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Abstract

:

In recent years (2017–2019), several moderate volcanic eruptions and wildfires have perturbed the stratospheric composition and concentration with distinct implications on radiative forcing and climate. The Stratospheric Aerosol and Gas Experiment III instruments onboard the International Space Station (SAGE III/ISS) have been providing aerosol extinction coefficient (EC) profiles at multiple wavelengths since June 2017. In this study, a method to invert the spectral stratospheric aerosol optical depth (sAOD) or EC values from SAGE III/ISS (to retrieve the number/volume size distributions and other microphysical properties) is presented, and the sensitivity of these retrievals is evaluated. It was found that the retrievals are strongly dependent on the choices of wavelengths, which in turn determine the shapes of the calculated curves. Further, we examine the changes in stratospheric aerosol spectral behavior, size distribution properties, time evolution (growth/decay) characteristics associated with subsequent moderate volcanic eruptions, namely, Ambae (15   ∘  S, 167   ∘  E; April and July 2018), Raikoke (48   ∘  N, 153   ∘  E; June 2019), and Ulawun (5   ∘  S, 151   ∘  E; June and August 2019), in different spatial regions. The observational period was classified with reference to Ambae eruptions into four phases (pre-Ambae, Ambae1, Ambae2, and post-Ambae). The pre-Ambae and post-Ambe periods comprise the 2017 Canadian fires and 2019 Raikoke/Ulawun eruptions, respectively. The spectral dependence of sAOD was comparable and lowest during the pre-Ambae and Ambae1 periods in all regions. The number concentration at the principal mode radius (between 0.07 and 0.2  μ m) was observed to be higher during the Ambae2 period over the Northern Hemisphere (NH). The rate of change (growth/decay) in the sAOD on a global scale resembled the changes in the Southern Hemisphere (SH), unlike the time-lag-associated changes in the NH. These differences could be attributed to the prevailing horizontal and vertical dispersion mechanisms in the respective regions. Lastly, the radiative forcing estimates of Ambae and Raikoke/Ulawun eruptions, as reported in recent studies, was discussed by taking clues from other major and moderate eruptions to gain insight on their role in climate change.
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1. Introduction


Volcanic eruptions are unpredictable episodic events that can have significant impacts on the global climate by altering the stratospheric composition, vertical temperature profiles, radiative processes, large-scale circulation, transport, and surface weather [1,2,3,4,5,6,7,8,9]. Although large magnitude eruptions with a volcanic explosivity index (VEI) equal to or greater than 5 (also known as Plinian eruptions), injecting around 10 Tg of sulfur dioxide (SO   2  ), are rare on a decadal scale, they have a profound impact on the key modes of climate variability [10,11]. On the other hand, moderate magnitude volcanic eruptions (VEI ∼3–4, i.e., volume smaller than 1 km   3   and total mass smaller than 1 Tg SO   2  ) with a return frequency on the order of the year can still affect Earth’s temperature and radiation balance [12,13]. In both scenarios, the stratospheric aerosols originating from these volcanic events result in transitory perturbations. As a result, the net radiative energy balance [14] is sensitive to the aerosol composition [15,16,17] and microphysical characteristics (e.g., size distribution) [18,19], which are highly nonlinear. Furthermore, relatively small/medium events (VEI ≤ 4) during the past two decades have significantly contributed to the stratospheric aerosol loading, composition, stratospheric chemistry [20,21], and radiative forcing [22,23,24].



Despite the fact that long-term ground-based and balloon-borne instrumental observations are vital in understanding the microphysical evolution and optical properties of volcanic aerosols [25,26,27,28,29], they have limitations in terms of global coverage and other operational constraints. In this context, satellite observations have been providing reliable vertically resolved stratospheric aerosol spectral extinction data [18,24,30,31,32]. Among the various space-borne missions, the Stratospheric Aerosol and Gas Experiment on board the International Space Station (SAGE-III/ISS), the Ozone Mapping Profiler Suite Limb Profiler (OMPS-LP) onboard the Suomi National Polar-Orbiting Partnership satellite, and the Cloud-Aerosol LiDAR and Infrared Pathfinder Satellite Observations (CALIOP) are widely used to retrieve the stratospheric aerosol extinction. By comparing the retrieved extinction between OMPS-LP and SAGE-III/ISS, a systematically higher extinction from OMPS-LP (at altitudes above 28 km) and significant biases (up to ±13%) that were systematically lower than 19 km in the tropics were found [33]. In another study, CALIOP level 3 stratospheric aerosol retrievals were assessed with those from the SAGE III/ISS and it was found that the averaged differences between zonal mean extinction profiles were less than 25% between 20 and 30 km, exceeded 100% in the very low aerosol loading regimes above 25 km at higher latitudes, and ≥ 100% within 2 to 3 km above the tropopause altitude, possibly owing to cloud contamination [34]. Furthermore, Malinina et al. [18] emphasized that aerosol extinction retrievals were more accurate from occultation measurements (e.g., SAGE III/ISS) than those from limb instruments (e.g. OMPS-LP).



Several studies focusing on volcanic plumes in the upper troposphere and lower stratosphere (UTLS) regions provided information about the particle shape and size (useful for distinguishing volcanic ash, sulfate aerosol layers, and ice clouds) using the depolarization and color ratios (the ratio between 1064 and 532 nm backscatter signals) derived from the CALIOP and ground-based LiDAR, e.g., [28,32,35]. Renard et al. [36] proposed a color index based on in situ extinction measurements at 400 and 675 nm to obtain the vertical distributions of different stratospheric aerosol types, which can qualitatively indicate the changing nature of the aerosol population with altitude. All of these LiDAR and in situ techniques are limited by the number of wavelength channels at which extinction measurements are obtained. In this context, reliable retrievals of extinction spectra at multiple wavelengths from occultation measurements (e.g., SAGE III/ISS) provide a wider scope for the inversion of extinction spectra into size distributions (number/volume) and other integral properties (e.g. effective radius). Previously, different approaches for deducing stratospheric aerosol surface area density [37,38], size distributions, and integral properties [39,40], and the extinction ratio (between 525 nm and 1020 nm) existed to roughly infer the sizes of particles that dominate the extinction spectra from SAGE II. While the extinction ratio method [19] has been applied to SAGE III/ISS-based aerosol extinction spectra, there have been no attempts to infer the size distribution, which is one of the crucial parameters in modeling the radiative forcing of aerosols and in evaluating aerosol effects on ozone depletion caused by heterogeneous chemical reactions. So, the present study provides an inversion method to infer the size distributions and integrated properties using the extinction spectra from SAGE III/ISS by taking hints from previous methods, e.g., [39,40,41].



