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Aerosol optical properties depend on wavelength as well as both mixing ratios and size distributions of components that make up a particular type of aerosol. This study examines impacts on direct aerosol radiative effect (DARE) for desert, clean maritime, and polluted maritime aerosol types over the ocean when their optical properties are determined by various combinations of observations made by active (i.e., lidar) and passive (e.g., shortwave spectrometer) satellite sensors. Spectral optical properties are perturbed by altering mixing ratios of components that define aerosol types with assumptions that components within an aerosol type are fixed and only one aerosol type is present in the atmosphere. When 532 nm depolarization ratio from the lidar is used to identify desert aerosol, the uncertainty in the mean DARE due to spectral optical property variabilities is 10%. When the 532 nm depolarization and lidar ratios are used to identify clean and polluted maritime aerosols, uncertainties in mean DARE are, respectively, 4 and 18%. When scattering optical thicknesses are also known to within ± 3% at four passive imager wavelengths (340 nm, 546 nm, 966 nm, and 1,657 nm), uncertainty in the polluted maritime DARE decreases to 8%. Uncertainties in the instantaneous top-of-atmosphere (TOA) reflected irradiances derived from observed broadband radiances and angular distribution models are also estimated. When TOA irradiances are derived solely from the nadir view, their uncertainties can be reduced if aerosol type can be identified and aerosol type dependence is considered in the radiance to irradiance conversion. This is especially so for aerosols with a large fraction of nonspherical particles, such as desert aerosols.
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1 INTRODUCTION
Particles suspended in the atmosphere scatter and absorb solar radiation. Some particles are anthropogenic in origin and others are produced naturally, although the separation is not always distinct. The influence of natural and anthropogenic particles on the amount of energy input to Earth is the aerosol direct radiative effect. Because they alter Earth’s radiation budget, it is important to understand how much of aerosol change since the beginning of the Industrial Age can be attributed to changes in the aerosol radiative effect and how predicted changes in aerosol emissions will alter the Earth’s radiation budget in the future (Bellouin et al., 2020). Despite the importance of quantifying the aerosol radiative effect for future climate predictions, estimates have a larger uncertainty. Global annual mean direct aerosol radiative effect estimates range from −3.1 to −0.61 Wm-2 for all-sky and −6.5 to −2.3 Wm-2 for clear-sky conditions (Yu et al., 2006). A similar range of clear-sky direct aerosol radiative effects of −5.5 to −3.8 Wm-2 (±1σ) is also reported in a recent study by Thorsen et al. (2020).
Satellites provide observations of aerosols and radiation on a global scale that can be used to derive an estimate of the aerosol direct radiative effect. Basically, there are two ways to estimate the direct aerosol radiative effect at the top of the atmosphere (TOA) using satellite observations. The first approach is to use a combination of broadband irradiances derived from broadband radiance observations combined with imager (e.g., MODIS) derived aerosol optical thicknesses or modeled irradiances under a pristine condition. This approach was used in, for example, Loeb and Kato (2002), Loeb and Manalo-Smith (2008), and Zhang et al. (2005). Recently, Loeb et al. (2021) used TOA and surface irradiance observations to derive the trend of direct aerosol radiative effects.
The second approach is by computing broadband irradiances with observed aerosol optical thickness and other inferred optical properties (e.g., Boucher and Tanré 2000; Chou et al., 2002; Remer and Kaufman 2006; Bellouin et al., 2013; Su et al., 2013). While aerosol optical thicknesses in practice are derived at discrete wavelengths, this approach requires aerosol optical properties for all computational wavelengths. Generally, aerosol models are used to provide optical properties for all wavelengths. Separate aerosol models are defined for different aerosol types. For example, cloud-aerosol lidar and infrared pathfinder satellite observation (CALIPSO) provides seven aerosol subtypes including clean marine, dust, dusty marine, polluted continental, clean continental, polluted dust, and smoke (Omar et al., 2009; Kim et al., 2018). In addition, an aerosol type is composed of multiple components such as water soluble, insoluble, sea salt, or mineral. For example, the Optical Properties of Aerosols and Clouds (OPAC, Hess et al., 1998) clean marine aerosol type is composed of water soluble, accumulation, and coarse modes of sea salt component. OPAC provides the optical properties of ten aerosol components. Other components include insoluble, soot, three modes of mineral, mineral-transported, and sulfate droplets (Hess et al., 1998).
