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Abstract

:

Remote sensing of atmospheric hydrogen fluoride (HF) is challenging because it has weak absorption signatures in the atmosphere and is surrounded by strong absorption lines from interfering gases. In this study, we first present a multi-year time series of HF total columns over Hefei, China by using high-resolution ground-based Fourier transform infrared (FTIR) spectrometry. Both near-infrared (NIR) and mid-infrared (MIR) solar spectra suites, which are recorded following the requirements of Total Carbon Column Observing Network (TCCON) and Network for the Detection of Atmospheric Composition Change (NDACC), respectively, are used to retrieve total column of HF (THF) and column-averaged dry-air mole fractions of HF (XHF). The NIR and MIR observations are generally in good agreement with a correlation coefficient (R) of 0.87, but the NIR observations are found to be (6.90 ± 1.07 (1σ)) pptv, which is lower than the MIR observations. By correcting this bias, the combination of NIR and MIR observations discloses that the XHF over Hefei showed a maximum monthly mean value of (64.05 ± 3.93) pptv in March and a minimum monthly mean value of (45.15 ± 2.93) pptv in September. The observed XHF time series from 2015 to 2020 showed a negative trend of (−0.38 ± 0.22) % per year. The variability of XHF is inversely correlated with the tropopause height, indicating that the variability of tropopause height is a key factor that drives the seasonal cycle of HF in the stratosphere. This study can enhance the understanding of ground-based high-resolution remote sensing techniques for atmospheric HF and its evolution in the stratosphere and contribute to forming new reliable remote sensing data for research on climate change.
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1. Introduction


As a long-lived and chemical stable species in the stratosphere, hydrogen fluoride (HF) is a dominant reservoir of stratospheric fluorine species [1,2]. HF has a stratospheric lifetime on the order of more than 10 years [3]. Stratospheric HF is mainly produced from the photolysis of anthropogenic chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) [4,5]. Typically, stratospheric HF is removed by either transport downward to the troposphere and then wet deposited along with rainfall or transport upward to the mesosphere, where it is destroyed by photolysis [6,7]. Because anthropogenic fluoride emissions are major sources of HF, the variability of HF provides a significant implication for evaluating the emissions of anthropogenic fluoride species [3,7]. Furthermore, monitoring HF as part of the atmospheric fluorine family plays an important role in assessing the fluorine budget, particularly as anthropogenic emissions of fluorine species, many of which are ozone-depleting and all of which are greenhouse (GHG) gases, have varied substantially over time. Indeed, monitoring the growth of stratospheric HF, which has slowed in recent years, is an important marker for the success of the Montreal Protocol (in addition to monitoring stratospheric HCl).



The interannual trend of HF over the past decades has been estimated by many scientists, with measurements derived from ground-based, spaceborne, balloon, or airborne platforms. Rinsland et al. (2005) [8] reported a slowing down increasing trend of HF near 30° N latitude by comparing the spaceborne Fourier transform infrared (FTIR) measurements in 1985 and 1994 from the Atmospheric Trace Molecule Spectroscopy (ATMOS) experiment with the solar occultation measurements and in 2004 from the Atmospheric Chemistry Experiment–Fourier Transform Spectrometer (ACE–FTS). Harrison et al. (2015) [7] analyzed global interannual trends of HF by various observation methods. They revealed a substantial slowing down of the growth rate of HF since the 1990s, namely, 4.97 ± 0.12%/year (1991–1997; the Halogen Occultation Experiment (HALOE)), 1.12 ± 0.08%/year (1998–2005; HALOE), and 0.52 ± 0.03 %/year (2004–2012; ACE–FTS). However, Steffen et al. (2019) [2] found the interannual trend of HF is 0.83 ± 0.07%/year from 2004 to 2011 (ACE–FTS), which is higher than the result of Harrison et al. (2015). With ground-based FTIR measurements affiliated to the Network for the Detection of Atmospheric Composition Change (NDACC), Mikuteit et al. (2008) [4,9] reported an increasing interannual trend in the HF column by 1.0 ± 0.3%/year from 1996 to 2008 over Kiruna, Sweden. Meanwhile, Kohlhepp et al. (2011) [10] found an increasing interannual trend in HF total column by 0.5%/year–2%/year at most NDACC stations between 2000 to 2009.



High-resolution direct solar FTIR spectrometry is the most precise ground-based remote sensing technique to derive column-averaged abundances of greenhouse gases (GHGs) or mixing ratio profiles of many other trace gases [11,12,13,14]. Currently, both the two well-established operational observation networks, i.e., the NDACC and the Total Carbon Column Observing Network (TCCON, http://www.tccon.caltech.edu/, accessed on 2 December 2020), use high-resolution FTIR spectrometers to record direct sun spectra. Both networks have operated internationally for more than t10 years and the results are widely used in atmospheric physics and chemistry [11,12,13,14,15]. There are more than 20 ground-based FTIR sites around the globe, and some of them are affiliated with both NDACC and TCCON networks [16,17]. HF is one of the target gases of both networks. However, most FTIR instruments are located in Europe and North America, but the number of observation sites in the rest parts of the world remains scarce, and there is only one qualified observations site in China, i.e., the Hefei site (117°E, 32°N, 30 m above sea level (a.s.l.)) located in a densely populated and industrialized area in eastern China [18]. As a result, the coverage of ground-based HF measurements around the globe remains sparse [18,19,20,21,22,23,24].