Among the recent volcanic events, the Ambae volcano (15   ∘  S, 167   ∘  E; VEI ∼3), which erupted twice on 5–6 April and 27 July 2018, injecting volcanic plumes into the UTLS region. While the April eruption had an impact on SH alone, the plume from the July eruption extended to both hemispheres through the lower branch of Brewer–Dobson circulation. In fact, the Ambae eruption was the onset of a series of even stronger and record-breaking moderate volcanic eruptions (for example, Raikoke/Ulawun in 2019 [24], and Hunga Tonga in 2022 [29,42]). Kloss et al. [30] discussed in detail the dispersion (horizontal, latitudinal, and vertical) of the Ambae aerosol plume in the UTLS region in addition to the optical properties and the global impact on the radiative balance. From the time of the Ambae eruption (April 2018) to the time of the Raikoke (48   ∘  N, 153   ∘  E; June 2019) and Ulawun (5   ∘  S, 151   ∘  E; June and August 2019) eruptions, no other significant stratospheric aerosol injections occurred, which could possibly interfere with the interpretation of results. The aerosol plumes originating from the Canadian wildfires (August 2017) were seen at higher latitudes (>40   ∘  N, ∼17 km) at the end of August 2017 confining above the Asian monsoon anticyclone (AMA) region until the end of June 2018 during which the plume was transported to the tropics via the eastern flank of AMA circulation [30,43]. Both the Ambae eruptions in 2018 were clearly distinguishable in SAGE III/ISS data, with the later eruption (July 2018) being much more intense than the earlier one (April 2018) [19]. Although the above studies dealt with some of the prominent aspects related to the Ambae (2018) and Raikoke/Ulawun (2019) eruptions, the present study is different in that it mainly introduces a method to invert the spectral values of the stratospheric aerosol optical depth(s) (sAOD) or extinction coefficients at particular altitudes into number/volume size distributions and other microphysical properties. We examined the changes in stratospheric aerosol spectral dependence, size-distribution properties, and time evolution characteristics (growth/decay) of Ambae eruptions. Lastly, the radiative forcing estimates of Ambae and Raikoke/Ulawun eruptions, as reported in recent studies, was discussed by taking clues from extensive studies carried out on El Chichón (1982), Nevado del Ruiz (1985), Pinatubo (1991), and other prominent eruptions to gain insight into their roles in climate change.




2. Data Set and Study Regions


2.1. SAGE III/ISS Data


The SAGE III/ISS conducts solar and lunar occultation measurements globally while orbiting the Earth. Vertical profiles of aerosol extinction were obtained using the rays passing through the atmosphere during sunrise/moonrise and sunset/moonset events. These aerosol extinction coefficient profiles (available since June 2017, Version 5.2; https://asdc.larc.nasa.gov/project/SAGE%20III-ISS, accessed on 28 June 2022) are retrieved at multiple wavelengths from ultraviolet to the near-infrared (384, 449, 521, 602, 676, 756, 869, 1021, and 1544 nm) from 0.5 km (or cloud top) to 40 km altitude with a vertical resolution of ∼1 km being reported in 0.5 km increments between 60   ∘  S and 60   ∘  N. Since the aerosol extinction information is unavailable in the lunar occultation product of SAGE III/ISS, only the solar occultation product (Level 2 Solar Event Species Profiles, V052, 0.5 km vertical interval) is used in this study. The volcanic plume was identified from the averaged SAGE III/ISS vertical profiles using a criterion based on the vertical variability of the computed Angstrom Exponent (AE) with the aerosol extinction measurements at 449 and 869 nm, while the cloud-contaminated extinction values were excluded when the ratio of extinction coefficients at 521 and 1021 nm was found to be less than 2 [30]. Apart from this, the tropopause altitude information from the MERRA-2 reanalysis (Modern-Era Retrospective analysis for Research and Applications, Version 2) included within the SAGE III/ISS data is used.



The sAOD is calculated by integrating the extinction coefficient profile from above the tropopause altitude to 30 km at the specified wavelength. Since the aerosol extinction at 521 nm is biased below 20 km due to an error in th O   4   absorption cross-section [44] used in version 5.2 of SAGE III/ISS data, we replaced the sAOD values at 521 nm with interpolations of the corresponding sAOD values at 449 and 869 nm using a simple Angstrom coefficient scheme [19]. The extinction coefficient at 384 nm has a systematic bias in the UTLS region because of large molecular scattering contributions [40,45]. Therefore, the data at 384 nm were avoided in this study.




2.2. Study Regions


In this study, we categorized the SAGE III/ISS data into the following regions: Northern Hemisphere (NH; 0–60   ∘  N), Southern Hemisphere (SH; 0–60   ∘  S), and global (60   ∘  N to 60   ∘  S). Assuming that the variation with the longitudinal band is much smaller than the variation with the latitudinal band because of efficient mixing in the zonal direction and strong horizontal transport during the Ambae eruption periods, the daily average data for two latitude bins, namely, 10–20   ∘  S (covering the Ambae or Aoba volcanic island located in the central sector of the Vanuatu archipelago; 167   ∘  E, 15   ∘  S), and 10–20   ∘  N were taken into consideration for a better understanding of the background aerosol situations in different time periods. Note that SAGE III/ISS does not obtain measurements poleward of 60   ∘  .





3. Method


3.1. Inversion of Spectral sAOD Values into Aerosol Number/Volume Size Distributions


Stratospheric aerosols are most commonly represented by spherical droplets consisting of 25% H   2  O and 75% H   2  SO   4   with log-normal particle size distributions [46]. There is still no evidence that any particular shape of the aerosol size distribution (including gamma distribution) provide better or worse physical descriptions of aerosol [33,47]. Historically, background stratospheric aerosols were represented by a monomodal log-normal size distribution while the post-volcanic aerosols (during the periods of high volcanism) were better represented with either bimodal [48] or even trimodal [49] log-normal size distributions. Several studies employing satellite-based measurements most commonly consider a monomodal log-normal distribution, e.g., [27,45,50]. In contrast, Yue [39,40] approximated the number-size distribution using a histogram and successfully retrieved the size distribution without assuming mono- or bi-modal distributions. In this study, we developed a flexible retrieval method without the assumption of mono- or bi-modal distributions. Our method is based on the retrieval technique of tropospheric aerosols from the measurements of AOD by a sun photometer, and the number-size distribution is assumed to be a combination of multiple log-normal distributions with fixed median radii and standard deviations, e.g., [41,51,52,53].



In order to retrieve the aerosol size distribution from the spectral values of stratospheric aerosol optical depth (sAOD) or extinction coefficient (EC) at a particular altitude level, the following assumptions are considered:




	i.

	
The refractive index of stratospheric sulfate is assumed to be 1.45-i0 at all wavelengths [54].




	ii.

