

  remotesensing-14-00683




remotesensing-14-00683







Remote Sens. 2022, 14(3), 683; doi:10.3390/rs14030683




Article



The Influence of Aerosols on Satellite Infrared Radiance Simulations and Jacobians: Numerical Experiments of CRTM and GSI



Shih-Wei Wei 1,2,*[image: Orcid], Cheng-Hsuan (Sarah) Lu 1,2[image: Orcid], Benjamin T. Johnson 3, Cheng Dang 2[image: Orcid], Patrick Stegmann 3[image: Orcid], Dustin Grogan 1, Guoqing Ge 4,5[image: Orcid] and Ming Hu 5





1



Atmospheric Sciences Research Center, University at Albany, Albany, NY 12227, USA






2



Joint Center for Satellite Data Assimilation, Boulder, CO 80301, USA






3



Joint Center for Satellite Data Assimilation, College Park, MD 20740, USA






4



Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder, Boulder, CO 80309, USA






5



Global System Laboratory, NOAA, Boulder, CO 80305, USA









*



Correspondence: swei@albany.edu







Academic Editor: Alexander Kokhanovsky



Received: 15 December 2021 / Accepted: 27 January 2022 / Published: 31 January 2022



Abstract

:

For a variational data assimilation (DA) system that assimilates radiance observations, the simulated brightness temperature (BT) at the top of the atmosphere and the corresponding Jacobians carried out by the radiance observation operator are needed information. Previous studies reported that the incorporation of aerosol information into the radiance observation operator leads to cooler simulated infrared (IR) BTs and warmer temperature analyses at low levels of the atmosphere. However, the role of the aerosol-affected Jacobians in the DA system, which not only affect the determination of analysis increments but also influence the quality control and the bias correction algorithm, is yet to be investigated. This study examines the aerosol impacts on the sensitivity of IR radiance simulations, Jacobians, and the analysis increments by conducting two experiments: (i) sensitivity tests to assess how the different aspects of the aerosol profiles (i.e., mass loading, peak aerosol level, aerosol thickness layer, and bin partition) affect the simulated BT and the Jacobians from the Community Radiative Transfer Model (CRTM), which is the radiance observation operator in the Gridpoint Statistical Interpolation (GSI) analysis system; (ii) single IR observation experiments using GSI to investigate how the aerosol-affected atmospheric Jacobians influence the analysis increment. The results show that dust aerosols produce the strongest cooling to simulated BTs under similar aerosol optical depths; simulated BTs and Jacobians are most sensitive to the loading and peak altitude of the aerosol layer; simulated BTs become more sensitive to the temperature of the aerosol layer; aerosol-induced differences in atmospheric Jacobians lead to considerable changes to temperature and moisture increments. These results provide a better understanding of the aerosol impacts on each component involved in radiance DA, which can provide guidance for assimilating aerosol-affected IR observations.
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1. Introduction


Satellite radiance observations in the units of equivalent brightness temperature (BT) at the top of the atmosphere have been directly assimilated at many operational numerical weather prediction (NWP) centers since the early 1990s [1,2,3,4]. To directly assimilate satellite radiance observations, a fast and accurate radiative transfer model (RTM) is required as the forward operator. The RTMs used in data assimilation (DA) systems simulate the BTs based on the atmospheric states from the NWP model (e.g., temperature, water vapor mixing ratio, etc.). They also apply tangent-linear and adjoint methods to calculate the linearized operator (i.e., Jacobians), which is the first derivative of BTs with respect to model states, for the conversion between model and observation space. In variational DA systems, the analysis increment is determined by the first-guess BT departures (observed BTs minus simulated BTs) weighted with the background errors, observation errors, and the Jacobians [5]. The two most widely used RTMs for DA are the Radiative Transfer model for the Television Infrared Observation Satellite (TIROS) Operational Vertical Sounder (TOVS) (RTTOV) [6] and the Community Radiative Transfer Model (CRTM) [7,8].