In this study, we first present and analyze the variability of HF over densely populated and industrialized eastern China by using ground-based high-resolution FTIR spectrometry. The HF retrievals with near-infrared (NIR) and mid-infrared (MIR) observations are compared. The seasonality and interannual variability of HF over Hefei, eastern China from 2015 to 2020 are investigated with the combination of NIR and MIR observations. Finally, the potential factors that drive the observed seasonality of HF are analyzed. This study can enhance the understanding of ground-based high-resolution remote sensing techniques for atmospheric HF and its evolution in the stratosphere and contribute to new reliable remote sensing data in this sparsely monitored region for research on climate change.



This study is organized as follows. The next section describes the methodology including site description and instrumentation, retrieval strategies for NIR and MIR observations, the second regression model for determining the seasonal and interannual variabilities of HF, strategies for comparing NIR and MIR retrievals, and the data filter criteria. Section 3 reports the results for comparison between NIR and MIR retrievals, and the seasonality and interannual trend of HF over Hefei. Section 4 investigates potential factors driving the observed variability of HF. We conclude this study in Section 5.




2. Materials and Methods


2.1. Site Description and FTIR Instrumentation


The ground-based high-resolution FTIR observation site (117°10′E, 31°54′N, 30 m a.s.l.) is located in the western suburbs of Hefei (the capital of Anhui Province) in central-eastern China. This FTIR observatory is operated by the Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences (AIOFM–CAS), which has recorded solar spectra since April 2014 [18,19,20,21,22,23,24]. As one of the few FITR stations in Asia, FTIR observations at Hefei have been used extensively for evaluation of satellite data [21,22], chemical model simulation [21,23,24], local air quality [18,25], and the transport of air pollutants caused by anthropogenic and biomass burning emissions [18,26].



The FTIR observatory at Hefei consists of a high-resolution FTIR spectrometer (IFS125HR, Bruker GmbH, Ettlingen, Germany), a solar tracker (Tracker-A Solar 547, Bruker GmbH, Ettlingen, Germany), and a weather station (ZENO 3200, Coastal Environmental Systems, Inc., Seattle, USA). The instrument has been operating almost continuously since its installation in April 2014; however, short data gaps of up to two months have occurred due to an interferogram problem between December 2014 and February 2015. Before July 2015, the FTIR instrument was operated following the TCCON requirements and only recorded NIR solar spectra. Thereafter, we set up the FTIR instrument to run the NDACC observations in the MIR spectral range. Henceforth, this FTIR observatory alternately recorded NIR and MIR solar spectra in routine observations [21]. The NIR and MIR spectra are recorded with different spectral resolutions but both of them can be used to retrieve total columns and volume mixing ratio (VMR) profiles of a variety of trace gases in the atmosphere.



The FTIR instrument at Hefei contains nine optical compartments that can reach a maximum optical path difference (OPD) of 900 cm. Calculated as the empirical formula of 0.9/OPD, this instrument can reach the highest spectral resolution of 0.001 cm−1. However, the NIR and MIR spectra are recorded with a spectral resolution of 0.02 cm−1 and 0.005 cm−1, respectively, to follow the TCCON and NDACC conventions. These spectral resolutions are sufficient to resolve the optical absorption structure of all gases in the atmosphere because atmospheric absorption lines of all gases are expanded as a result of pressure and temperature broadening. Using these proper resolutions rather than the highest nominal spectral resolution speeds up the spectral acquisition and modeling time without deteriorating the observation accuracy. In this study, the instrument is equipped with a KBr beam splitter, an indium antimonide (InSb) detector, and a filter centered at 4200 cm−1 for HF measurements in the MIR range, and a CaF2 beam splitter and an InGaAs detector for HF measurements in the NIR range. For the NIR spectra, the entrance field stop size was restricted to 1 mm for all measurements. For the MIR spectra, the entrance field stop size ranging from 0.80 mm to 1.5 mm was employed to maximize the signal-to-noise ratio (SNR) consistent with the maximum frequency possible for the selected wavenumber range. The number of measurements within a day varies from 1 to 30.