	
The size distribution consisting of multiple log-normal distributions is considered as below:


    d N ( r )   d ln r   =  ∑  i = 1  M   N i  exp  −  1 2      ln r − ln  r  m , i     ln s    2    



(1)




where M is the number of log-normal distributions and is the same as the number of wavelengths at which sAOD values are considered, r is the particle radius ( μ m),   r  m , i    is the median (or mode) radius ( μ m), s is the standard deviation of the    d N ( r )   d ln r    function, and   N i   is the parameter to be retrieved and is defined as the    N 0     2 π   ln s   . Here, N   0   is an integrated value of the ith log-normal function. The median radius (  r  m , i   ) and standard deviation (s) are given from   r  m i n    (= 0.1  μ m) to   r  m a x    (= 1.0  μ m) as below:


   r  m , i   = exp  ln  r  m i n   +  ( i − 0.5 )  Δ ln r  , i = 1 , . . . . , M  



(2)






  s = exp  Δ ln r / 1.65   



(3)






  Δ ln r = ln   r  m a x   /  r  m i n    / M  



(4)







In this study, the wavelengths used in the retrieval are 449, 521, 602, 676, 756, 869, 1021, and 1544 nm, and M is fixed as 8 (i.e., equal to the number of wavelengths). The logarithm of   r  m , i    is equally spaced with   Δ ln r  . The value of s depends on M, and is fixed at 1.221 for each log-normal distribution. The choice of   r  m i n    or   r  m a x    constrains the retrieval values of s and   r  m , i   . The factor of 1.65 is empirically determined [41,55]. All of the log-normal distributions are assumed to have the same standard deviation s. The log value of this constant standard deviation is assumed to be proportional to 1/M. Thus, more distribution means a smaller s. The retrieval range of the particle radius is kept fixed from 0.1  μ m (  r  m i n   ) to 1.0  μ m (  r  m a x   ) [39,40]. In earlier studies, for example, by King et al. [52] and Kudo et al. [41], it was found that a satisfactory size distribution can be derived for the radius range between 0.1 and 1.0  μ m if the sAOD or EC values are available throughout the visible and near-infrared wavelength regions. Therefore,   r  m , i    is fixed at 0.118, 0.164, 0.228, 0.316, 0.439, 0.611, and 0.848  μ m for each log-normal distribution. Now, the only free parameters in the inversion procedure are the   N i  .




	iii.

	
Optical properties of spherical particles are calculated using the Mie theory.









The parameter   N i   (where   i = 1 , . . . M  ) is optimized to the measured sAOD or EC (at each wavelength) by the maximum likelihood method. The best estimate was obtained by minimizing the cost function given below:


  f  ( x )  =   ( ln  (   y   o b s   )  − ln  ( y  ( x )  )  )  T    (   W  2  )   − 1    ( ln  (   y   o b s   )  − ln  ( y  ( x )  )  )  +  y a    ( x )  T    (  W  a  2  )   − 1    y a   ( x )   



(5)




where  x  is   N i   of Equation (1),    y   o b s    is the measurement of sAOD or EC,   y ( x )   is the forward model for calculating sAOD or EC from  x ,    W  2   is the covariance matrix (assumed to be diagonal), and the measurement accuracy of sAOD or EC is assumed to be 5% (refer to Table 4 at https://www.eoportal.org/satellite-missions/iss-sage-3#ground-system; accessed on 28 June 2022). The vector   y a   is the smoothness constraint for the size distribution and is given below:


   y a   ( x )  = ln  (  N  i − 1   )  − 2 ln  (  N i  )  + ln  (  N  i + 1   )   



(6)




where   i = 2 , . . . , M − 1  . The covariance matrix   W  a  2   is assumed to be diagonal and is the weight to determine the strength of the smoothness constraint. The best estimate of  x , which minimizes f( x ), was obtained by iterations using the Gauss-Newton and line search methods [56]. The retrieval errors of the optimized  x  due to the random errors of    y   o b s    were estimated using the method described by Dubovik et al. [53]. Assuming the linear dependencies of the retrieval errors on the measurement errors, the covariance matrix of the retrieval errors is expressed as below:


   C x  =   (  U  x  T    (   W  2  )   − 1    U x  +  U  a , x  T    (  W  a  2  )   − 1    U  a , x   )   − 1    ϵ 2   



(7)




where   U x   and   U  a , x    are the Jacobi matrices of the first derivatives for   ln (  y ( x )  )   and    y a   ( x )   , respectively, in the vicinity of the optimized  x . The variance of measurement errors,   ϵ 2  , is estimated from the residual value, which is the obtained minimum of the quadratic form   f ( x )   (Equation (5)), and is estimated as below:


   ϵ 2  ≈   f ( x )   (  M y  −  M x  )    



(8)




where   M y   is the number of sAOD measurements and the a priori smoothness constraint, and   M x   is the number of retrieved parameters. Finally, the retrieval errors of  x  are estimated by taking the diagonal elements of   C x  .



Using the method outlined above, the aerosol microphysical parameters to be estimated include the effective radius (R    e f f   , in  μ m), volume (  d V ( r ) / d ln r   in  μ m   3  / μ m   2  ) and number-size distributions (  d N ( r ) / d ln r   in 1/ μ m   2  ). Both the volume and number-size distributions are related as following:


    d V ( r )   d ln r   = V  ( r )    d N ( r )   d ln r   =  4 3  π  r 3    d N ( r )   d ln r    



(9)







To better quantify the differences in the entire size distribution, a parameter that is often used to denote the particle size is the effective (or area-weighted) radius (R    e f f   ), defined as the third moment of the aerosol size distribution over the second moment. This is represented as below:


   R  e f f   =   M 3   M 2   = 3   V S    



(10)




where the nth size distribution moment,   M n  , is defined as below:


   M n  =  ∫  0  ∞    d N ( r )   d ln r    r n  d ln r  



(11)




with the second and third moments corresponding to the aerosol surface area (S) and volume (V) densities, respectively, defined as below:


  S =  ∫  0  ∞  4 π  r 2    d N ( r )   d ln r   d ln r  



(12)






  V =  ∫  0  ∞   4 3  π  r 3    d N ( r )   d ln r   d ln r  



(13)







Discrepancies in the retrieved effective radius (R    e f f   ) can arise because of the assumption of the refractive index, although this will not have any significant effect on the shape of the retrieved size distribution. The refractive index mainly affects the integrated properties, such as the R    e f f   . An average error of 2–9% in the R    e f f    was reported by assuming the true particle refractive index to be constant [57]. The errors in the volume and number-size distributions, as well as R    e f f   , were estimated from the retrieval errors of  x .




3.2. Retrieval Assessment


In order to ascertain the performance of our inversion method, the simulated sAOD from the six size distributions of Yue [39,40] were considered (listed in Table 1). The log-normal size distributions of monomodal/bimodal shapes were obtained using the parameters in Table 1. Assuming that the refractive index is 1.45-i0 at all of the wavelengths, sAOD values at 449, 521, 602, 676, 756, 869, 1021, and 1544 nm are computed with Mie calculations. The absolute values of   N 1   and   N 2   are adjusted to the simulated sAOD (at 521 nm) taken as 0.005 and 0.001, respectively.