Previous studies have demonstrated that simulated BTs can be decidedly colder in the thermal infrared (IR) window region when RTMs consider aerosol transmittance (absorption/scattering) effects. For example, Sokolik [9] and Pierangelo et al. [10] revealed that the heavy loading of mineral dust aerosols could generate up to 10 K of BT cooling in the IR window region. Using RTTOV, Matricardi [11] and Quan et al. [12] compared the BT cooling effects between different aerosol types (e.g., urban, desert, etc.) defined in the Optical Properties of Aerosols and Clouds package (OPAC) [13]. Both reported that the desert aerosol produces the strongest cooling effects in the IR window region. Using CRTM, Liu et al. [14] demonstrated BT cooling in CRTM by incorporating a profile with organic carbon and dust aerosols for the IR window channels of the High-resolution Infrared Radiation Sounder (HIRS). Chen et al. [15] also observed small aerosol cooling effects on the simulated BTs by CRTM when comparing the simulated BTs with and without aerosol information for oceanic observations at the three IR channels of the Advanced Very High Resolution Radiometer (AVHRR).



Previous studies have further demonstrated that low-level analyzed temperatures are warmer when considering the aerosol transmittance effects on IR radiance simulations [16,17,18]. In Weaver et al. [16], the temperature retrievals considering dust contamination were assimilated. Instead of temperature retrievals, Kim et al. [17] and Wei et al. [18] incorporated the aerosol information into the BT simulation of the radiance observation operator to assess the aerosol impacts on meteorological analyses. To do this, both studies conducted two Gridpoint Statistical Interpolation (GSI) experiments, which utilized CRTM handling the BT simulations. For the two experiments, one cycled experiment excluded aerosol transmittance effects (the baseline); the other included aerosol transmittance effects in BT simulations, but the experiment used the first guesses from the baseline (i.e., the aerosol-aware offline). By assimilating identical sets of observations and first guesses in both GSI experiments, the differences between the experiments clearly demonstrate the response of meteorological analyses to the aerosol-aware BT simulations carried out by CRTM. It should be noted that quality control (QC) [19] and bias correction (BC) [20] algorithms in GSI were not modified; these are designed to assimilate clear-sky IR observations only.



In GSI, the aerosol-induced changes in the CRTM simulations of IR observations would affect the analyses through three components. Their synthetical impacts on analyses have been reported but not investigated thoroughly in Kim et al. [17] and Wei et al. [18]. These include:




	
cooler simulated BTs, which produce larger positive first-guess departures that then cause the warming features on the temperature analyses. The bias-corrected first-guess departures are utilized in QC.



	
aerosol-affected Jacobians for surface temperature and surface emissivity, which are utilized by QC and BC algorithms, respectively. Moreover, the Jacobian for surface temperature is involved in the determination of sea surface temperature analysis.



	
changes to the Jacobians for atmospheric states, which are not only involved in the minimization of the cost function to determine the analysis increments but also the cloud check in QC.








However, several unanswered questions arise. For example, although many prior studies have demonstrated aerosol impacts on simulated BTs, what is the sensitivity of the BT simulations to the characteristics of aerosol profiles that represent various scenarios? For the surface Jacobians, what are the aerosol-induced changes and how do they influence the QC check of “skin temperature sensitivity” and biases estimated by the surface emissivity predictor, respectively? For example, Wei et al. [18] showed that more IR window observations passed QC over land and the positive biases estimated by BC were reduced. For the atmospheric Jacobians, how strong, and at what atmospheric levels, are the changes induced by aerosol information and thus how do those changes influence the analysis increments?



Motivated by the questions above, this study systematically investigates each aspect of the aerosol impacts on the IR radiance observations in the DA system. To do this, we will conduct two experiments: (i) CRTM sensitivity tests with prescribed aerosol profiles under a fixed atmospheric state. This experiment will better understand how different aerosol profiles influence the simulated BTs and Jacobians. These results will also provide insights about the uncertainties for assimilating aerosol-affected IR observations, such as the systematic biases. (ii) GSI single IR observation test with and without aerosol information. Given identical model states and first-guess departures, this experiment will isolate the impacts of aerosol-affected atmospheric Jacobians on the vertical distribution of analysis increments. Moreover, these results will provide insight into the complexity of how the atmospheric Jacobians affect the analysis fields (e.g., how the water vapor and temperature Jacobians together affect the temperature analysis).



This study is outlined as follows. The GSI/CRTM analysis system is described in Section 2; the experimental design is described in Section 3; the results from the CRTM and GSI experiments are presented in Section 4; the discussion and conclusions are presented in Section 5.




