-wavelength delays (tens to hundreds kilometers) hence to remove the entire signal due to atmospheric delays from an interferogram. As those results are for a single interferogram, we next perform a quantitative comparison over an entire dataset of interferograms.

5 Quantitative comparison of ERA-Interim, ERA-5 and

HRES atmospheric corrections

We analyze our entire dataset of interferograms (333) and their corrections derived from ERA-Interim, ERA-5 and HRES products. We compute the standard deviation σ of interferograms, a measure of the spread of phase values on a single interferogram, before and after corrections with ERA-Interim, ERA-5 and HRES predictions, following,

σ kl = 1 N N i=1 (φ i -φ) 2 , ( 4 
)
where σ kl is the standard deviation of an interferogram combining acquisitions at times k and l, N is the number of pixels in the interferogram, φ i the phase of a pixel i and φ the mean of all phase values. We consider the reduction in standard deviation as a measure of the quality of atmospheric corrections.

We compare reductions in standard deviations for the different atmospheric corrections (Fig. 7 a, b andc). ERA-5 performs in most cases better than ERA-Interim and HRES, as, respectively, 71% and 63% of the corrected interferograms show a larger reduction in standard deviation with ERA-5 corrections (Fig. 7 a, b). HRES performs better than ERA-Interim, as 66% of the interferograms show a larger reduction in standard deviation with HRES (Fig. 7 c). Finally, ERA-5 corrections lead to decrease the standard deviation of 81% of the interferograms, hence to remove a large part of the atmospheric contribution from a dataset (Fig. 7 d). We cannot explain why 19% of the interferograms see their standard deviation increasing. We assume that reanalysis performs poorly on that particular location for this time.

We have shown that ERA-5 performs better than ERA-Interim and HRES. ERA-5

products allow to remove a large part of the signal due to atmospheric delays in more than 2/3 of an interferogram dataset. But as ERA-5 corresponds to reanalysis products, these are available with a delay of three months and thus cannot be used for real-time monitoring, contrary to HRES forecast which is published within a day. In general, when available, ERA-5 should be the default choice for corrections while HRES still provides a good first order correction.

6 Spatial variations of the quality of ERA-5 atmospheric corrections

The standard deviation σ is an overall estimate of the quality of the correction, at the scale of an interferogram. As the width of Sentinel-1 images is 250 km, multiple ERA-5 grid nodes are included in our correction, leading to potential lateral variations in the quality of atmospheric corrections.

To assess whether ERA-5 atmospheric corrections are spatially homogeneous, we choose two interferograms, one combining acquisitions of the 11 th January and 24 th

March 2018, well corrected with ERA-5, and the other combining acquisitions of the 27 th January and 15 th May 2015, poorly corrected with ERA-5. For both interferograms, the expected deformation signal is negligible (a few mm) with respect to atmospheric delays. We divide them in 100x100 pixels windows (Fig. 8). In each window, we compute the standard deviation of the interferogram corrected with ERA-5, σ ERA-5 , and the standard deviation of the original interferogram, σ orig . We estimate each variance reduction ∆V , given by,

∆V = 1 - (σ ERA-5 ) 2 (σ orig ) 2 × 100. (5) 
A positive variance reduction means a reduction of standard deviation between original and corrected interferogram, hence reflects an efficient atmospheric correction.

In the first example, standard deviations of original and corrected interferograms equal respectively 2.2 and 0.7 cm, meaning ERA-5 products predict well the phase delay. The resulting variance reduction is positive almost everywhere on the interferogram (Fig. 8a), between 50 and 80%, except in the south where it reaches -100%.