Yue [40] showed that their method can be applied to various shapes of the size distributions and provided the sensitivity of different wavelength combinations of SAGE III/ISS measurements of retrieved size distributions at different altitude ranges. It was found that the EC values at eight wavelengths (384 to 1544 nm) for 15–40 km, and seven wavelengths (449 to 1544 nm) for 10–15 km are necessary for retrieving the size distributions with minimal uncertainties. Recently, Wrana et al. [45] emphasized the strong dependence of the extinction ratio on the particle size and choice of wavelength combinations. They found that the EC at 384 nm channel causes systematic bias in the UTLS region because of the large molecular scattering contributions. Further, they suggest the usage of 1544 nm channel for broad wavelength interval and for better accuracy in order to compensate the higher extinction ratio uncertainties. So, the measurements corresponding to the wavelength intervals from 449 to 1544 nm are taken into account while those in the 384 nm channel are avoided. In this study, we performed the sensitivity of sAOD or EC values corresponding to both wavelength ranges, and found that the measurements of 448 to 1544 nm exhibited the lowest root mean square error (RMSE) between the retrieved and simulated (Table 1) size distributions. Figure 1 shows the retrieval results of the number and volume size distributions for models A–F with the simulated sAOD (at 521 nm) of 0.005. We find that our method is able to retrieve both monomodal and bimodal size distributions. However, the retrieved number-size distributions at the radii from 0.1 to 0.2  μ m (Figure 1 b,e,h,k,n,q) were overestimated, and the errors were greater than the expected retrieval uncertainties. According to the Mie theory, the size parameters for the wavelengths from 449 to 1544 nm and the particle radii from 0.1 to 0.2  μ m were from 0.4 to 2.5, and the extinction efficiencies were smaller than those of the particles with radii greater than 0.2  μ m. Therefore, the contributions of the particles at radii less than 0.2  μ m to the sAOD at the wavelengths from 449 to 1544 nm were small, and the size distributions at radii less than 0.2  μ m were not retrieved accurately. As a result, the retrievals tended to overestimate the fine mode. Earlier, Deshler et al. [58] reported that the measurement uncertainties can lead to an error of the fits by ±20%, ±30%, and ±40%, respectively, for the geometric width (s), median radius (r   m  ), surface area (S), and volume (V) densities. We found that the measurement accuracy of sAOD is always less than 5%.



The retrieved volume size distributions (Figure 1c,f,i,l,o,r) exhibited monomodal shapes that are concurrent with those from models A–F. The retrieved R    e f f    values obtained with sAOD (at 521 nm) fixed at 0.005 and 0.001 for models A–F are given in Table 1. The simulated R    e f f    values in both cases of fixed sAOD (at 521 nm) remained similar for each model (A–F). The differences in R    e f f    corresponding to models A–F (simulated) and those retrieved were less than equal to 0.03  μ m, with a maximum deviation of ±15%. Although our method exhibited consistency with both monomodal and bimodal number/volume size distribution shapes, the fine mode was overestimated. This might affect the results of the total number concentrations. However, the overestimated fine mode has a little influence on the retrieved R    e f f   .





4. Results and Discussion


Based on the aerosol extinction coefficient profile data from SAGE III/ISS, sAOD was derived at different wavelengths (Section 2.1). These spectral sAOD values at 449, 521, 602, 676, 756, 869, 1021, and 1544 nm are used to invert the microphysical parameters of stratospheric aerosols (Section 3.1) in different regions (Section 2.2). In this study, we classified the entire time period of observational data set into four different phases, namely, (i) pre-Ambae (before Ambae eruption; July 2017–March 2018; major influence of the Canadian wildfire event in August 2017 at high northern latitudes >40   ∘  N, while a minor impact was perceived in the Asian monsoon anticyclone (AMA) region consisting of the southern part (5–38   ∘  N and 40–95   ∘  E)), (ii) Ambae1 (first Ambae eruption; 5 April–26 July 2018), (iii) Ambae2 (second Ambae eruption; 27 July 2018–21 June 2019), and (iv) post-Ambae (starting with the Raikoke eruption on 22 June 2019 and including the Ulawun eruption from 26 June/3 August 2019 to the end of January 2020). Here, it should be noted that the pre-Ambae period does not necessarily represent the non-volcanic (or background) conditions, and might variably influence the spectral and microphysical properties of stratospheric aerosols due to the 2017 Canadian wildfire plume in different regions.



4.1. Spatiotemporal Variability of Spectral Dependence and Size Distribution of Stratospheric Aerosols


Stratospheric aerosol levels, primarily influenced by volcanic eruptions, are mostly dominated with sulfuric acid droplets or with a mix of ash particles and sulfuric acid droplets or distinct layers [19,28]. The dynamical and microphysical processes together with varying composition in time lead to changes in the size distribution, which strongly influence the wavelength dependence of sAOD with further implications on the radiative properties.



Although the usual decreasing behavior of sAOD with increasing wavelengths is seen (Figure 2a,d,g,j,m), distinct magnitudes were noticed in different time periods over each of the selected regions and both the latitudinal bands. The spectral dependency of sAOD during the pre-Ambae and Ambae1 periods was found to be lower and comparable in respective regions. Surprisingly, the sAOD values at all wavelengths during the Ambae2 period in the NH region and 10–20   ∘  N latitude band remained similar and close to the values observed during the pre-Ambae and Ambae1 periods, respectively. High pre-Ambae values in the NH were certainly due to the impact of the 2017 Canadian fire plume. In contrast, the sAOD values at shorter wavelength regime increased in magnitude over SH and 10–20   ∘  S latitude band during the Ambae2 period compared to the pre-Ambae and Ambae1 periods. Subsequently, this increasing feature in shorter wavelength regime was also observed globally. During the post-Ambae period, distinct magnitudes of sAOD enhanced by 2–3 times at all wavelengths was seen in NH and global regions along with 10–20   ∘  N latitude band due to the perturbation of the stratospheric aerosol layer caused by the Raikoke eruption (June 2019). Slight enhancements of sAOD values at shorter wavelengths were found in the SH region and 10–20   ∘  S latitude band, possibly because of the Ulawun eruption (June and August 2019) and the transport of some parts of the Raikoke plume. Interestingly, large variability around the mean sAOD values can be seen over both the latitude bands during the post-Ambae period indicating the likely influence of large stratospheric perturbation associated with two distant volcanic eruptions at nearly the same time.



The log-normal number-size distributions of stratospheric aerosols inverted from the spectral sAOD values were found to be mostly dominated by the monomodal distributions between 0.07 and 0.2  μ m with the peak at around 0.12  μ m (Figure 2b,e,h,k,n). Similar shapes (first and principal mode) were noticed over all regions for pre-Ambae, Ambae1, Ambae2, and post-Ambae periods. We found that the total number concentration varied distinctly in different time periods (indicating the changing concentration levels) at each region although the geometric width and median radii did not differ significantly. The number concentration at the principal mode radius was found to be distinct and higher during the Ambae2 period followed by Ambae1, pre-Ambae and post-Ambae periods over the NH region clearly indicates the influence of the second Ambae eruption on stratospheric aerosol concentrations. Furthermore, the number concentrations at the principal mode radius during the pre-Ambae and Ambae1 periods were almost similar, indicating that the first Ambae eruption did not influence the NH region during the Ambae1 period. Although the magnitudes of the spectral sAOD values in the post-Ambae period were much higher than those observed during other time periods, the number concentration at the first principal mode remained lower because of the presence of a second mode centered around 0.3  μ m. In the other regions (SH, global, and two latitude bands), the number concentration at the principal mode radius was found to be the lowest during the pre-Ambae period followed by increases in the Ambae1, Ambae2, and post-Ambae periods.