2.2. Retrieval Strategy for NIR Spectra Suite


The NIR spectra suite were processed with the TCCON standard analysis software GGG [13] (https://data.caltech.edu/records/293, accessed on 2 December 2020). GGG is a suite of software tools centrally maintained at the Jet Propulsion Laboratory, California Institute of Technology (JPL, Caltech) to derive the total column of atmospheric trace gases from NIR solar spectra. Each TCCON site uses the same version of the software and the processing procedures to make sure the retrievals are consistent from site to site [27]. In this study, the latest version of the GGG 2014 was used. The first step is to convert the raw data (interferograms) into spectra, using a subroutine procedure called interferogram-to-spectrum (I2S). A priori profiles of pressure, temperature, and H2O are from the National Center for Environmental Protection/National Center for Atmospheric Research (NCEP/NCAR) reanalysis. A subroutine procedure called “GSETUP” is then run to generate a priori profiles of HF and other trace gases. This procedure takes into account a series of problems, including a secular increase, interhemispheric gradient, seasonal cycle, and stratospheric decay based on the age of air. The spectra are then passed into the nonlinear least-squares spectral fitting subroutine “GFIT” that iteratively scales the a priori profiles to generate forward-modeled spectra until the best fit to the measured spectrum (Figure 1).



In addition to HF retrieval, the O2 total column is also retrieved to convert the HF total column into column-averaged dry-air mole fractions of HF (XHF). The retrieval setups for HF and O2 in NIR spectra suite using GGG2014 are summarized in Table 1 [28]. As described in Wunch et al. (2011) [13] and Wunch et al. (2015) [27], HF is retrieved in the 4038.79–4039.11 cm−1 spectral window, and O2 is retrieved in the 7765.0–8005.0 cm−1 spectral window. The interfering absorption of H2O is considered in the HF window, and the interfering absorptions of H2O, HF, and CO2 are considered in the O2 window. Spectroscopic absorption parameters of all gases are based on the HITRAN (High Resolution Transmission) 2008 line-list database [29,30]. To calculate XHF, the HF total column is divided by the total column of dry air, which is deduced by using a co-retrieved O2 total column divided by an assumed dry-air mole fraction of O2 (0.2095).


     TC   air   =     TC    O 2      0.2095     



(1)




where TCair represents the total column of dry air and TCO2 represents the total column of O2. As a result, XHF can be expressed as


    X  HF   =     TC   HF       TC   air     =     TC   HF       TC    O 2      × 0.2095   



(2)







In order to achieve consistent results between different FTIR sites around the globe, the TCCON network has developed a strict data acquisition and retrieval algorithm to attempt to minimize the site-to-site difference. Because the NIR spectra acquisition and retrieval at Hefei follow the TCCON convention, we assume the error budget for HF within the TCCON network applies to that at Hefei. Wunch et al. (2011) [13] proceeded a sensitivity study, whereby each source of error is perturbed by a realistic amount in the GFIT forward model, and the fractional difference for each error source, relative to the unperturbed case, is computed. These sensitivities are computed for spectra from a clear day in Lamont, over a large difference in atmospheric water vapor, and a large range of solar zenith angles (SZAs) and surface temperatures. The total error is the sum in quadrature of each individual uncertainty. HF has only a single absorption line located on the edge of a strong water absorption line, so the retrievals tend to be quite noisy, especially at high solar zenith angles. According to the sensitivity study by Wunch et al. (2015) [27], the total errors of XHF are at or less than 8% below 80° SZAs. The dominant sources are the a priori profile shape, shear misalignment, and angular misalignment. The a priori profile and the averaging kernel (AVK) matrix for HF retrieval with GGG2014 are shown in Figure 2. It shows that HF retrievals at Hefei with NIR spectra suite have a sensitivity of larger than 0.5 above ~15 km and are SZA independent, indicating that the retrievals are mainly sensitive to the stratosphere regardless of observation scenario. This also means that the retrieval information with NIR spectra suite in the stratosphere comes for more than 50% from the measurement, or in other words, that the a priori information impacts the retrieval by less than 50%.




2.3. Retrieval Strategy for MIR Spectra Suite


The SFIT4 (version 0.9.4.4) algorithm is used to retrieve the vertical VMR profiles of HF from the MIR solar spectra suite. Micro windows (MWs) selection and the interfering gases consideration in this study follow the NDACC recommendation (https://www2.acom.ucar.edu/irwg/links, last access on 31 December 2020). The retrieval inputs for HF are summarized in Table 2. The monthly mean profiles of all gases except water vapor (H2O) from the statistical averages of the Whole-Atmosphere Community Climate Model (WACCM) version 6 simulations from 1980 to 2020 are used as the a priori profiles of the corresponding gases. The a priori profiles of H2O, pressure, and temperature are interpolated from the National Centers for Environmental Protection/National Center for Atmospheric Research (NCEP/NCAR) six-hourly reanalysis data [28]. A narrow MW of 4109.4–4110.2 cm−1 was used to retrieve the VMR profile of HF. In this retrieval window, CH4, HDO, and H2O show absorption interference with HF. In order to minimize these atmospheric absorption interferences, the VMR profile of H2O and total columns of CH4 and HDO were also retrieved together with the HF VMR profile. No de-weighting signal-to-noise ratio (SNR) is used for HF. The same as the usage in HF retrieval with NIR spectra suite (Section 2.2), the spectroscopic line parameters of all gases are also provided by the HITRAN 2008 database [29,30].