In this example, the high spatial and temporal resolution of ERA-5 products leads to predict the phase delay both in the vicinity of the Black Sea and inland but fails in regions where turbulences are observed (see Fig. 5h). In the second example, standard deviations of original and corrected interferograms equal respectively 2.2 and 3.0 cm, meaning ERA-5 products poorly predict the phase delay. The resulting variance reduction is highly heterogeneous in space (Fig. 8b). Positive values equal 40% in the south and negative values vary between -20 and -100% in the north, and seem to correspond to mountainous regions (Fig. 8c). Contrary to the first example, the long-wavelength signal cannot be removed with ERA-5 predictions.

We have shown that in case of an efficient atmospheric correction, where the standard deviation of the original interferogram decreases, the quality of ERA-5 corrections is homogeneous in space and local loss of quality could be attributed to turbulences. In cases of poor atmospheric corrections, some parts of an interferogram may still be well corrected.

7 A quantitative assesment of the quality of ERA-5 uncertainty products

ERA-5 products are provided with 10 ensemble members, which are each one a realisation of the state of the atmosphere at the time of a reanalysis. A 4D-Var reanalysis provides the PDF of the state variables after assimilation of atmospheric data and ERA-5 gives the mean of this distribution and 10 ensemble members at a lower resolution (62 km and 6 hours). We use these ensemble members to estimate uncertainties on ERA-5 corrections. We first show an example of uncertainty map derived from 10 ensemble members of ERA-5 products for a single interferogram. We then discuss the potential of such uncertainty map for decision-making tool for atmospheric corrections.

7.1 Uncertainty map computed from the 10 ensemble members of ERA-5

We consider the example of the interferogram combining acquisitions of the 11 th January and 24 th March 2018, described in previous sections (Fig. 9 a andc). We compute 10 delay maps associated with the 10 members of the ensemble. We then derive a map of standard deviation following:

σ ij = 1 M M a=1 (d a -d) 2 , ( 6 
)
where σ ij is the standard deviation of a given pixel with coordinates i and j, M is the number of ERA-5 members, d a is the delay value for this member and d the mean of delay values for pixel ij (Fig. 9 d). The map of standard deviation is a measure of the spread of the 10 members at each pixel of the interferogram. In other words, it provides an estimate of uncertainties on ERA-5 delay maps.

In this example, most of the standard deviation values vary between 0.2 and 0.3 cm, meaning ERA-5 delay maps are consistent within 0.3 cm between the 10 ensemble members, hence values of the predicted delay computed with original ERA-5 are reliable. Standard deviation reaches 0.7 cm in a small fraction of the northeastern part of the interferogram. Here, delays are less consistent and predictions should then be less reliable. Interestingly, standard deviations seem to correlate with topography (Fig. 9b andd). In this case, lowest values of standard deviation correspond to mountainous regions and highest values to valleys. This might be due to the overall lower delay values at higher elevation.

In the light of these results, we investigate the usefulness of uncertainty maps to help to decide whether to correct an interferogram or not.

Temporal variations of ERA-5 uncertainties

We evaluate whether ERA-5 uncertainties fluctuate seasonally hence if there are times when uncertainties are so high that the resulting predictions are not reliable.

We compute uncertainty maps associated with delay maps of the entire dataset of interferograms (333). We then compute the mean standard deviation of each uncertainty map and plot it over time (Fig. 10 a andb). We can see that 79% of the mean standard deviations range between 0 to 0.75 cm, indicating that predictions could be considered reliable. But there are significant variations in uncertainties over time. Standard deviations vary between 0.3 to 1.5 cm and may reach 2 cm between the end of 2014 to the middle of 2016 while they are lower than 0.5 cm after the summer of 2016.

This decreasing trend reflects that as the quality of observations fed in the reanalysis As uncertainties fluctuate seasonally, it would be interesting to assess if atmospheric corrections display the same pattern. To do so, we plot the temporal evolution of variance reduction of the interferograms dataset (Fig. 10 c). Contrary to uncertainties, the variance reduction does not exhibit any seasonal fluctuations. Going further, uncertainties can be large while corrections perform nicely (Fig. 10 d). Even if 66%

of the efficient corrections corresponds to low uncertainties on delay maps, 13% of the efficient corrections where performed with products with high uncertainties. Additionally, 16% of poor corrections where performed with products with low uncertainties.