The log-normal volume size distributions exhibited mostly bi-modal and tri-modal shapes, with distinct differences in each region during different time periods (Figure 2 c,f,i,l,o). We found that including higher (1544 nm) and excluding smaller (384 nm) wavelengths tended to strongly modify the amplitude of the first mode and the shapes of the second and third modes (figure not shown). This was also emphasized by Wrana et al. [45] that the retrievals are strongly dependent on the choice of wavelengths, which in turn determines the shapes of the calculated curves. The first modes of both the number and volume size distributions followed similar patterns of the peak magnitudes during different time periods over each region. In contrast, distinct peak magnitudes at median radii and geometric widths were observed for the higher modes in all regions at different time periods. While the second mode was found to peak between 0.2 and 0.3  μ m, the third mode occurred between 0.5 and 0.7  μ m during the Ambae1 and Ambae2 periods, respectively. Large differences in the magnitude of the second mode between the Ambae2 and Ambae1 periods over SH and global regions (including the two latitude bands) indicating that particles in the size range of 0.2 to 0.4  μ m contributed significantly to the spectral sAOD values in those respective regions during the Ambae2 period. In case of NH, the peak volume of the first mode was observed to be higher while the second mode was similar during the Ambae2 period than that in the Ambae1 period, indicating the enhanced fine particle concentrations in the range of 0.1 to 0.16  μ m influencing the spectral pattern of the sAOD. For other regions, an almost comparable peak volume concentration was observed for the first modes during the Ambae1 and Ambae2 periods. Interestingly, the second mode was highly dominant with wider geometric width (compared to the first mode) during the post-Ambae period over NH and global regions while similar magnitudes of the first and second modes were perceived in the 10–20   ∘  N latitude band. This enhanced concentrations in a broader size range can be attributable to the perturbation in stratospheric aerosols due to the Raikoke eruption. In contrast, slight differences existed in the peak volume concentrations of the second modes between post-Ambae and Ambae2 periods in the SH although a higher magnitude was found during the post-Ambae period. This indicates the contribution of the Ulawun plume. Kloss et al. [24] suggested a more homogeneous small-sized sulfate aerosol composition of the Ulawun plume while the presence of either ash, carbonaceous, larger sulfate-coated ash, or carbonaceous particles were in the Raikoke plume. So, the presence of ash and carbonaceous particles would likely bias the size distribution retrieval, which is based on the refractive index of sulfate.




4.2. Temporal Changes in the sAOD, Angstrom Exponent, Total Number Concentration, and R    e f f   


By comparing the time evolution of sAOD (at 521 nm) among the different regions (global, SH, and NH; Figure 3a), it was observed that the sAOD remained slightly higher in the NH followed by the values corresponding to the global and SH regions until mid-May 2018. The Canadian fire plume was seen in higher latitudes (>40   ∘  N) at the end of August 2017 in the lower stratosphere (∼17 km) above the AMA region (or Asian area), confined until the end of June 2018 (at ∼19 km) [30,43]. An enhancement in the sAOD was noticed over the SH with magnitudes remaining higher than those over the global and NH regions until March 2019 due to the Ambae eruptions. Thereafter, comparable magnitudes of sAOD was noticed among NH, SH, and global regions until the mid of May 2019 after which an abrupt increase in the sAOD was seen over NH (∼3.5 times) followed by global (∼2.75 times) and SH (∼1.75 times) regions in the post-Ambae period. Earlier, Kloss et al. [24] found that perturbation of the stratospheric aerosol layer (by producing larger particles than the background) due to the Raikoke eruption was significantly higher due to the Ulawun eruption. Interestingly, the temporal variation of sAOD corresponding to the latitude bands depicted similar patterns of behavior (with lower magnitudes) represented by their respective extended regions, namely NH and SH.



The AE    449 − 869    values were observed to be >1.5 on a global scale during the first and second phases of Ambae eruptions while they were either lower than or close to 1.5 during the remaining periods (Figure 3b). An increase in the AE    449 − 869    (approaching 2.0) indicates the dominance of a small sulfate aerosol composition in the stratosphere. However, the global mean values of AE    449 − 869    remained lower (between 1.0 and 1.5) when the Raikoke and Ulawun eruptions occurred in June/August 2019 despite an abrupt increase in the sAOD values (at 521 nm) that are much higher (>1.5) than those prevalent during the Ambae1 and Ambae2 periods. In the NH, AE    449 − 869    values were seen to be lowest (∼0.6 and above) during the post-Ambae period, possibly due to the influence of the Raikoke eruption, which was associated with comparatively larger particles, including ash [24].



Although the geometric width and median radius from the inverted log-normal number-size distributions did not differ much, the total number concentration (N    t o t a l   ; Figure 3c) was fluctuating in different time periods. During the Ambae period (May 2018 to January 2019), strong fluctuations in N    t o t a l    with almost concurrent patterns were noticed in the SH and global regions. For the post-Ambae period, the fluctuations in N    t o t a l    have abruptly reduced in SH, while the concurrent patterns were noticed between NH and global regions. The strong fluctuations in N    t o t a l    can be resulting because of the temporal variation in the spectral dependence of sAOD values. The retrieval algorithm does not have any constraints for the temporal variations. However, the overestimation of the fine mode can affect N    t o t a l   . It is physically possible that the Raikoke plume was characterized by a smaller second mode during the post-Ambae period over NH (there is some indication of that with in situ measurements at 17.5   ∘  N and 78.2   ∘  E on 18 July 2019 [30]) but this would differ from other reported plumes (Sarychev, Calbuco, and Hunga Tonga).



The stratospheric aerosol effective radius (R    e f f   ; Figure 3d) remains to be stable with no significant changes lying between 0.15 and 0.24  μ m during the pre-Ambae and Ambae periods in all regions. It is possible that the microphysical changes associated with Ambae plume were not evidently visible because the derived R    e f f    was obtained from the number-size distributions of spectral sAOD values corresponding to an altitude range. However, a drastic increase in R    e f f    reaching a peak value between 0.28 and 0.34  μ m (till the end of August 2019) was observed during the post-Ambae period in the NH, global, and 10–20   ∘  N latitude band. Interestingly, the increasing peak in R    e f f    and sAOD seems to be associated with the decreasing pattern exhibited by AE    449 − 869    and N    t o t a l    over the NH and global regions during the post-Ambae period. It is possible that the presence of ash, carbonaceous, larger sulfate-coated ash, or carbonaceous particles in the Raikoke plume [24] might have significant impacts during the post-Ambae periods over the NH and global regions.