2. Models and Dataset


2.1. Gridpoint Statistical Interpolation (GSI)


GSI [21] is a variational DA system widely applied to global and regional analysis. It has been utilized as the core component in the Global Data Assimilation System (GDAS) at the National Oceanic and Atmospheric Administration (NOAA)/National Centers for Environmental Prediction (NCEP) and Goddard Earth Observing System Model (GEOS) Atmospheric Data Assimilation System (ADAS) at the National Aeronautics and Space Administration (NASA)/Global Modeling and Assimilation Office (GMAO). The Developmental Testbed Center (DTC) maintains the community version of GSI. More detailed information of GSI can be found at the DTC website (https://dtcenter.org/community-code/gridpoint-statistical-interpolation-gsi, accessed on 30 January 2022).



In GSI, the analysis increments are determined by the weight matrix, which is the product of the covariance between background errors in model space and in BT space (  BH T  ) and the inverse matrix of the background errors and observation errors in the BT space summation (   HBH T  + R  ), as in Equation (1) shown below:


  δ  x a  =  BH T    (  HBH T  + R )   − 1   δ y  



(1)




where   δ  x a    is the analysis increment,   δ y   is the first-guess departure,  B  is the background error covariance,  R  is the observation error, and  H  and   H T   are the linearized observation operator (i.e., Jacobians in the case without spatial interpolation).




2.2. Community Radiative Transfer Model (CRTM)


In this study, we used CRTM version 2.3.0 (https://ftp.emc.ncep.noaa.gov/jcsda/CRTM/REL-2.3.0/, accessed on 30 January 2022) to conduct sensitivity tests. CRTM was developed at the Joint Center for Satellite Data Assimilation (JCSDA) with contributions from scientists at JCSDA partner institutions [7,8]. It solves the single column radiative transfer equation by considering the absorption for the gaseous constituents, absorption and scattering for clouds and aerosols, surface emission, and the surface interaction with downwelling atmospheric radiation. When clouds and aerosols are present in the column, the advanced double-adding (ADA) method [22] is utilized for solving the radiative transfer equation under the multiple-scattering condition. The tangent linear and adjoint method is applied to provide the efficient and accurate calculation of the Jacobians.



CRTM considers the aerosol transmittance effects from the ultraviolet to the IR region. In terms of the aerosol module in CRTM, the default specification of aerosol optical properties is based on the Goddard Chemistry Aerosol Radiation and Transport model (GOCART) [23,24]. Briefly, the implemented fourteen GOCART aerosol species include 5 bins dust, 4 bins sea salt, hydrophobic and hydrophilic black and organic carbon, and sulfate. The refractive indices are adopted from the OPAC [13]. The spherical particles and lognormal size distribution are assumed. For dust aerosols, the effective radius for each bin is 0.55, 1.4, 2.4, 4.5, and 8.0 µm with radii ranges of 0.1–1.0, 1.0–1.8, 1.8–3, 3–6, and 6–10 µm, respectively. For other species, the effective radius is determined based on the ambient relative humidity. More detailed descriptions of aerosol optical properties in the CRTM are documented in Liu and Lu [25] and Lu et al. [26].




2.3. Atmospheric and Aerosol Dataset


The first guesses of the atmospheric fields (i.e., pressure, temperature, and specific humidity) used in the GSI single IR observation experiments (described in Section 3.2) are taken from the operational archived dataset produced by version 15 of the NCEP Global Forecast System (GFS). The static data needed for the GSI experiments (e.g., background error covariance) are publicly accessible at the DTC website (https://dtcenter.org/community-code/gridpoint-statistical-interpolation-gsi/download, accessed on 30 January 2022). The product of the NCEP GFS in the General Regularly distributed Information in Binary form-2 (GRIB2) format is publicly available at the National Climatic Data Center (NCDC) website (https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-data-assimilation-system-gdas, accessed on 30 January 2022).