There are several sources of uncertainties in estimating the direct aerosol radiative effect with observations. For the first approach, the uncertainty is caused by clear-sky identification (e.g., Loeb and Manalo-Smith2005) and the uncertainty in retrieved aerosol optical thickness. In addition, the angular distribution of reflected radiance depends on aerosol type and aerosol optical thickness. The effect of aerosol optical thickness on the angular distribution of radiances is treated in angular distribution models (Su et al., 2015), but the uncertainty in the irradiance due to aerosol type dependent phase function has not been investigated to date. The uncertainty in retrieved aerosol optical thickness affects the estimate of the direct aerosol radiative effect from the second approach more than it affects the first approach. The uncertainty in imager-derived optical thickness is discussed by Kahn et al. (2005, 2009) and Remer et al. (2005). Remer and Kaufman (2006) discuss a known bias in the MODIS-derived aerosol optical thickness (e.g., dust aerosol optical thickness correlated with viewing geometries, cloud contamination, and surface reflectance). In addition, ignoring 3D radiation effects in aerosol optical thickness retrievals introduces additional uncertainty in passive sensor derived aerosol optical thickness over regions where convective clouds are frequently present (e.g., Yang and Di Girolamo 2008; Várnai and Marshak 2012). Furthermore, uncertainties are also associated with single scattering albedo and asymmetry parameters (e.g. Hess et al., 1998; Sinyuk et al., 2003; Bond and Bergstrom 2006; Stier et al., 2007). These uncertainties discussed in earlier studies are caused by measurements and retrievals specific to the wavelengths used for observations. The uncertainty in the direct aerosol radiative effect due to the uncertainty in optical properties at observed wavelengths has been discussed in earlier studies (Remer and Kaufman, 2006; Loeb and Su, 2010; Thorsen et al., 2020).
Another source of uncertainty that has not been investigated very much is the impact of variability in the aerosol optical properties outside the retrieval wavelengths, which is the focus of this study. Even though aerosols are separated by type, the mixing ratio of components and their size distributions vary within each aerosol type, which can cause spectral aerosol properties to vary. When the mixing ratio and size distribution are fixed for an aerosol model, the variability of the mixing ratio and size distribution present in real atmospheres leads to the uncertainty in the direct aerosol radiative effect. The effect of the uncertainty due to spectral variability on the direct aerosol radiative effect was investigated by Thorsen et al. (2020). They show that using observed radiances at 4 wavelengths, 340, 550, 1,020, and 1,640 nm, significantly reduces the uncertainty in the computed broadband direct aerosol radiative effect. The method used by Thorsen et al. (2020) is to interpolate and extrapolate the broadband aerosol properties from those derived from observed discrete wavelengths. However, when a lidar is used to derive aerosol optical properties, optical properties at only one or two wavelengths are derived. Even when aerosol optical thickness at more than 2 wavelengths is derived from collocated imager observations, imagers can only provide column integrated values. When an aerosol type is used to infer broadband aerosol properties, primarily using lidar observations to derive the vertical profile, the spectral variability within an aerosol type contributes to the uncertainty in aerosol’s direct radiative effect. In this study, we extend the analysis of Thorsen et al. (2020) and quantify the uncertainty in the direct aerosol radiative effect associated with spectral variability of aerosol properties within an aerosol type identified by a lidar. We also estimate the effect of retrieved optical thickness at multiple wavelengths by a passive sensor to understand how the uncertainty changes with synergistic observations. Quantifying the uncertainty in direct aerosol radiative effect due to the spectral variability of aerosol optical properties within a given aerosol type is needed to understand the error budget in the direct aerosol radiative effect derived from active and passive sensor observations. Understanding the error budget for different combinations of instruments can be used to plan a synergistic approach to estimating the direct aerosol radiative effect.
We discuss the uncertainty due to spectral variability that arises in the second approach in Sections 2 and 3. Section 2 describes the method to quantify the uncertainty and the results are presented in Section 3. Section 3.1 discusses desert aerosol results and Section 3.2 discusses maritime aerosol results. To address the uncertainty created by the first approach described above, Section 4 demonstrates the importance of considering aerosol type dependence in the radiance to irradiance conversion, which is used in estimating the direct aerosol radiative effect. Section 5 summarizes the results.