4.3. Growth and Decay Characteristics of sAOD and AE    449 − 869   


A steep increasing slope in the sAOD was observed (∼3.10 × 10    − 5    per day; Figure 4a) in the SH throughout the whole Ambe1 and Ambae2 periods (∼249 days). Thereafter, the decay phase started with a decrement in the sAOD at the rate of −2.60 × 10    − 5    per day until the previous day of the Raikoke eruption (i.e., 21 June 2019). Although a similar increasing slope in the sAOD was observed for global (∼1.40 × 10    − 5    per day) and NH (∼1.03 × 10    − 5    per day), they have different starting and ending days in both regions, indicating a time lag existed with respect to the dispersion from SH to NH. The rate of decrease in the sAOD was found to be more drastic in NH (−4.80 × 10    − 5    per day) than that in global (−1.80 × 10    − 5    per day) with different starting days (i.e., 8 May 2019 for NH, and 7 February 2019 for global) and the same ending day. Overall, the rate of change (growth/decay) in the sAOD over the SH seems to be clearly depicted in the changes associated with global consideration while there is a distinct time lag in the corresponding changes in the NH. From this, it is clearly evident that differences in the growth and decay periods of sAOD are a characteristic of prevailing horizontal and vertical dispersion mechanisms in different regions.



The AE    449 − 869    (Figure 4b) was always higher than 1.6 in the SH. It was observed that AE    449 − 869    approached close to 2.0 after 60 days from the date of the first Ambae volcanic eruptions, and remained at comparable values for almost 10 months. Afterward, these AE    449 − 869    values were reduced to 1.7 and remained constant for the next 6 months. In the NH, AE    449 − 869    values were observed between 1.2 and 1.5 in the first two months (∼60 days) after the first eruption. These AE    449 − 869    values have increased above 1.5 and remained close to 1.8 for the next 300 days (∼10 months) to subsequently remain at 1.5 (by 21 June 2019) and further lower. Before the eruption of the Ambae volcano, the global AE    449 − 869    values remained at 1.5. After the first eruption, the AE    440 − 869    values increased steadily until the value was 1.9 and remained above 1.6 until 21 June 2019. These values are consistent with the reported average AE (calculated from the AOD values at 869 and 521 nm) between 0.9 (for the Canadian wildfire plume) and ∼1.9 (for the Asian tropopause aerosol layer, ATAL) in a study to trace the Canadian wildfire plume in the AMA region [43].





5. Radiative Impact of Ambae and Raikoke/Ulawun Eruptions with Other Well-Known Eruptions


To assess the radiative impacts caused by the Ambae (2018) and Raikoke/Ulawun (2019) eruptions with other well-known eruptions, we summarized the reported values (from the existing literature) of aerosol loading and radiative forcing (RF) in Table 2.



The Ambae eruption in July 2018 has resulted in the perturbation of sAOD values from 0.012 (at 449 nm) to 0.002 (at 1544 nm) on a global scale indicating a sensible perturbation of lower stratospheric aerosol extinction. These are consistent with the total sAOD (0.009 at 869 nm to 0.014 at 384 nm) reported by Kloss et al. [30]. Consequently, this perturbation was found to be comparable with the recent stratospheric eruptions (VEI ∼4 or 5; and with an SO   2   total mass loading > 0.05 Tg), namely, Kasatochi (2008), Sarychev (2009), Nabro (2011) e.g., [1,54]. In the context that no eruption after 2016 has been classified as VEI > 4 until the most recent Hunga Tonga Ha’apai eruption (VEI 5–6) [59,60], the Ambae eruption (VEI ∼3) assumes significance due to the fact that it was found to exhibit comparable perturbations with other moderate eruptions (Kasatochi, Sarychev, and Nabro) [1]. Top of the Atmosphere (TOA) radiative forcing (RF) values estimated for Ambae eruptions (−0.45 to −0.60 W m    − 2   ) indicated the strongest climate impact for the year 2018 [30]. This RF is comparable with Kasatochi, Sarychev, and Nabro (−0.40 to −0.50 W m    − 2   ) [1,54]. In another study by Malinina et al. [31], it was found that, using ECHAM5 model simulations, an instantaneous RF (for tropical regions covering 20   ∘  N to 20   ∘  S) reached the maximum in the first week of September (−0.11 W m    − 2   ), and afterward declined slowly until December 2018 (up to −0.08 W m    − 2   ). They found the maximum RF in November 2018 (−0.22 W m    − 2   ) to further decrease by the end of the year (−0.19 W m    − 2   ). Lastly, they report that the instantaneous RF (tropical) caused by an increase in stratospheric aerosols to be around −0.13 W m    − 2   , which was significantly lower than the TOA RF values reported by Kloss et al. [30]. The instantaneous RF provides a good approximation to the flux change at the TOA (and throughout the stratosphere) after the stratosphere is allowed to adjust radiatively owing to the presence of a forcing agent [61]. Even though they attribute the main reason for this disagreement can be from the differences in the approaches followed to subtract the non-Ambae signal in either of the methods and data sets used for estimating the RF, further differences might be possible from the comparison of RF estimates from empirical approximation [61] with those resulting from the type (i.e., online or offline) of radiative transfer calculations performed.



The Pinatubo eruption (1991) is significant for its climate impact in the twentieth century and was observed better than previous eruptions (e.g., 1982 El Chichon and 1985 Nevado del Ruiz). The forcing from Pinatubo is nearly symmetric between the two hemispheres, with a peak value of about −3 W m    − 2    near the equator. Moreover, the perturbation in visible flux was strongest (−4 to −5 W m    − 2   ) at the TOA and weaker (−3 to −4 W m    − 2   ) at the surface, while the infrared flux perturbation is stronger (−6 to −7 W m    − 2   ) at the tropopause [62]. Model simulation results of the Pinatubo eruption showed a global peak in the visible optical depth (∼0.15), yielding a negative perturbation of about −3 W m    − 2    [63]. The El Chichon eruption (April 1982) produced a negative RF of −2 to −4 W m    − 2    in the troposphere in just over a year [64] and the Pinatubo eruption resulted in a RF of   ∼ −  4.5 W m    − 2    at the TOA over the 40   ∘  S to 40   ∘  N region [65]. From 2008 to 2011, the stratospheric volcanic aerosols imposed an aerosol RF of −0.11 (−0.15 to −0.08) W m    − 2    [66]. Moreover, Thomason et al. [19] found that the microphysical properties of the Ambae eruption are similar to those of the Nevado del Ruiz eruption (November 1985), corresponding to possible characteristics of small-to-moderate eruptions. Wang et al. [67] estimated the global forcing for Kasatochi eruption to obtain similar values at the surface and TOA. They have reported that the Kasatochi eruption has much less climate impact in spite of affecting the global radiative energy budget for approximately 100 days after the eruption. The RF estimates for Ambae eruption were relatively large, and negative TOA RF values were found to be comparable with those estimated for the Kasatochi, Sarychev, and Nabro eruptions. After the Ambae eruption, the Raikoke eruption was mostly confined to NH with the possible influence of ash in the evolution of sAOD whereas the Ulawun eruption had an impact on aerosol enhancements in both the tropics and SH. In comparison with Ambae (2018) and Ulawun (2019) eruptions, larger sAOD (∼0.04) and RF values at the TOA (−0.11 to −0.16 W m    − 2    and shortwave all-sky) were found for the Raikoke (2019) eruption [24]. Of late, the Hunga Tonga-Hunga Ha-apai (HT; 20.57   ∘  S, 175.38   ∘  W; 15 January 2022; VEI 5–6) [59,60] has displayed unexpected radiative impacts with the surface RF mainly contributed ti by the aerosol effect (close to −2 W m    − 2    [42]), which, in the last 30 years, can be considered a much higher hemispheric averaged surface impact for any stratospheric event. Nevertheless, the HT volcano also injected an unprecedented amount of water vapor into the deep stratosphere. The overall effect of stratospheric aerosol and water vapor perturbations by HT have been proposed to produce uncommon heating effects on the climate system [42]. Apart from these, extreme fire events like the Canadian wildfires of 2017 [43] and Australian Bushfires in 2019–2020 [68] are expected to occur more frequently elsewhere, leading to additional local heating in the layer along with a significant cooling effect on the climate system.
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Table 2. List of significant volcanic eruptions with estimated aerosol loading and radiative forcing (RF), as reported in various published studies. The VEI values were obtained from https://www.usgs.gov/programs/VHP (accessed on 28 June 2022). RF values in bold font denote the estimates from offline/hybrid radiative transfer modeling using direct inputs from satellite observations. RF values (in normal font) are estimates from 3D global chemical transport models (online). SW and LW denote the shortwave and longwave spectral regions, respectively.
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Volcano Name