Moreover, in GSI single IR observation experiments, the 3-dimensional aerosol mixing ratios, including 5 bins dust, 5 bins sea salt, hydrophobic and hydrophilic black and organic carbon, and sulfate, are provided by the Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2). MERRA-2 is produced by NASA/GMAO based on version 5.12.4 of GEOS. It provides the reanalysis of aerosol fields from 1979 to present [27,28]. The aerosol fields in MERRA-2 are simulated by GOCART and radiatively coupled with the GEOS atmospheric model. To provide the best estimates of global aerosol distribution, the observations of aerosol optical depth (AOD) at 550 nm (  τ 550  ) from satellite sensors and the ground-based Aerosol Robotic Network (AERONET) are assimilated in MERRA-2 (see Table 2 in Randles et al. [28]). Since the vertical resolution of MERRA-2 is different to the NCEP GFS, the MERRA-2 data are vertically interpolated to the hybrid sigma level of NCEP GFS. The MERRA-2 data are accessible from Goddard Earth Sciences Data and Information Services Center (GES DISC) (http://disc.sci.gsfc.nasa.gov, accessed on 30 January 2022).





3. Experimental Design


3.1. CRTM Sensitivity Tests


Using CRTM version 2.3.0, a series of sensitivity tests were conducted to investigate the response of simulated BTs and Jacobians in the IR window region (750 to 1200    cm   − 1   ) to various aerosol profiles. The Infrared Atmospheric Sounding Interferometer (IASI) was selected to perform the sensitivity tests due to its high spectral resolution (  0.5      cm   − 1   ) and wide spectral coverage (645 to 2760    cm   − 1   ). To focus on the sensitivity induced by perturbed aerosol profiles, profiles of pressure, temperature, and water vapor mixing ratio were fixed and based on the U.S. Standard Atmosphere; water was selected for the surface type; the surface temperature was fixed at 300 K. The CRTM simulation with clear-sky profile (i.e., no aerosols) was performed as the baseline.



In these sensitivity tests, fourteen GOCART aerosol species used in CRTM were categorized into four types of aerosols, including dust (bin 1 to 5), sea salt (bin 1 to 4), carbonaceous (black and organic carbon), and sulfate aerosols. Instead of using arbitrary profiles, we investigated the aerosol distributions from MERRA-2 and GEOS to build a formulation that generates aerosol profiles similar to model output. In the formulation, an aerosol profile is determined by aerosol loading, peak layer altitude, and the mass density ratio between surface and peak layer (  R  p e a k   s f c   ) (see Appendix A.1 for details).



For each type of aerosol, we constructed a reference profile to represent the hazy-sky condition. We then perturbed different aspects of the reference profiles, including (1) aerosol mass loading, (2) peak layer altitude, (3) aerosol layer thickness, and (4) bin partition. For the sensitivity tests, we only changed one aspect at a time. Figure 1 shows the reference profile and perturbations for dust aerosols. The reference profile, which has   τ 550   of 1.0 (black line), peaks at 506 hPa, and has a moderate   R  p e a k   s f c    of 0.5. For aerosol loading perturbation (Figure 1a), the half, twice, and triple mass loadings relative to the reference were generated. For peak layer altitude perturbation (Figure 1b), we shifted the peak layer to 650, 765, and 850 hPa, which are all below the reference peak (at 506 hPa). For aerosol layer thickness perturbation (Figure 1c), we produced three other profiles by perturbing the   R  p e a k   s f c   . As a result, these profiles represent cases that range from an elevated confined aerosol layer (small   R  p e a k   s f c   ) to a well-mixed aerosol layer (large   R  p e a k   s f c   ).



Table 1 lists the bin partition of dust and sea salt aerosols and the composition of carbonaceous and sulfate aerosols. Since the optical properties of each aerosol type are different, we scaled the mass loading of the reference profiles for each aerosol type to generate comparable   τ 550   (∼1.0), which is the standard to measure aerosol loading. As results, the column mass density for reference profiles of dust, sea salt, carbonaceous, and sulfate aerosols corresponds to   2.1841 ×  10  − 3    ,   7.9685 ×  10  − 4    ,   2.0186 ×  10  − 4    , and   1.2527 ×  10  − 4       k g    m      − 2   , respectively. Note that, for sea salt aerosols, CRTM v2.3 combines the first two sub-micron bins from the GOCART model (which MERRA-2 and GEOS use) into a single fine-mode bin (Lu et al., 2021). It should also be noted that the bin partition is fixed for all layers in all profiles.