2 METHODS
To understand how complementary observations reduce the uncertainty in the direct aerosol radiative effect, our method is designed under the assumption that collocated high spectral resolution lidar (HSRL) and imager/spectrometer observations are available. HSRL observations are used to identify an aerosol type. We then examine the uncertainty due to spectral variability for the aerosol type. Imager/spectrometer radiance observations further constrain spectral variability. We consider radiances observed at multiple wavelengths from one viewing angle in this study. We use aerosol types used in OPAC and by Burton et al. (2013), which are similar to those used in CALIPSO (Omar et al., 2009; Kim et al., 2018). We use aerosol components within an aerosol type based on OPAC aerosol components. While more aerosol types and more components within an aerosol type can be present in real atmospheres, we do not consider the uncertainty due to the uncertainty associated with OPAC aerosol type and component uncertainty. Spectrally dependent optical properties are computed with the modeled optical properties of an ensemble of aerosol particles (MOPSMAP, Gasteiger and Wiegner 2018). We assume that particles are spherical except for dust. Dust particles are assumed to be spheroid and oriented randomly (Gasteiger and Wiegner 2018). We also do not consider the uncertainty associated with the refractive indices used in OPAC.
Two to four aerosol components are present within an OPAC aerosol type. For example, the desert aerosol is composed of water soluble particles, nucleation, accumulation, and coarse modes of mineral particles. Water soluble particles originate from gas to particle conversion. They also include organic substances (Hess et al., 1998). All components are assumed to be externally mixed and the spectral optical properties of the mixture are computed with expressions given in Appendix A (found under the Supplementary Material). We multiply the mixing ratio of each OPAC component by a scaling factor ranging from 0.001 to 1,000 by considering all combinations of scaling factors, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 5.0, 10, 30, 100, 300, and 1000 among components. Because the range of the scaling factors is arbitrary, the resulting combinations include unrealistic mixing ratios of components. We, therefore, use the range of observed 532 nm depolarization ratio and 532 nm lidar ratio observed by an HSRL to screen unrealistic mixing ratio combinations. Specifically, we rely on airborne HSRL observations reported by Burton et al. (2013). This process generates a set of spectral extinction coefficients, single scattering albedos, and asymmetry parameters by varying component mixing ratios within an aerosol type identified by an HSRL. An implicit assumption here is that the number concentration of each component varies without changing the shape of the size distribution of a component or the shape of individual particles. However, the overall size distribution (of minerals and sea salt) can change by changing the mixing ratio of nucleation, accumulation, or coarse modes. In addition to the depolarization and lidar ratios, we also use scattering optical thickness derived at multiple wavelengths to subset albedos to understand the effect of retrieved aerosol optical thickness at multiple discrete wavelengths retrieved from discrete narrowband radiances observed by a passive sensor. Generally, extinction optical thickness is retrieved from the radiance observed by a passive sensor. However, the retrieval involves inferring scattering optical thickness with an assumption of single scattering albedo because the observed radiance is scattered radiance. Therefore, we use scattering optical thickness to exclude the effect of the uncertainty associated with single scattering albedo.
To isolate the effects of aerosol, we compute albedo and transmission of the aerosol layer using a two-stream model (Liou, 1974) with a delta assumption (Joseph et al., 1976) for the cosine of solar zenith angle [image: image] of 0.8 and 0.6, which is typical for daytime CALIPSO overpass time. We assume that the aerosol layer depth is 2 km, extending from the surface to 2 km altitude, but results are not very sensitive to the thickness of the aerosol layer. We use a spectrally constant Lambertian surface albedo of 0.05, ignoring spectral and angular variability of reflectance. To compute broadband albedo, we average spectral values weighted by spectral solar constants. Errors in clear-sky TOA irradiance computed by a two-stream model are generally less than 2% for all solar zenith angles (e.g., Figure 1 of Ham et al., 2020).
[image: Figure 1]FIGURE 1 | Histogram of desert aerosol 532 nm deporalization ratio on the left and 532 nm lidar ratio on the right for all combinations.
3 RESULTS
In this section, we describe the results of desert, maritime clean and maritime polluted aerosols. We highly simplify how aerosols are present in the atmosphere by limiting aerosol types and focusing only over the ocean. Desert aerosol contains minerals that are composed of nonspherical particles. Maritime polluted aerosol includes a highly absorbing component. Clean maritime aerosol contains only spherical, weakly absorbing particles. We also assume that only one aerosol type is present in the atmosphere. These cases provide the variability of the aerosol radiative effect due to the variability of the mixing ratio and size distribution within an aerosol type on direct aerosol radiative effect estimates when an HSRL or combination of an HSRL and a passive sensor (an imager or a spectrometer) is used for the estimates. This process simulates the process of estimating the direct aerosol radiative effect, which is computed with retrieved aerosol properties combined with aerosol optical models.