	
Eruption Date(s)

	
Latitude

	
VEI

	
Estimated

	
Change in the sAOD

	
Estimated RF




	

	
(dd/mm/yyyy)

	

	

	
SO    2    Loading

	
(-)

	
(W/m    2   )




	

	

	

	

	
(Tg)

	

	
TOA

	
Surface






	
El Chichon [64,69,70]

	
04/04/1982

	
17   ∘  N

	
5

	
7–12

	
0.10–0.14 (550 nm)

	
−2 to −4 (SW)

	
–




	
(El)

	

	

	

	

	

	

	




	
Nevado del Ruiz [70,71,72]

	
14/11/1985

	
5   ∘  S

	
3

	
∼0.7

	
0.006 (550 nm)

	
–

	
–




	
(Ne)

	

	

	

	

	

	

	




	
Mt. Pinatubo [62,65,70,72,73]

	
15/06/1991

	
15   ∘  N

	
6

	
20

	
0.15–0.20 (550 nm)

	
−4 to −5 (SW)

	
–




	
(Pi)

	

	

	

	

	

	
−6 to −7 (LW)

	
–




	
Kasatochi [1,74,75]

	
07/08/2008

	
52   ∘  N

	
4

	
0.7–2.2

	
0.0023 (550 nm)

	
−2.1 (SW, all-sky)

	
–




	
(Ka)

	

	

	

	

	

	
−0.04 to −2.0 (SW, clear-sky)

	




	
Sarychev [75,76,77]

	
15/06/2009

	
48   ∘  N

	
4

	
1.2 ± 0.2

	
0.005 (550 nm)

	
−0.16 (SW)

	
–




	
(Sv)

	

	

	

	

	
≈0.012

	
−0.2 ± 0.2 (SW)

	




	
Nabro [1,77,78,79]

	
12–13/06/2011

	
13   ∘  N

	
4

	
1.3–2

	
≈0.09 (550 nm)

	
−1.03 (SW)

	
–




	
(Nb)

	

	

	

	

	

	

	




	
Ambae [30,31]

	
5–6/04/2018

	
15   ∘  S

	
3

	
0.12

	
0.007–0.009 (532 nm)

	
−0.45 to −0.6 (SW, Global)

	




	
(Am)

	
27/07/2018

	

	

	
≈0.36

	

	
−0.13 (SW, Tropics)

	
–




	
Raikoke [24]

	
21–22/06/2019

	
48   ∘  N

	
4

	
1.5 ± 0.2

	
≈0.025 (at 675 nm; NH)

	
−0.27 to −0.38 (SW, clear-sky)

	
–




	
(Ra)

	

	

	

	

	

	
−0.11 to −0.16 (SW, all-sky)

	




	
Ulawun [24]

	
26/06/2019

	
5   ∘  S

	
4

	
0.14

	
0.010 (449 nm, Tropics)

	
−0.09 to −0.13 (SW, clear-sky)

	
–




	
(Ul)

	
03/08/2019

	

	

	
0.30

	

	
−0.04 to −0.05 (SW, all-sky)

	




	
Hunga Tonga-Hunga

	
15/01/2022

	
20.6   ∘  S

	
5–6

	
0.4

	
∼0.22 (675 nm, Tropics)

	
−0.6 (SW + LW; aerosol)

	
−1.7 (SW + LW; aerosol)




	
Ha-apai (HT) [42,59,60]

	

	

	

	

	
∼0.15 (675 nm, SH)

	
+0.8 (SW + LW; water vapor)

	
+0.0018 (SW + LW; water vapor)




	

	

	

	

	

	

	
+0.2 (SW + LW; aerosol+water vapor)

	
−1.7 (SW + LW; aerosol+water vapor










6. Summary and Conclusions


The Ambae volcanic eruptions in April and July 2018 injected substantial amounts of SO   2   into the UTLS region with noticeable perturbation in the aerosol distribution on a global scale. From the April eruption, aerosol enhancements have impacted the SH alone. However, the July eruption has significantly perturbed the lower stratospheric aerosol concentrations in the SH, and NH through dispersion within the lower branch of the Brewer–Dobson circulation (BDC). Ambae eruptions are peculiar in terms of the following aspects: (i) the non-existence of other aerosol sources (i.e., extreme wildfire/pollution events) that can impact the lower stratospheric aerosol concentrations during the Ambae eruptions, although there were some traces of the 2017 Canadian wildfire plume in the AMA region until June 2018, (ii) the persistence of Ambae aerosols for several months in both hemispheres affecting the global stratosphere with a significant RF, (iii) substantial impacts on the SH UTLS aerosol distribution and similar magnitudes of TOA RF in comparison to the previous volcanic eruptions of a moderate scale (e.g., Kasatochi, Sarychev, and Nabro), and (iv) the strongest climate impact exhibited by the Ambae eruptions in 2018. Although the impact of the 2018 Ambae eruptions on the global stratospheric aerosol layer and climate have been addressed by Kloss et al. [30], the present study introduces an inversion method for deriving the number/volume size distributions (and other microphysical parameters) from the spectral sAOD values from the SAGE III/ISS observations using hints from previous methods, e.g., [39,40,41]. Further, we examined the changes in stratospheric aerosol spectral dependence and size distributions, temporal changes in optical and microphysical properties, time evolution characteristics (growth/decay), and radiative impact assessments caused by Ambae eruptions, taking clues from major (earlier) and moderate (more recent) volcanic eruptions, as reported in the literature.