With respect to retrieval regularization, the diagonal elements of the measurement noise covariance matrix Sɛ were set to the square inverse of the SNR of each fitting spectrum, and its non-diagonal elements were set to zero. For all gases, we set the diagonal elements of a priori profile covariance matrices Sa to standard deviations of the WACCM model results from 1980 to 2020, and their non-diagonal elements to zero. We included the real instrumental line shape (ILS) derived from a low-pressure HBr cell measurement with the LINEFIT 145 package in the retrieval [26,31,32].



The vertical information of the FTIR retrieval can be characterized by the AVK matrix A. The area of A indicates the retrieval sensitivity at each vertical layer. The degrees of freedom for signal (DOFS), which was calculated by the trace of A represents the number of independent information contained in the retrieval. The a priori and retrieved profiles, the cumulative sum of DOFS, and the AVKs and their area for randomly selected HF retrieval with MIR spectra suite at Hefei are shown in Figure 2a–c, respectively. Ground-based FTIR measurement of HF at Hefei in the MIR range has a sensitivity of larger than 0.5 from about 18 km to 38 km altitude, indicating that the MIR retrieval is mainly sensitive to the stratosphere. This also means that the retrieved profile information in the stratosphere comes for more than 50% from the measurement, or in other words, that the a priori information impacts the retrieval by less than 50%. The typical DOFS obtained at Hefei over the total atmosphere for HF is 1.76, meaning that we can get less than two pieces of information on the vertical profile. As a result, only total columns of HF or column-averaged dry-air mole fractions of HF are discussed in this study and not vertical profiles. The retrieved total column tends to be strongly influenced by surface pressure, and hence, topography. Column-averaged dry-air mole fraction is less sensitive to the variations in surface pressure and atmospheric water vapor than the total column. This characteristic is advantageous for atmospheric cycle studies because it permits direct comparisons of the measurements during different seasons between sites and with in situ measurements [27]. The total column of HF is calculated by integrating the retrieved HF VMR profile from the surface to the top of the atmosphere. The XHF value is calculated by taking a weighting average of the HF VMR profile and the air mass over the total atmosphere. As shown in Figure 2, the shape of the retrieved profile is similar to the shape of the a priori profile due to the low DOFS and is heavily weighted toward the stratosphere.



The formalism of Rodgers [33] was used to calculate the error budget of HF at Hefei [33,34]. We separated all error components into systematic or random errors depending on whether they are constant over consecutive measurements, or vary randomly. In this study, the random error contains temperature uncertainty, retrieval parameter uncertainty, interfering species uncertainty, measurement error, and smoothing error. The systematic error contains background curvature uncertainty, optical path difference uncertainty, field of view uncertainty, solar line shift uncertainty, solar line strength uncertainty, phase uncertainty, line temperature broadening uncertainty, line pressure broadening uncertainty, and line intensity uncertainty. Table 3 summarizes the random, systematic, and the combined error budget for HF retrieval demonstrated in Figure 2. The input covariance matrix of temperature has been estimated using the differences between an ensemble of NCEP and Sonde temperature profiles near Hefei, leading to 2 K to 5 K in the troposphere and 3 K to 7 K in the stratosphere. For each interfering species, the associated covariance matrix was obtained with the WACCM v6 climatology. The input covariance matrix of measurement error is based on the inverse square of the SNR of each spectrum. The FTIR instrument at Hefei is assumed to be not far from the ideal condition, and the input uncertainties for background curvature, optical path difference, the field of view, and interferogram phase are estimated to be 0.1%. Solar line strength and shift uncertainties are also estimated to be 0.1%. For the HF spectroscopic parameters, we use 5% for line intensity, pressure, and temperature-broadening coefficients. For each individual retrieval parameter and the smoothing error, the input covariance matrix is prescribed from the optimal estimation retrieval output.



We see from Table 3 that the dominant random error for HF retrieval at Hefei is temperature uncertainty (0.41%) and the dominant systematic error is line intensity uncertainty (5.0%). Total random and systematic errors are estimated to be 0.51% and 5.15%, respectively. Total retrieval error calculated as square root sum of the squares of totally random and systematic errors is estimated to be 5.18%.