3.1 Desert Aerosols
The OPAC desert aerosol type is a mixture of water soluble (50% relative humidity is assumed here) and mineral particles of nucleation, accumulation, and coarse modes with a mass mixing ratio of, respectively, 0.018, 0.033, 0.747, and 0.202 (Hess et al., 1998). As mentioned earlier, we alter component mixing ratios within an aerosol type by a scaling factor ranging from 0.001 to 1,000. The overall size distribution of mineral particles is modified by scaling the mixing ratio of the nucleation, accumulation, and coarse modes. In addition, the mass fraction of mineral and soluble particles changes by changing their mixing ratios. The histogram of the depolarization ratio and lidar ratio at 532 nm of all combinations is shown in Figure 1. While the depolarization ratio ranges from 0.0 to 0.32 in Figure 1, the 5th to 95th percentile range of depolarization ratio of pure dust aerosols observed by an HSRL is 0.3–0.35 (Burton et al., 2013). Similarly, the lidar ratio of all combinations ranges from 36 to 160 sr Figure 1. The 5th to 95th percentile range of the lidar ratio of pure dust observed by HSRL is 41–57 sr (Burton et al., 2013).
Figure 2 shows the spectral extinction coefficient, single scattering albedo, and asymmetry parameter and their range (denoted with error bars) after applying the screening by the depolarization ratio from 0.3 to 0.35. Extinction coefficients are normalized by the original OPAC dust aerosol (i.e., unaltered mixing ratio) value at 532 nm. Because of these spectral optical property ranges, the albedo computed by these aerosol properties has a distribution. Figure 3 demonstrates how lidar and imager/spectrometer observations reduce the direct aerosol radiative effect uncertainty due to the variability of spectral optical properties. The histogram of albedos computed with all mixing ratio combinations relative to the albedo computed with the unaltered OPAC desert aerosol is shown in the left plot of Figure 3. Albedos are normalized by the albedo computed with unaltered OPAC desert component mixing ratios (hereinafter, albedo relative difference). When a 532 nm depolarization ratio is used to identify dust aerosol, the range of albedo relative differences is reduced to that shown in the middle plot of Figure 3. The narrower distribution is caused, for example, by selecting cases with a larger mixing ratio of the accumulation mode of the mineral component or screening out cases with a larger mixing ratio of the water soluble component. We also subset mixing ratios by the scattering coefficient at 468 and 642 nm to within ± 3% from those of the original OPAC dust aerosol. This is to simulate a case when the scattering optical thicknesses at 468 and 642 nm are known from the retrieval using observed imager/spectrometer observations. The 3% uncertainty is based on the calibration accuracy of a MODIS-like imager (Butler et al., 2003; Xiong and Butler 2020). We ignore the uncertainty associated with retrieving aerosol optical thickness. When dust aerosol is identified by a HSRL using depolarization ratio and scattering optical thickness retrieved from imager/spectrometer radiance observations at the two wavelengths, the albedo distribution is changed to the one shown in the right plot of Figure 3.
[image: Figure 2]FIGURE 2 | (A)Spectral extinction coefficient relative to that of OPAC desert aerosol as a function wavelength (B)single scattering albedo and (C) asymmetry parameter of OPAC desert aerosol as a function of wavelength. Error bars are the range of these values computed by a scaling factor ranging from 0.001 to 1,000 and subsetting the resulting extinction coefficient with a depolarization ration between 0.3 and 0.35. Single scattering albedo and asymmetry parameters are not normalized by the corresponding OPAC desert aerosol values.
[image: Figure 3]FIGURE 3 | Histogram of broadband aerosol radiative effect relative of the OPAC desert aerosol for (A) all mixing ratio combinations and (B) after applying screening by the 532 nm depolarization ratio (0.30<s1<0.35) (C) Depolarization ratio s1 is between 0.3 and 0.35 and the scattering coefficients scat at 468 and 642 nm are within + -3% of that of OPAC desert aerosol are used. The cosine of the solar zenith angle is 0.8 and the surface albedo is 0.05. Note the difference in y-axis.