In addition to the sensitivity tests involving the aerosol profiles, we examined the sensitivity of the bin partition for dust and carbonaceous aerosols to address the different impacts on BTs between a fresh and an aged aerosol plume. Recall, based on the statistics of bin partition from MERRA-2 and GEOS (see Appendix A.1), that their composition changes substantially away from their source regions. For dust, the bin partitions are changed from the values in Table 1 (calculated over West Africa) to 15%, 45%, 35%, 5%, and 0% for DU001–DU005, respectively (calculated over West Atlantic Ocean). The large particles (DU005) are removed essentially at the downwind region. Similarly, for carbonaceous aerosols, the composition is changed to 5%, 90%, 0%, and 5%, where hydrophilic organic carbon predominates. For sea salt, however, it is challenging to separate the source and downwind region, and thus changes in their bin partition were not examined.




3.2. Single IR Observation Experiments


A set of single IR observation experiments using GSI was conducted to demonstrate the impacts of the aerosol-aware BT Jacobians for temperature and water vapor on the analysis. To do this, we conducted an aerosol-blind run (noted as CTL) and an aerosol-aware run (noted as AER) that assimilated a single observation from IASI onboard MetOp-A for the analysis cycle of 12Z 22 June 2020. Among the available channels, we assimilated the IR channel at   906.25      cm   − 1    (∼  11.03     μ m  ) because the prescribed observation error in GSI is smallest amongst the assimilated IR window channels. Note that the atmospheric states from NCEP GDAS were used as the first guess.



For AER, the time-varying, three-dimensional aerosol information from MERRA-2 was incorporated into the CRTM simulation. That is, the aerosol mixing ratios were spatially and temporally interpolated to the observation location and converted to the mass density for the CRTM simulation. The effective radii for each species at the observation location were determined by the atmospheric states.



To focus on the impact of the aerosol-aware BT Jacobians on the analysis, we had to remove the influence of the BT first-guess departures. Therefore, for both experiments, the first guess was fixed at 5 K and bias corrections on the radiance observations were disabled. To confirm that our results were independent of the first-guess departures, we conducted the same experiment with the departures fixed to 1 K and found that the results were qualitatively similar.



Figure 2 displays the geographic location of the assimilated observation (white mark) and the aerosol column mass density from MERRA-2 over the trans-Atlantic region within the assimilation window (±3 h) for the cycle of 12Z 22 June 2020. Because heavier aerosol loading potentially induces more deviated BT and Jacobians between clear-sky and hazy-sky conditions, we assimilated the observation over ocean at 17.9° N and 60.72° W, which is in the heaviest loading (  τ 550   > 1.5) of the downwind Saharan dust plume. Moreover, compared to observations over land (such as over the Sahara Desert, which may have larger aerosol loading), observations over ocean are more likely to pass the quality control and be assimilated in GSI because of the smaller uncertainties of surface emissivity.





4. Results


4.1. Sensitivity of Simulated BTs


Figure 3 shows the differences between the clear-sky and hazy-sky simulated BTs for the reference profile of the four aerosol types (i.e., different column mass density but the same peak altitude and   R  p e a k   s f c   ). Among the four types, dust aerosols produced the strongest cooling effects in the IR window region. The dust aerosols decreased the BTs up to 10 K at around 1000 to 1100    cm   − 1   , while sea salt, carbonaceous, and sulfate aerosols decreased the BTs by around 3 K, 1 K, and 2 K, respectively. This feature of varying cooling effects between aerosol species is consistent with the results reported in Kim et al. [17] and Wei et al. [18]. It should be noted that sea salt aerosols produced comparable BT cooling (∼5 K) to the dust aerosols at around the 750 to 800    cm   − 1    region. This is attributed to the larger extinction coefficient of sea salt, which offsets the lower mass density to produce cooling similar to dust. Since dust has the strongest cooling to simulated BT, we next present the sensitivity of CRTM simulations to the dust profiles; results for the other aerosol types are provided in Appendix A.2.



Figure 4 displays the differences between simulated BTs computed from the perturbed profiles and the reference profile for the four sensitivity tests of dust aerosols. For the changes induced by different mass loading, Figure 4a shows that the cooling effect in simulated BTs is weakened by around 5 K when the loading is reduced by half, which translates to roughly half of the BT cooling in the reference case. In contrast, there is an additional 8 K cooling when the loading is doubled and 15 K of cooling when the loading is tripled. This monotonic increase in cooling is expected given the fixed atmospheric states, i.e., the aerosol layer is optically thicker, with larger loading, and thus blocks more IR radiation emitted from the surface.