Based on the retrievals from the inversion method, the main findings are as follows:




	i.

	
The size distribution retrievals are strongly dependent on the choice of wavelengths, which in turn determines the shapes of the calculated curves.




	ii.

	
While the log-normal number-size distributions of stratospheric aerosols exhibited mostly monomodal shapes in all regions with distinct total number concentrations during different time periods (even though the geometric width and median radii did not differ much); the corresponding volume size distributions were found to manifest bi- and tri-modal shapes with distinct differences over each region at different time periods.




	iii.

	
The microphysical changes were not evidently visible through the derived R    e f f    as the number-size distributions correspond to spectral sAOD values obtained for a fixed altitude range (from the tropopause to 30 km).




	iv.

	
The strong fluctuations in N    t o t a l    can result from the temporal variation in the spectral dependence of sAOD values, and the overestimation of the fine mode.









The main findings that are independent of the inversion method are as follows:




	v.

	
The spectral dependency of sAOD was found to be lower and comparable in all regions during the pre-Ambae and Ambae1 periods. Although the sAOD values at all wavelengths are expected to increase in the Ambae2 period over the NH region and 10–20   ∘  N latitude belt, they were found to be similar and close to the values observed during the pre-Ambae and Ambae1 periods, respectively. However, the number concentration at the principal mode radius (between 0.07 and 0.2  μ m) was found to be distinct and higher during the Ambae2 period followed by Ambae1, pre-Ambae, and post-Ambae periods over the NH region, clearly indicating an influence on the stratospheric aerosol concentrations.




	vi.

	
Large variability around the mean sAOD values (at all wavelengths) was seen in both the latitude bands during the post-Ambae period, indicating the likely influence of large stratospheric perturbation associated with two distinct volcanic eruptions almost at the same time. During the post-Ambae period, distinct and enhanced magnitudes of sAOD (by 2–3 times) at all wavelengths were noticed in NH and global regions, including the 10–20   ∘  N latitude band, indicating the influence of the Raikoke (June 2019) eruption. In contrast, slight enhancement of sAOD at shorter wavelengths was found in the SH region and 10–20   ∘  S latitude band, possibly because of the influence of Ulawun eruption.




	vii.

	
The rate of change (growth/decay) in the sAOD on a global scale resembled the changes in the SH unlike the time lag associated with the changes in the NH. These differences can be attributed to the prevailing horizontal and vertical dispersion mechanisms in the respective regions. Even the AE    449 − 869    values exhibited higher magnitudes (>1.5) in different regions (with a time lag in the NH) during the Ambae volcanic eruption periods.









The present study has explored the spectral and microphysical characteristics of UTLS aerosols during the 2018 Ambae volcanic eruptions in the selected regions. Specifically, the inversion method for deriving the number/volume size distributions as well as other microphysical properties were examined to ascertain the factors influencing their variability or non-variability. Our method successfully retrieved the mono and bimodal shapes of the size distributions in the retrieval assessment. The shapes of the size distributions in Section 4 would be reliable. However, our inversion method overestimated the fine mode. This might affect the results of the size distributions, but we do not have any data and methods to confirm that. The influence of the overestimated fine mode on R    e f f    is small. In the future, studies will be conducted to further evaluate and improve the inversion method presented in this study. Even studies that focus on quantifying the changes in temperature signals associated with volcanic/wildfire aerosol-loading into the stratosphere, due to microphysical properties, need to be carried out to gain further insight into their roles in climate change.
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Figure 1. Simulated (continuous lines) and retrieved (dashed lines) sAOD (a,d,g,j,m,p), number (b,e,h,k,n,q), and volume (c,f,i,l,o,r) size distributions for models A, B, C, D, E, and F in Table 1. The shaded areas around the dashed lines denote the retrieval errors. The retrieved size distributions (number and volume) correspond to sAOD (at 521 nm) of 0.005 for all models A to F. 
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Figure 2. Spectral variation of mean stratospheric AOD (sAOD) values (a,d,g,j,m) and their corresponding number (b,e,h,k,n) and volume (c,f,i,l,o) size distributions as a function of radius derived during different periods (pre-Ambae, Ambae1, Ambae2, and post-Ambae) for global (a–c), SH (d–f), and NH (g–i) regions along with zonal averages in the latitudinal belts covering 10–20   ∘  S (j–l) and 10–20   ∘  N (m–o). The background fill area corresponded to the respective ±1 σ  standard error. Note that the number of parameters (N   i  ) is fixed as 8, and the sAOD values correspond to 8 wavelengths, namely, 449, 521, 602, 756, 869, 1021, and 1544 nm. 






Figure 2. Spectral variation of mean stratospheric AOD (sAOD) values (a,d,g,j,m) and their corresponding number (b,e,h,k,n) and volume (c,f,i,l,o) size distributions as a function of radius derived during different periods (pre-Ambae, Ambae1, Ambae2, and post-Ambae) for global (a–c), SH (d–f), and NH (g–i) regions along with zonal averages in the latitudinal belts covering 10–20   ∘  S (j–l) and 10–20   ∘  N (m–o). The background fill area corresponded to the respective ±1 σ  standard error. Note that the number of parameters (N   i  ) is fixed as 8, and the sAOD values correspond to 8 wavelengths, namely, 449, 521, 602, 756, 869, 1021, and 1544 nm.



[image: Remotesensing 15 00029 g002]







[image: Remotesensing 15 00029 g003 550] 





Figure 3. Temporal variation of area-averaged (a) sAOD (at 521 nm), (b) AE    449 − 869   , (c) total number concentration, and (d) effective radius (R    e f f   ) over global, SH, and NH regions (including the zonal averages along the two latitude bands, namely, 10–20   ∘  S and 10–20   ∘  N. Black dotted horizontal line in (b) corresponds to AE    449 − 869    = 1.5. The light blue and azure background shaded portions correspond to the Ambae1 and Ambae2 periods, respectively. Note that sAOD and AE    449 − 869    values are independent of our inversion method. 
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Figure 4. Time evolution (involving growth and decay characteristics) of (a) sAOD (at 521 nm), and (b) AE    449 − 869    for the global, SH, and NH regions comprising the first and second Ambae volcanic eruption periods. The light blue and azure-shaded background boxes correspond to the Ambae1 (5 April 2018, to 26 July 2018) and Ambae2 (27 July 2018, to 20 June 2019) periods. On the X-axis, the number of days is scaled with respect to the first eruption date of the Ambae volcano (i.e., 5 April 2018). Both the sAOD and AE    449 − 869    are independent of our inversion method. 
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Table 1. Parameters of the six log-normal size distributions of Yue [39,40] used in this study. The first and second columns below the retrieved R    e f f    correspond to sAOD (at 521 nm) = 0.005 and 0.001, respectively. The number of N   i   is fixed by 8 in all of the retrieval results because the number of wavelengths is 8.
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