We can use the difference between maximum and minimum albedo relative differences divided by 2 and the mean of the differences computed for [image: image] and 0.6 as the uncertainty in the instantaneous direct aerosol radiative effect. Figure 3 then demonstrates that when dust/desert aerosols are identified using the depolarization ratio, the uncertainty in the instantaneous direct aerosol radiative effect computed with retrieved properties is ±17% [(0.186 + 0.145)/2, see Table 1] due to the spectral variability. If we combine HSRL and imager/spectrometer observations, the uncertainty is reduced to ±12% [(0.135 + 0.105)/2, see Table 1]. Aerosol optical thicknesses are derived from observed narrowband radiances. Because the irradiance is the radiance integrated over a hemisphere, we implicitly assume that phase functions used for aerosol optical models are correct and ignore the uncertainty associated with the angular distribution of radiances. We, however, estimate the uncertainty associated with the radiance to irradiance conversion due to the uncertainty in the angular distribution of radiances in Section 3.3.
TABLE 1 | Standard deviation of relative albedo difference within an aerosol type [Numbers in parenthesis are [image: image]].
[image: Table 1]The results of desert aerosol are summarized in Figure 4. Figure 4 also shows the standard deviation of the distribution. Although the distribution is not Gaussian, the standard deviation might be used for the uncertainty in the direct aerosol radiative effect by desert aerosols averaged over many cases (e.g., regional monthly or annual means). When dust/desert aerosols are identified using the depolarization ratio, the uncertainty in the mean direct aerosol radiative effect computed with retrieved properties due to spectral variability is, therefore, ±10%. When we combine HSRL and imager/spectrometer observations, the uncertainty is slightly reduced to ±9% [(0.098 + 0.076)/2]. This suggests that an additional constraint by spectral radiance is possible for desert aerosol identified from HSRL observations.
[image: Figure 4]FIGURE 4 | (A) Standard deviation of top-of atmosphere albedo relative difference (relative to the albedo of OPAC aerosols) after subsetting by (blue) 532 nm depolarization ratio (red) 532 nm depolarization ratio and lidar ratio (orange) 532 nm depolarization ratio and scattering optical thickness at two wavelengths (468 and 642 nm) are used.for desert mineral aerosols. Also 532 nm depolarization ratio and lidar ratio and scattering optical thickness at two wavelengths are used for clean marine and polluted marine aerosols. The (B) plot is the same as the top plot except that it shows the half of maximum and minimum relative albedo difference, All values are average value of the cosine of the solar zenith angle of 0.8 and 0.6 with a surface albedo of 0.05.
We also use only three modes of mineral component (i.e., excluding the soluble component) and repeat the process discussed above to separate the effect of size distribution variability and the variability of mass mixing ratio of mineral and soluble components. Results are similar to those for the desert aerosol (Table 1 and Figure 4). One difference is that the additional constraint imposed by spectral information is smaller when only mineral components are used.
3.2 Maritime Aerosols
The OPAC clean maritime aerosol is composed of water-soluble particles and accumulation and coarse modes of sea salt. The OPAC polluted maritime aerosol includes soot in addition to these three components of the clean maritime aerosol. Changing the mixing ratio of the clean maritime aerosol changes the size distribution of sea salt and the mass fraction of soluble and sea salt particles. Similarly, the changing mixing ratio of the polluted maritime aerosol changes the size distribution of sea salt and the mass fraction of soluble sea salt and soot particles. We assume that relative humidity is 85%, which is slightly above the observed relative humidity of the marine boundary layer ranging from 67 to 83% by Li-Johns et al. (1998). We derive the range of albedos for clean maritime and polluted maritime aerosols using the depolarization and lidar ratios. For clean maritime aerosol we use the range of 5th and 95th percentile values of the depolarization ratio from -1–13% (for relative humidity greater than ∼60%) and the lidar ratio from 9 to 33 sr, which correspond to those for marine aerosol classified by Burton et al. (2013). The linear polarization ratio is a nonnegative value (Mishchenko and Hovenier 1995). We use, however, the lower limit of the depolarization ratio of -1% instead of 2% because soluble and sea salt particles are assumed to be spherical and we ensure to include cases with slight negative values. For the polluted maritime aerosol, we use the range of the depolarization ratio from -1–6% and the lidar ratio from 27 to 50 sr (Burton et al., 2013).