For the sensitivity to the altitude of the peak dust layer, Figure 4b shows that the magnitude of the cooling effect decreases as the peak layer decreases in altitude. For example, relative to the reference profile that peaks at 506 hPa, the dust layer that peaks at 865 hPa reduces the cooling effect by around 4 K. This implies that the aerosol layer confined to lower levels has smaller impacts on BT, which is consistent with the findings in Pierangelo et al. [10]. This can be attributed to the larger dependencies of the simulated BTs on the aerosol layer temperature. Since our temperature profile warms as altitudes decrease, the case with a lower peak altitude produces a warmer BT.



For the sensitivity to the dust layer thickness, Figure 4c shows that the cooling effect reduces for thicker dust layers with identical mass loading (i.e.,   R  p e a k   s f c    = 0.8). When the dust aerosols are more confined to the mid-atmosphere (i.e.,   R  p e a k   s f c    = 0.0), the cooling effect is strengthened by around 0.6 K. This indicates that a confined aerosol layer induces a stronger cooling effect on BTs than a well-mixed aerosol layer. This might be attributed to the larger aerosol loading at the peak layer, which can block more IR radiation emitted by the layers below.



For the sensitivity to the bin partition of the dust profile, Figure 4d indicates that the BTs in the IR window region are cooler by approximately 0.7 K for the bin partition representing the downwind region assuming the same mass loading. This implies that more fine-mode particles produce a stronger cooling effect, which is mainly attributed to fine-mode aerosols (i.e., bins 2 and 3) having larger extinction coefficients than other bins for this spectral range (not shown).



Overall, the four sensitivity tests in Figure 4 indicate that the mass loading and the altitude of the peak layer are the primary and secondary factors affecting the simulated BTs, respectively. The changes to the cooling effect due to the thickness and the bin partition of the dust aerosol layer are less than 10% of the cooling effect in the reference case. It also indicates that, under the same aerosol mass loading, a more confined aerosol layer located at higher altitudes would create stronger cooling in simulated BTs. For other aerosol types, the changes in cooling effects relative to their reference profiles show similar features to that shown in Figure 4, including (1) a monotonic increase in the case of mass loading, (2) around 40% reduction in BT cooling when the peak layer altitude changes from 506 to 865 hPa, and (3) around 10% enhanced BT cooling for the most confined aerosol layer (i.e.,   R  p e a k   s f c    = 0.0) compared to the reference aerosol layer (i.e.,   R  p e a k   s f c    = 0.5).




4.2. Sensitivity of BT Jacobians


In this section, we examine the BT Jacobians for the air temperature (  J T  ), water vapor (  J Q  ), surface temperature (  J  T s   ), and surface emissivity (  J ϵ  ). To quantify the changes in the   J T   and the   J Q   profiles in the CRTM simulation, the approach in Garand et al. [29] is utilized to calculate the column change rate (defined below). For the   J  T s    and   J ϵ  , a direct comparison with the clear-sky simulation is made. The results of   J ϵ   are not presented because the calculation of   J ϵ   is problematic under multiple-scattering conditions in CRTM v2.3.0. As in Section 4.1, our focus is on the perturbed dust profiles, but results of the sensitivity of BT Jacobians for the other aerosols are shown in Appendix A.2.



The column change rate (M) value for the Jacobian of interest is calculated as follows:


  M = 100     ∑  l = 1  k    (  J m l  −  J r l  )  2     ∑  l = 1  k    (  J r l  )  2     ,  



(2)




where   J m   is the Jacobian profile to evaluate,   J r   is the reference Jacobian profile, and the superscript l is the vertical layer. The   J r   uses the Jacobian from the clear-sky simulation. The M represents the total column rate of change for the Jacobian of interest.



Figure 5 illustrates the M values of   J T   and   J Q   in the IR window region from the same set of dust sensitivity tests shown in Figure 4. We exclude the results from the bin partitions, however, because the differences are negligible. The reference dust profile (black line) produces approximately 100 and 20 of M values in   J T   and   J Q  , respectively. This means that   J T   is more sensitive to considering aerosol transmittance effects in BT simulations than   J Q  .