Therefore, uncertainty maps cannot be used to assess whether corrections should be used or not. The good side is that corrections can be efficient even if uncertainties on delay maps are high.

Spatial variations of ERA-5 uncertainties

Rather than temporal fluctuations, it would be interesting to know whether spatial variations of uncertainties within an interferogram could provide informations on the resulting correction. In other words, their might be a scale issue between uncertainties and delay correction performance.

Considering the two examples of figure 8, where one interferogram is well corrected and the other poorly corrected with ERA-5, we represent the variance reduction function of the ERA-5 uncertainties for all 100x100 pixels windows (Fig. 11). In both cases, negative variance reductions (i.e. poor corrections) do not correspond to high uncertainties on ERA-5 delay. This lack of correlation between spatial variations of variance reductions and uncertainties depicts that even if uncertainties on predicted delays are high in a given region of an interferogram, the resulting correction may be efficient. Therefore, uncertainty maps should not be used as a proxy for the quality of the delay correction and this, regardless of the size of the considered interferogram.

8 Contribution of the spatio-temporal resolution of ERA-5

We now illustrate the characteristics of ERA-5 that differ from previous reanalysis and could explain the better performance of ERA-5.

One important difference between ERA-5 and ERA-Interim is the spatial and temporal resolutions (cf sections 3.1 and 3.2). We evaluate the influence of the improvement of ERA-5 spatio-temporal grid size since the previous reanalysis. We first downgrade ERA-5 products from the initial 30 km grid to 80 km, thus reducing the spa-tial increment to a resolution identical to ERA-Interim (case 1). We also downsample ERA-5 products from 1 hour to 6 hours, thus reducing the temporal increment to a resolution identical to ERA-Interim (case 2). We finally downsample ERA-5 both in space and time, thus reducing spatio-temporal increments to resolutions identical to ERA-Interim, respectively 80 km and 6 hours (case 3). We compute delay maps and perform corrections with these spatio-temporally downsampled ERA-5 predictions. We compare those corrections to those predicted from ERA-Interim and to ERA-5 original resolution corrections. We use a Kernel Density Estimation (KDE) approach to derive the Probability Density Function (PDF) of the standard deviation of each corrected product (Fig. 12; [START_REF] Waskom | Seaborn Python Library[END_REF].

To first order, the PDF of ERA-Interim variance reduction is centered on 40%, while that of ERA-5 is centered on ∼ 50%. If we temporally downsample ERA-5 (30km/6hr) we obtain a distribution comparable to that of the native ERA-5 (30km/1hr), centered on 55%, except for some extreme values of variance reduction (red arrow). In this case, increasing the temporal resolution of ERA-5 from 6 to 1 hour helps to correct some interferograms poorly corrected with a time step of 6 hours (i.e. extreme values).

If we spatially downsample ERA-5 (80km/1hr), the mode of the distribution of variance reductions does not change but there is more extreme values (green arrow), meaning atmospheric corrections are worse than those of original and temporally downsampled ERA-5 models. In this case, decreasing the spatial resolution of ERA-5 from 30 to 80 km leads to poor predictions of atmospheric delays. If we spatio-temporally downsample ERA-5 (80km/6hr) the resulting PDF is superimposed on the PDF of the spatially downsampled ERA-5 PDF (80km/1hr).

The improvement in grid size of ERA-5 is therefore a key feature for the quality of atmospheric corrections. Decreasing node size from 80 km (such as ERA-Interim) to 30 km (original ERA-5) leads to better predictions of atmospheric delay. The finer time steps of ERA-5 is a second-order improvement, which only affects the quality of correction of a few interferograms. Finally, as ERA-5 remains better than ERA-Interim, even when downsampled to a similar grid, we conclude that the overall assimilation procedure is more effective at reproducing the state of the atmosphere at the time of SAR acquisitions.