Similar to desert aerosol, the albedo difference is computed relative to the albedo of the unaltered original OPAC clean maritime and polluted maritime aerosols. We then compute the standard deviation and one half of the difference between maximum and minimum values. Results are also summarized in Figure 4 and Table 1. The standard deviation of the relative albedo difference of polluted maritime aerosol is larger compared to the standard deviation of the relative albedo difference of the other three aerosols. When soot is present, the uncertainty in broadband albedo increases because of the larger variability in spectral optical properties. Using scattering optical thickness at two wavelengths reduces the range of albedo (plot of Figure 4B) for both clean and polluted maritime aerosols.
To test whether increasing the spectral range to derive aerosol scattering optical thickness further reduces the uncertainty in the albedo of polluted maritime aerosol, we use four wavelengths similar to those used in Thorsen et al. (2020), 340 nm, 546 nm, 966 nm, and 1,657 nm, to screen the albedos of polluted maritime aerosol. The standard deviation decreases to 8% when we use four wavelengths (Table 2). The decrease in the standard deviation is primarily caused by the addition of 340 nm. The addition of 1,657 nm reduces the standard deviation, but it is not as effective as 340 nm in reducing the standard deviation (Table 2). This is because the extinction coefficient of soot at 340 nm is nearly one order of magnitude larger than the extinction coefficient at 1,657 nm (5.4 × 10–6 m−1 for 340 nm versus 7.1 × 10–7 m−1 for 1,657 nm).
TABLE 2 | Standard deviation of relative albedo difference for polluted maritime aerosol. [Numbers in parenthesis are [image: image]].
[image: Table 2]Note that the two wavelengths (546 and 966 nm) used in Table 2 are different from those used in Figure 4 (468 and 642 nm). However, the standard deviation is similar, indicating that a particular selection of two wavelengths has a smaller impact than the impact of the spectral range. Using wavelengths longer than 1,657 nm does not further reduce the standard deviation (Table 2). Changing the depolarization range to −1 to 5 from −1 to 6 and the lidar ratio to 36 to 45 from 27 to 50 does not reduce the standard deviation (not shown). When the spectral range is sufficiently broad, therefore, the 532 nm depolarization ratio and lidar ratio do not introduce additional constraints to reduce the standard deviation. A caveat is that the scattering optical thickness is derived from narrowband radiance observations and the angular distribution of radiances is not strictly constrained by observations. We consider the impact of the angular distribution of radiance in the next section.
3.3 Conversion of Radiance to Irradiance
We quantified the uncertainty in the direct aerosol radiative effect computed with retrieved aerosol properties in Sections 3.1, 3.2. Observing radiances and scattering optical thickness derived from them at four wavelengths that are sufficiently wide further reduces the uncertainty in deriving broadband radiances. In the introduction section, we mentioned that another way of estimating the direct aerosol radiative effect is to use observed broadband radiances. Converting the broadband radiance to broadband irradiance requires information about the angular distribution of radiances (Loeb et al., 2003). When angular distribution models are used to convert the broadband radiance to broadband irradiance, the uncertainty in the anisotropic factor contributes to the uncertainty in the broadband irradiance. In this section, we illustrate how the information about aerosol type reduces the uncertainty in converting the radiance to irradiance using an extreme example.