Similar to the results of the simulated BTs, the M values of   J T   and   J Q   are most sensitive to the changes in mass loading (Figure 5a,b) and peak layer altitude (Figure 5c,d). The dust profiles that have triple the reference loading and that peak at 865 hPa introduce the largest changes in   J T   and   J Q  . Regarding the sensitivity to the dust layer thickness (Figure 5e,f), the M values of the   J T   and the   J Q   show smaller differences between different layer thicknesses compared to the tests for mass loading and peak layer altitude. This could be attributed to the minimal change in the layer mass loading for our different dust layer thickness profiles (Figure 1c). However, a larger mass loading at a more confined layer could induce larger changes in the   J T   and the   J Q  .



To demonstrate the impacts of aerosols on the vertical distribution of   J T   and   J Q  , we select two IR channels from IASI,   906.25      cm   − 1    and   1028.75      cm   − 1   , which are located in the window region and ozone absorption line, respectively. In GSI, these channels have relatively small observation error compared to the other channels assimilated in the similar spectral range. Given the small observation error, assimilating these two channels will be more impactful to the analyses.



Figure 6 displays vertical changes in the Jacobians to the (a, b) dust loading and (c, d) peak altitude at the two channels. In Figure 6, each layer of   J T   in the x-axis and   J Q   in the y-axis is plotted as dots of a different color. For the clear-sky case (circles), the   J T   at   906.25      cm   − 1    is small above 600 hPa and monotonically increases to the surface, while at   1028.75      cm   − 1    the   J T   locally peaks in the stratosphere due to ozone absorption, relaxes back in the middle atmosphere (∼500 hPa), and then peaks at the surface. Meanwhile, at both channels, the   J Q   for the clear-sky case is slightly positive in the upper atmosphere and peaks around 800 hPa.



Compared to the clear-sky case (circles), the reference dust loading (triangles) increases the magnitude of   J T   at   906.25      cm   − 1    below 400 hPa, where the dust loading is high (see black line in Figure 1). Similarly, at   1028.75      cm   − 1   , the reference dust loading increases the   J T   below 400 hPa, but slightly decreases the   J T   at the lowest few layers. The triple loading (squares) creates stronger changes to   J T   but decreases the   J T   in the lowest few layers at   906.25      cm   − 1    (Figure 6a), while it shows different behavior at   1028.75      cm   − 1    (Figure 6b; discussed below). At both channels, the   J Q   for the two different dust loadings has smaller magnitudes than the clear-sky case in most layers affected by dust. For instance, at   906.25      cm   − 1   , the   J Q   near 500 hPa is approximately −4, −3.5, and −2.8 K/(g/kg) for the clear-sky (   τ 550  = 0  ), reference (   τ 550  = 1  ), and triple loading (   τ 550  = 3  ), respectively. Figure 6c,d illustrate the changes in   J T   and   J Q   due to the peak altitude of the dust layer. Compared with the reference profile (triangles), the   J T   of the lower peak altitude profile (squares) always increases within the aerosol layer but it also shows a different behavior at   1028.75      cm   − 1    (Figure 6d; discussed below). For the magnitude of   J Q  , it is always smaller than the reference and near constant above the peak layer (865 hPa), while it decreases substantially below the peak at both channels. These features imply that the aerosol-affected simulated BTs are more sensitive to the temperature of the aerosol layer and less sensitive to water vapor.



As mentioned above, there is a different behavior of   J T   under the conditions of heavy dust loading (  τ 550   = 3.0) and lower peaking altitude (865 hPa) at   1028.75      cm   − 1   , which indicates the changes in peak levels in   J T   (Figure 6b,d). For these two cases, the   J T   peaks at a similar altitude at which the dust layer has the largest loading (506 and 865 hPa) and reduces in the layers below. In contrast, the other two cases (clear-sky and reference) show the   J T   peaks at the lowest layer. This change to the peak of the   J T   means that the dust layers in both cases block most IR radiation emitted from the surface and the layers below the peak. It suggests that the simulated BTs become the most sensitive to the temperature of the aerosol layer instead of the surface when an optically thick aerosol plume is aloft. Consequently, assimilating a hazy-sky observation as a clear-sky observation (i.e., without considering aerosol information) could introduce errors into the magnitude and the vertical distribution of the analysis increment via BT differences and Jacobians.