Conclusion

We have emphasized that ERA-5, the latest reanalysis delivered by ECMWF, is the We have demonstrated that even if ERA-5 is provided with 10 ensemble members, the estimation of uncertainties on delay maps computed from these products cannot be used to assess when and where ERA-5 delay is more or less consistent. Actually, even if uncertainties on the delay are high, the correction can be efficient.

We have manually downgraded ERA-5 dataset in space and time to study the effect of such parameters on atmospheric corrections. We have seen that downsampling ERA-5 in time from 1 hour to 6 hours does not significantly change results. On the other hand, downsampling ERA-5 in space from 30 km to 80 km significantly decreases the quality of atmospheric corrections. The finer the spatial resolution of the atmospheric model, the better the correction will be. Considering geophysical applications, the next 

  4 a). However, delays mostly depend on the wet component (Fig. 3 b and Fig. 4 b). Differences in dry delay are close to zero (Fig. 3 c and Fig. 4

  wavelength signals, ranging from tens to a hundred kilometers. Focusing on the northwestern part of the interferogram (cf Fig.5), where phase correlates significantly with topography, ERA-5 predicted delay removes the entire signal due to atmospheric delays from the original interferogram, here corresponding to a range change of 3 cm (Fig.6 a and b). The phase of the corrected interferogram is no longer affected by atmospheric effects (Fig.6 c), as shown by the lack of a relationship between phase and topography (Fig.6bottom).

  increase with time, the resulting uncertainties decrease. The transition between high and low values of standard deviations in the middle of 2016 almost coincides with the date of production of ERA-5, which started in early 2016[START_REF] Hersbach | ERA5 reanalysis is in production[END_REF], as fewer observations are available before this period, uncertainties may be higher for ERA-5 products older than 2016. Standard deviations also show seasonal fluctuations, with high values in winters and low values in summers, except for few cases during the summer of 2015 and 2016.

  best model from ECMWF to perform atmospheric corrections. In the North Anatolian fault case study, ERA-5 corrections remove a large part of the signal related to the atmosphere in almost the entire interferogram dataset, thus keeping only the signal related to the deformation. It can be noted that as ERA-5 is a reanalysis product, data are available with a delay of three months thus real-time monitoring applications cannot be considered. The comparison between HRES model and the two reanalysis, ERA-Interim and ERA-5, have shown that HRES could be an alternative to reanalysis products. It provides almost the same results as ERA-5 and without a delay in data delivery, therefore being useful for real-time monitoring applications.
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 1 Figure 1: Spatio-temporal resolutions of a) ERA-Interim, b) ERA-5 and c) HRES datasets, on central Turkey. Red box represents the InSAR footprint area.
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 234567 Figure 2: Elevation profiles of inter-model differences in a) pressure, b) temperature and c) humidity for 171 dates spanning October 2014 to September 2018.
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 810 Figure 8: a) Variance reduction for an interferogram combining acquisitions of the 11 th January and 24 th March 2018, where phase delays are well corrected using ERA-5. b) Variance reduction for an interferogram combining acquisitions of the 27 th January and 15 th May 2015, where phase delays are poorly corrected using ERA-5. c) DEM.33
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 1112 Figure11: Variance reductions function of standard deviations of ERA-5 uncertainties a) for an interferogram where phase delays are well corrected using ERA-5 and b) for an interferogram where phase delays are poorly corrected using ERA-5 (cf Fig.8). Each dot corresponds to a 100x100 km window.

Table 1 :

 1 Differences between ERA-Interim, ERA-5 and HRES datasets.

	Dataset	Spatial	Temporal Pressure
		resolution resolution	levels
	ERA-Interim	80 km	6 hours	37
	ERA-5	30 km	1 hour	37
	HRES	9 km	6 hours	25