2.4. Regression Model for Seasonality and Interannual Trend


We have used a bootstrap resampling model to determine the seasonality and interannual variability of HF from 2015 to 2020 over Hefei, China. The resampling methodology follows that of Gardiner [35], where a second Fourier series plus a linear function were used to fit multi-year time series of XHF daily mean. The measurements are used on a daily basis to lower the regression residual and improve the fitting correlation. Many studies have verified the robustness of Gardiner’s methodology in modeling the seasonality and interannual variabilities of a series of atmospheric species. In this study, the relationship between the measured XHF daily mean time series and the regression model can be expressed as


   V  (  t ,  b   )  =  b 0  +  b 1  t +  b 2  cos  (    2  π t    365    )  +  b 3  sin  (    2  π t    365    )    



(3)






   F  (  t , a ,  b   )  = V  (  t ,  b   )  + ε  ( t )    



(4)






    d %  =   F  (  t , a ,  b   )  − V  (  t ,  b   )    F  (  t , a ,  b   )    × 100 %   



(5)




where    F  (  t , a ,  b   )     and    V  (  t ,  b   )      represent the measured and fitted XHF time series, respectively. The parameters b0, b1, b2, and b3 contained in the vector b are coefficients obtained from the bootstrap resampling regression fit with    V  (  t ,  b   )    . b0 is the intercept, b1 is the annual growth rate, and b1/b0 is the interannual trend discussed below. The b2–b3 parameters describe the seasonal cycle, t is the measurement time (fractional of the year) elapsed since 2015, and ε(t) represents the residuals between the measurements and the fitting model. Note that the autocorrelation in the residual can increase the uncertainty in the calculation of interannual trends. In order to take into account this influence, we incorporated the error arising from the autocorrelation in the residual into the uncertainty in the trend following the procedure of Santer et al. (2008) [36]. In addition, fractional differences of FTIR XHF time series relative to their seasonal mean values represented by    V  (  t ,  b   )     were calculated in Equation (5) to analyse seasonal enhancements.




2.5. Strategy for Comparing the NIR and MIR Retrievals


The NIR and MIR observations over Hefei were performed using the same instrument, however, the acquisition hardware, including the detector, beam-splitter, and optical filter, and the retrieval strategies, including retrieval micro windows, spectral modeling method, and the iterative scheme for these observations are different, which would cause the difference in retrieval results. According to Rodgers (2000) [33], the retrieved FTIR (NIR and MIR) HF total column related to the true state of the atmosphere and the a priori information can be expressed as


     TC  r  =   TC  a  + A  (    PC  t  −   PC  a   )  + ε   



(6)




where      TC  r     and      TC  a     are the retrieved and a priori HF total columns, respectively;      PC  a     and      PC  t     are the a priori and the true HF partial columns, respectively; A is the column averaging kernels (AVKs) of the NIR and MIR retrievals, representing the vertical sensitivity of the retrieved HF to the true state; and   ε   is the error. As a result, the difference in HF total column between NIR and MIR measurements (THF,NIR and THF,MIR) can be represented as follows:


    T  HF , NIR   −  T  HF , MIR   =  (   X  NIR   apriori   −  X  MIR   apriori    )  +  (   A  NIR   −  A  MIR    )   X  true   +  (   A  NIR    X  NIR   apriori   −  A  MIR    X  MIR   apriori    )    



(7)




where ANIR and AMIR represent the AVKs of the NIR and MIR retrievals, respectively. Xtrue is the XHF in the real state and     X  NIR   apriori      and     X  MIR   apriori      are a priori profiles of HF for NIR and MIR measurements. Therefore, apart from the different sensitivity of the forward model to the underlying true state in different retrieval windows, e.g., on account of spectroscopic differences, the following two factors dominate the differences between NIR and MIR measurements: (a) the differences in a priori profiles and (b) the differences in AVKs. In order to compare the NIR and MIR data properly, we followed the method of Rodgers et al. (2003) [34] and mapped all NIR data into MIR retrieval scenarios by using the MIR AVKs and a priori profiles. First, the NIR daily mean profiles of HF were interpolated to the MIR altitude grid to ensure a common altitude grid. The a priori profile correction is then applied to the interpolated NIR profiles by


    X  NIR  ′  =  X  NIR   +  (   A  NIR   − I  )   (   X  NIR   apriori   −  X  MIR   apriori    )    



(8)




where        X    NIR      is the original NIR data,     X  NIR  ′     is the a priori profile corrected NIR data,    I    is the unity diagonal matrix. Afterward, the smoothing correction is applied to the a priori profile corrected NIR data by


    X  NIR    ″    =  X  MIR   apriori   +  A  MIR    (   X  NIR  ′  −  X  MIR   apriori    )    



(9)




where     X  NIR    ″       is the result after a priori profile and smoothing corrections, and we use it to compare with the corresponding MIR data.




2.6. Data Filter Criteria


In order to exclude the measurements seriously affected by unstable weather conditions or by the a priori profile due to low measurement information content in less favorable observational conditions, we established a series of filter criteria to remove the outliers by setting certain thresholds for measurement intensity, fitting error, DOFS, and fitting residuals. Measurements satisfying the criteria as follows were classified as valid and were subsequently used in the analysis. With these criteria, 22.4% of FTIR measurements were excluded.