Figure 5 shows computed clear-sky radiances at TOA as a function of viewing zenith and relative azimuth angles. All radiances are computed with a Discrete-Ordinate-method Radiative Transfer (DISORT, Stamnes et al., 1988) model with 12-streams. The model uses a sea surface roughness model of Cox and Munk (1954) with a 5 m s−1 wind speed (Vermote et al., 1997), a midlatitude summer standard atmosphere, and a solar zenith angle of 28°. A correction is applied to radiances directly transmitted from the surface to TOA (Kato et al., 2002). Figure 5 shows reflected radiance by desert aerosol with an optical thickness of 1.0 (red line), which roughly corresponds to the climatological mean aerosol optical thickness of Saharan dust over the ocean in July (Remer et al., 2008). It also shows reflected radiance from clean maritime aerosol with an optical thickness of 0.75 (black line) and clean maritime aerosol with optical thickness of 0.15 (green line). At nadir, the broadband radiance from desert aerosol falls between the radiance of maritime clean aerosols with 0.75 and 0.15 optical thicknesses. If the observed radiance [image: image] is equal to the computed radiance with desert aerosol at nadir, and the aerosol optical thickness is derived using maritime clean aerosol, the retrieved optical thickness is 0.66. We assume that the anisotropic factor of maritime clean aerosol is used to derive broadband irradiance. The irradiance F is
[image: image]
where [image: image] is observed broadband irradiance, [image: image] and [image: image] are radiance and irradiance from the angular distribution model, and r is the anisotropic factor defined as
[image: image]
[image: Figure 5]FIGURE 5 | Reflected top of atmosphere broadband radiance in Wm-2 st−1 (A) and anisotropic factor (B) as a function of zenith angle. The zenith angle is the angle between viewing direction and the zenith for different azimuth angles o relative to the sun’s position. The sun is at φ =180°. Red line is with dust aerosol (optical thickness of 1.0). Black and green lines on the left plots are maritime clean aerosol with optical thickness of, respectively, 0.75 and 0.15. Blue line on the right plots is interpolated values from the two maritime clean aerosols τ = 0.75 and 0.15 values. Ocean surface with wind speed of 5.0 m s-1 and a midlatitude summer standard atmosphere are used. The solar zenith angle is 28°.
In this example, the anisotropic factor of the desert aerosol at nadir is 0.738. The interpolated anisotropic factor using the clean maritime aerosol angular distribution model is 0.799. Once the clean maritime aerosol angular distribution model is used to derive the irradiance F by interpolating the optical thicknesses, then F = 122 Wm-2. The irradiance of desert aerosol with an optical thickness of 1.0 is 132 Wm-2, which is 8% larger than the irradiance derived from the maritime clean aerosol angular distribution model. The difference is primarily driven by the difference in the phase function of desert and clean maritime aerosols.
The nadir view radiance of the desert aerosol is smaller than the nadir view radiance of the clean maritime aerosol with an optical thickness of 0.75, while the irradiance of the desert aerosol is larger (Table 3). The larger irradiance of the desert aerosol is due to larger radiances at larger viewing angles away from the principal plane (i.e., near relative azimuth angle ϕ = 180°). The error in the irradiance in this example depends on the viewing geometry of the observed radiance. Outside the principal plane, the sign of the anisotropic factor difference between desert and interpolated value from clean maritime aerosol of two optical thicknesses (τ = 0.15 and 0.75) changes from near nadir to oblique angles (Figure 5B). This suggests that when irradiances are derived from a wide range of viewing zenith angles by a cross-track scan and the irradiances are averaged, the bias in the averaged irradiance is smaller. This example of desert and clean maritime aerosols is probably an extreme case. Therefore, the 8% difference in the instantaneous irradiance is perhaps an upper limit. However, the result underscores the impact of the difference in the phase function caused by the shape of particles on the uncertainty in converting the radiance to irradiance using the observed radiance at nadir only. Collocated active sensor observations to identify nonspherical particles and retrieve aerosol type should reduce the uncertainty. In addition, observing radiances from various viewing angles for a fixed scene along the ground track of the satellite can also reduce the uncertainty of the angular distribution of radiances.
TABLE 3 | Broadband irradiance, nadir radiance, and anisotropic factor.
[image: Table 3]This approach that uses broadband radiances to estimate direct aerosol radiative effects is different from the approach that uses retrieved aerosol properties from active and passive sensors, provided that the irradiance under pristine conditions (i.e., no aerosol) is known. This approach is used in the first approach discussed in the introduction section and can derive the direct aerosol radiative effect independently from that derived by the second approach discussed in the introduction section and Section 3. Therefore, the irradiance derived by this approach can be used to evaluate the direct aerosol radiative effect computed with retrieved properties (i.e., radiative closure), if the irradiance is sufficiently accurate. As explained in the next section (Section 4), the accuracy requirement of the broadband irradiance is 1%, which is challenging because this includes both instrument calibration accuracy and the uncertainty in the radiance to irradiance conversion.
4 RADIOMETER CALIBRATION ACCURACY REQUIREMENT TO CONSTRAIN GLOBAL MEAN AEROSOL DIRECT RADIATIVE EFFECT OR CLOSURE
The expected uncertainty in the aerosol radiative effect derived from lidars only and lidar/polarimeter is determined using the target uncertainties specified in the ACCP SATM (https://aos.gsfc.nasa.gov/docs/ACCP_SATM_Rel_Candidate_G.pdf). Taking the relevant ACCP target uncertainties (e.g., AOD, single scattering albedo, asymmetry parameter, aerosol extinction) and following the approach of Thorsen et al. (2020), results in an uncertainty of 1.1 Wm-2 for all-sky and 1.2 Wm-2 for clear-sky (ACCP narrative doc: https://aos.gsfc.nasa.gov/docs/ACCP_Science_Narrative-2021.07.19.pdf).