(1) Spectra recorded with incident signals lower than a threshold are discarded to ensure adequate SNRs. Meanwhile, spectra recorded with incident signals higher than a threshold are also discarded to avoid non-linearity in the detector. Specifically, for NIR spectra recorded with CaF2 beam splitter, the signal intensity should lie in between 8000 and 25,000 direct current (DC) counts, and for MIR spectra recorded with InSb detector, the signal intensity should lie in between 10,000 and 20,000 DC counts;



(2) The auxiliary data such as solar intensity and meteorological data (at least surface pressure and temperature) should be recorded synchronously with the measurements. Otherwise, the measurements are screened out;



(3) The observed scene must be nearly cloud-free and not seriously affected by smog or unknown opaque object. The spectra recorded with a solar intensity variation (SIV) of larger than 10% were not used in this study. The SIV within the duration of a spectrum is the ratio of the standard deviation to the average of the sun intensities;



(4) The root mean square error (RMS) of the residual difference (the relative difference between measured and calculated spectra after the fit) in all fitting windows has to be less than 3% for NIR spectra and5% for MIR spectra;



(5) For profile retrieval with MIR spectra, the retrievals should be converged, and the concentrations of the target and interfering gases at each sub-layer should be positive. The total DOFs should be larger than 0.6 to ensure that the retrieval comes more from measurement rather than a priori information;



(6) The SZA should be less than 85° for both NIR and MIR spectra.





3. Results


3.1. Comparison between NIR and MIR Retrievals


In order to balance the number of NIR and MIR measurements, the NIR and MIR spectra are collected alternately in routine observations. This section compares the NIR and MIR HF measurements over Hefei to understand the discrepancies between these two datasets better and to know whether these two datasets can be combined to form more reliable data for evaluation, seasonal cycles, and long-term trend analyses. All NIR daily mean time series from 2015 to 2020 were mapped into the MIR retrieval scenarios following the procedures in Section 2.5 and compared with the concurrent MIR data. Figure 3a shows the comparison of the daily mean time series of XHF between NIR and MIR observations from 2015 to 2020. Figure 3b compares the seasonal cycles derived from Figure 3a through averaging the concurrent data pairs by month. Correlation plots of NIR measurements against MIR measurements are shown in Figure 4.



The results show that NIR and MIR XHF data exhibit consistent seasonality but the daily mean time series of NIR XHF data are generally lower than the MIR data, with an average difference of (6.90 ± 1.07) pptv (XHF,NIR − XHF,MIR). The monthly mean difference of NIR and MIR data shows the largest difference in April with a value of (−9.23 ± 7.15) pptv and the lowest difference in August with a value of (−0.79 ± 5.92) pptv (XHF,NIR − XHF,MIR). For all months, the monthly mean differences between NIR and MIR are within 10 pptv. Considering the amplitude of XHF is different seasonally, we further analyzed the variations of the fractional difference to minimize this seasonal influence. The fractional difference is calculated as the ratio of the absolute difference to the amplitude of each respective month. We found that the fractional differences between NIR and MIR are consistent throughout all seasons, i.e., they are season-independent. Overall, NIR XHF data are in good agreement with the MIR XHF data, with a correlation coefficient (R) of 0.87. As a result, we combine the two datasets to evaluate the seasonal cycles and long-term trend analyses of HF over Hefei. In a subsequent study, the mean bias of 2.15 pptv was applied to all individual NIR data.




3.2. Seasonal and Interannual Variabilities


In this part of the study, the combined time series of NIR and MIR observations were used to investigate the seasonal cycle and interannual trend of HF over Hefei, China. As shown in Figure 5, we have used the bootstrap resampling method of Gardiner et al. (2008) with a second Fourier series plus a linear function to fit the combined time series of XHF (Figure 5). Generally, the measured features in terms of seasonality and interannual variability from 2015 to 2020 can be reproduced by the bootstrap resampling model with a correlation coefficient (R) of 0.81. The seasonal cycle of HF derived from the combined data set is shown in Figure 6. As generally observed over Hefei, XHF showed clear seasonal features, namely, (1) high levels of XHF occur in the late winter to spring and low levels of XHF occur in later summer to autumn; (2) the variations in the late winter to spring are larger than those in later summer to autumn; and (3) seasonal cycle of XHF over Hefei shows a unimodal pattern, i.e., the seasonal peak occurs around March and the seasonal trough occurs around September.



The observed XHF showed a maximum monthly mean value of (64.05 ± 3.93) pptv in March and a minimum monthly mean value of (45.15 ± 2.93) pptv in September. The FTIR XHF values in March were on average (29.51 ± 5.22) % higher than those in September. In terms of the HF total column, the maximum and minimum monthly mean values are (1.28 ± 0.17) × 1015 molecules/cm2 and (0.57 ± 0.16) × 1015 molecules/cm2, respectively. The annual mean values of XHF and HF total column over Hefei are (53.70 ± 5.90) pptv and (0.97 ± 0.18) × 1015 molecules/cm2, respectively. As commonly observed, the seasonal HF enhancements spanned a narrow range of −42.0% to 50.0% depending on the season and measurement time (Figure 6). The observed HF time series from 2015 to 2020 showed a negative change rate of (−0.38 ± 0.22) % per year (Figure 5). Note that the calculation of the uncertainty in the trend in our study takes into account the autocorrelation in the residual, which increases the uncertainty. It turned out that, due to the chemical stable characteristic of HF in the stratosphere, the uncertainty in the trend is often too large to obtain significant value.





4. Discussion


In this part of the study, we investigate the potential factors that drive the observed seasonality of HF, which shows the maximum concentration in the late winter to spring and minimum concentration in later summer to autumn. Previous studies have found that the variability of chemical stable species such as hydrogen chloride (HCl) in the stratosphere is generally controlled by the variability of the tropopause height, i.e., the seasonal cycle of HCl is inversely correlated with the tropopause height. The higher the tropopause height, the lower the stratospheric HCl concentration, and vice versa [23,37]. As one of the chemical stable species clusters in the stratosphere, we compared the seasonal cycle of HF with the variability of tropopause height over Hefei. The tropopause height data used in this study were prescribed from GEOS-Chem chemistry transport model simulation driven by Goddard Earth Observing System-forward-processing (GEOS–FP) meteorological fields (ftp://rain.ucis.dal.ca/ctm/, accessed on 5 January 2021) at a horizontal resolution of 2° × 2.5° degraded from their native resolution of 0.25° × 0.3125°. The GEOS–Chem model outputs tropopause height around the globe at a temporal resolution of 1 hr and a spatial resolution of 2° × 2.5°. We only considered the tropopause height daily mean simulations from 2015 to 2020 in the grid box containing Hefei (31.52°–32.11°N by 116.53°–118.02°E).



Comparison between seasonal cycles of tropopause height and XHF over Hefei is presented in Figure 7. Correlation plots of daily mean time series of tropopause height against FTIR XHF measurements are shown in Figure 8. In contrast to the seasonal cycle of XHF, the tropopause height over Hefei showed a maximum monthly mean value of 16.31 km in August and a minimum monthly mean value of 13.76 km in March. The variability of XHF is inversely correlated with the tropopause height with a correlation coefficient (R) of −0.54. As a result, the variability of tropopause height is a key factor that drives the variability of HF in the stratosphere. With higher tropopause height in summer and autumn, more stratospheric HF moves downward to the troposphere and then is removed through wet deposition along with rainfall or destroyed by photolysis, resulting in lower stratospheric HF concentration in these seasons, and vice versa for higher stratospheric HF concentration in late winter and spring [23,37]. The mechanism between tropopause height and stratospheric HF transport mainly via the stratosphere-troposphere exchange (STE) process, rainfall, and dynamic transmission [38]. In addition, the photolysis destruction in summer to autumn is stronger than those in the winter to spring, which serves as an additional important role for driving the seasonal cycle of HF in the stratosphere [23,35].




5. Conclusions


Monitoring hydrogen fluoride (HF) as part of the atmospheric fluorine family plays an important role in assessing the fluorine budget. However, the coverage of global HF measurements remains sparse since it is challenging to find robust measurement techniques for this species that has weak absorption signatures in the atmosphere but surrounded by strong lines from interfering gases.



In this study, we first presented a multi-year time series of HF total columns over Hefei, China by using high-resolution ground-based Fourier transform infrared (FTIR) spectrometry. Both near-infrared (NIR) and mid-infrared (MIR) solar spectra suites, which are recorded following the requirements of Total Carbon Column Observing Network (TCCON) and Network for the Detection of Atmospheric Composition Change (NDACC), respectively, were used to retrieve total column of HF (THF) and column-averaged dry-air mole fractions of HF (XHF). Spectroscopic retrievals of HF with both NIR and MIR observations were characterized and compared. The NIR and MIR observations are generally in good agreement with a correlation coefficient (R) of 0.87, but the NIR observations are found to be (6.90 ± 1.07) pptv lower than the MIR measurements. By correcting this bias, the combination of NIR and MIR observations discloses that the XHF over Hefei showed a maximum monthly mean value of (64.05 ± 3.93) pptv in March and a minimum monthly mean value of (45.15 ± 2.93) pptv in September. The FTIR XHF values in March were on average (29.51 ± 5.22) % higher than those in September. In terms of the HF total column, the maximum and minimum monthly mean values are (1.28 ± 0.17) × 1015 molecules/cm2 and (0.57 ± 0.16) × 1015 molecules/cm2, respectively. The observed XHF time series from 2015 to 2020 showed a negative trend of (−0.38 ± 0.22) % per year. The variability of XHF is inversely correlated with the tropopause height, indicating that the variability of tropopause height is a key factor for driving the seasonal cycle of HF in the stratosphere. With higher tropopause height in summer and autumn, more stratospheric HF transport downward to the troposphere and then are removed through wet deposit along with rainfall or destroyed by photolysis, resulting in lower stratospheric HF concentration in these seasons, and vice versa for higher stratospheric HF concentration in late winter and spring.