The climatological value of global mean clear-sky reflected irradiance derived from CERES observations is 53 Wm-2. Therefore, in order to constrain the global mean aerosol direct radiative effect or perform a radiative closure to test retrieved properties, the radiometer calibration accuracy needs to be less than 2.1% (=1.2/53). Because shortwave radiative effects are computed for daytime only, we divide 2.2% by 2, which gives the radiometer calibration accuracy of 1%. A study by Loeb et al. (2009) indicates that the uncertainty in the irradiance is dominated by the instrument calibration uncertainty. Therefore, we use the relative uncertainty in the irradiance as the calibration uncertainty. The 1% calibration uncertainty of broadband shortwave is equivalent to the calibration uncertainty of CERES instruments (Loeb et al. 2009).
5 DISCUSSIONS AND SUMMARY
We investigate the range of relative differences in the direct aerosol radiative effect due to spectral variability when an HSRL is used to identify the aerosol type. We also investigate how a combination of active sensor and passive sensor observations affects the range. The method used in this study is simple, but the attempt is to simulate a process of computing the direct aerosol radiative effect using active and passive sensor derived aerosol properties combined with aerosol optical models. The range of the direct aerosol radiative effect simulated in this study is comparable to the uncertainty in the direct aerosol radiative effect computed using a fixed aerosol optical model separated by aerosol type to extend optical properties to all computational wavelengths. The uncertainty estimated in this study is due to the variability of the mass mixing ratio of components and size distribution within an aerosol type. When a 532 nm depolarization ratio is used to identify desert aerosol, the uncertainty due to spectral variability in the mean direct aerosol radiative effect is 10%. Spectral radiance observations can reduce the uncertainty slightly. The uncertainty in the mean direct aerosol radiative effect of pure dust (i.e. mineral only) caused by the size distribution variability is similar to that for the desert aerosol. When the depolarization ratio and lidar ratio are used to identify clean and polluted maritime aerosols, the uncertainty due to spectral variability in the mean direct aerosol radiative effect is, respectively, 4 and 18%. Additional information about scattering optical thickness significantly reduces the uncertainty in the direct aerosol radiative effect for the polluted maritime aerosol in which a highly absorbing component (e.g., soot) is present. When the aerosol scattering optical thickness is known to within ±3% at four wavelengths, in addition to the depolarization and lidar ratios, then the uncertainty in the polluted maritime mean direct aerosol radiative effect is reduced to 8%. Although unrealistic larger mixing ratios of soot are not completely filtered out by the depolarization and lidar ratio, this result demonstrates that an additional observational constraint is possible using spectral radiances, especially for aerosol type that contain highly absorbing components. In addition, observing a wider range of spectral radiance reduces the uncertainty in the spectral optical properties. An implicit assumption here is that aerosol components and their refractive indices within aerosol types used for aerosol optical models are accurate. The overall uncertainty in the computed direct aerosol radiative effect includes the uncertainty in the retrieved aerosol optical properties, in the aerosol optical model, and due to radiative transfer modeling, in addition to the uncertainty due to the spectral optical property variability investigated in this study.
Because passive sensors generally do not cover a wide range of viewing geometries in observing radiances, accurate information about the phase function is essential, especially for nonspherical particles such as mineral particles, in reducing the uncertainty in the direct aerosol radiative effect. In an extreme example used in this study, the difference in the phase function can cause an 8% difference in the instantaneous TOA irradiance derived from broadband radiance observed at nadir. Identifying nonspherical particles and aerosol types and using type-dependent radiance to irradiance conversions helps reduce the uncertainty in broadband irradiances derived from observed broadband radiances.
In summary, in quantifying the uncertainty in the direct aerosol radiative effect due to spectral variability, this study illustrates how the synergy of HSRL and imager/spectrometer observations can reduce the uncertainty in the direct aerosol radiative effect. In addition, the study highlights the requirement for broadband radiances and irradiances derived from them to be used to evaluate computed direct aerosol radiative effects using retrieved properties.
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