This study can enhance the understanding of ground-based high-resolution remote sensing techniques for atmospheric HF and its evolution in the stratosphere and contribute to forming new reliable remote sensing data in this sparsely monitored region for research on climate change.
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Figure 1. (a) The a priori profile and (b) the averaging kernel (AVK) matrix for hydrogen fluoride (HF) retrieval with GGG2014 at Hefei, China. 






Figure 1. (a) The a priori profile and (b) the averaging kernel (AVK) matrix for hydrogen fluoride (HF) retrieval with GGG2014 at Hefei, China.



[image: Remotesensing 13 00791 g001]







[image: Remotesensing 13 00791 g002 550] 





Figure 2. (a) The a priori and retrieved volume mixing ratio (VMR) profiles of HF, (b) cumulative sum of the degrees of freedom for signal (DOFs), (c) the averaging kernel (AVK) matrix A and their area for randomly selected HF retrieval with MIR spectra suite at Hefei, China. 
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Figure 3. (a) Daily mean differences between NIR and MIR retrievals of XHF at Hefei. (b) Same as (a), but for monthly mean differences. 
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Figure 4. Correlation plots of NIR XHF measurements against MIR XHF measurements. The red line is the linear fitted curve of respective scatter points. 
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Figure 5. Time series of XHF daily mean for the combination of NIR and MIR observations. 
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Figure 6. (a) Seasonal variations of FTIR XHF from 2015 to 2020 over Hefei, eastern China. The blue line and the shadows represent monthly mean values of XHF and the 1-σ standard variations, respectively. (b) Fractional differences of FTIR XHF time series relative to their seasonal mean values. Vertical error bars represent retrieval uncertainties. 
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Figure 7. Comparison between monthly mean values of XHF and tropopause height over Hefei, China. 
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Figure 8. Correlation plots of XHF daily mean measurements against tropopause height over Hefei, China. The red line is the linear fitted curve of respective scatter points. 
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Table 1. Retrieval setups for HF and O2 in near-infrared (NIR) spectra suite using GGG2014 at Hefei, China.
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	Gases
	HF
	O2





	Retrieval code
	GGG2014
	GGG2014



	Spectroscopy
	HITRAN2008
	HITRAN2008



	Pressure, Temperature profiles
	NCEP
	NCEP



	A priori profiles for all gases
	GGG2014 code
	GGG2014 code



	MW for profile retrievals (cm−1)
	4038.79–4039.11
	7765–8005



	Window Width (cm−1)
	0.32
	240



	Retrieved interfering gases
	H2O
	CO2, H2O, HF










[image: Table] 





Table 2. The input parameters for HF retrieval at Hefei with mid-infrared (MIR) spectra suite.
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Gases

	
HF






	
Retrieval code

	
SFIT4 v 0.9.4.4




	
Spectroscopy

	
HITRAN2008




	
P, T profiles

	
NCEP




	
A priori profiles for all gases except H2O

	
WACCM v6




	
MW for profile retrievals (cm−1)

	
4109.4-4110.20




	
Window Width (cm−1)

	
0.8




	
Retrieved interfering gases

	
CH4, HDO and H2O




	
De-weighting SNR

	
None




	
Regularization

	
Sa

	
WACCM Std




	
Sε

	
Real SNR




	
ILS

	
LINEFIT145
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Table 3. Individual error component for retrieval of HF total column over Hefei, China.
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	Gases
	Kb
	HF





	Temperature uncertainty
	SD of NCEP
	0.41%



	Retrieval parameters uncertainty
	*
	<0.01%



	Interfering species uncertainty
	*
	<0.01%



	Measurement error
	*
	0.29%



	Smoothing uncertainty
	*
	0.15%



	Total random error
	/
	0.52%



	Background curvature uncertainty
	0.1%
	0.03%



	Optical path difference uncertainty
	0.1%
	<0.01%



	Field of view uncertainty
	0.1%
	<0.01%



	Solar line strength uncertainty
	0.1%
	<0.01%



	Solar line shift uncertainty
	0.1%
	<0.01%



	Phase uncertainty
	0.1%
	<0.01%



	Line temperature broadening uncertainty
	5%
	0.01%



	Line pressure broadening uncertainty
	5%
	1.22%



	Line intensity uncertainty
	5%
	5.00%



	Total systematic error
	/
	5.15%



	Total error
	/
	5.18%



	DOFS (-)
	/
	1.76







* These input parameters used for error estimation are prescribed from the retrieval process.
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