Regarding the   J  T s   , Figure 7 displays the comparison of   J  T s    between the clear-sky and reference dust profile and the sensitivity of   J  T s    to the different aerosol mass loadings. The differences in other sensitivity tests are not as pronounced and are thus excluded. Figure 7a indicates that the   J  T s    is smaller when considering the dust aerosols. Figure 7b depicts that the   J  T s    decreased by around 20% in the reference case and up to around 50% when   τ 550   was 3.0. This implies that the simulated BTs are less sensitive to the surface temperature when more surface-emitted IR radiation is attenuated by the aerosol layer with larger mass loading. The smaller   J  T s    and cooler simulated BTs under the hazy-sky condition conjunctively enlarge the “skin temperature sensitivity related parameter” employed in the QC algorithm of GSI [19] and thus can lead to more IR observations rejected due to this QC check, as reported in Wei et al. [18].




4.3. Single IR observation Test


In this section, the results from CTL and AER are presented (see Section 3.2). Recall that, for both experiments, the first-guess departure is fixed to focus on the aerosol-affected BT jacobians on the analysis increments. For this scenario, both experiments use the same   δ y  ,  B , and  R  in Equation (1). Therefore, the more positive   J T  , as observed in Section 4.2, will generate a more positive temperature increment because it maps a larger B to BT space. Similarly, the less negative   J Q   will generate a less negative water vapor increment. It assumes that the analysis increments of a given variable are influenced solely by the Jacobians of the same variable, i.e., the   J T   only affects the analysis increment for temperature. However, in reality, the influence of the Jacobians on the increments is not a one-to-one relationship, which will be demonstrated below.



Figure 8 shows the vertical profiles of temperature, specific humidity, and aerosol mass density at the observation for our experiments (red; see Figure 2 for location) and the CRTM sensitivity tests (black dots). Compared with the U.S. standard atmosphere used in our CRTM sensitivity tests, the profiles of temperature and specific humidity (Figure 8a,b) show a warmer and more moist atmosphere, respectively. The profiles also capture the trade wind inversion, from 900 to 850 hPa, which is below the dry Saharan Air Layer (SAL), from 850 to 600 hPa [30]. As expected, the aerosol profile (Figure 8c) is elevated over the marine layer and distributed throughout the SAL, from 950 to 650 hPa.



Figure 9 displays the BT Jacobians for the virtual temperature (  J  T v   ) and moisture variable (  J Q  ) at the observation. In general, both   J  T v    (Figure 9a) and   J Q   (Figure 9b) have similar aerosol-induced responses to the results of the CRTM sensitivity tests shown in Section 4.2. That is, with aerosols,   J  T v    is more positive within the aerosol layer and   J Q   is less negative. However, in contrast to the CRTM sensitivity tests, the   J  T v    of both experiments in Figure 9a peaks at around 900 hPa instead of at the lowest model level. This feature, which is not affected by the aerosols, is likely attributed to the different ambient conditions (e.g., the temperature inversion and higher water vapor content shown in Figure 8).



Figure 10 shows the analysis increments on the temperature and specific humidity for the single observation experiment. Compared to clear-sky Jacobians (i.e., CTL), the changes induced by aerosol-affected Jacobians (i.e., AER) on the increments are largest (∼25% of CTL) where the Jacobians are also most deviated, i.e., between 600 and 800 hPa. In this region, the relative changes are more impactful to specific humidity, which is around 2% of the first-guess value (cf. 0.0001 kg/kg vs. 0.005 kg/kg) while the changes in temperature are only approximately 0.004% (cf. 0.01 K vs. 280 K). AER generates a less positive temperature increment and less negative specific humidity increment. This means that the atmospheric analysis is cooler and more humid. The influence of the aerosols on the temperature increment, however, is not the same as expected from Equation (1), where a more positive temperature Jacobian would produce a more positive analysis temperature increment. Rather, the results from Figure 10 suggest that the analysis increments of a given variable are affected by the aerosol-induced changes to all of the atmospheric Jacobians in GSI (i.e., both   J  T v    and   J Q  ).



To clarify the response in the analysis increments, two additional sets of single IR observation experiments (not shown) were conducted to identify the contribution from the   J  T v    and the   J Q   to the analysis increments. In GSI, CRTM-derived Jacobians for surface wind, sea surface temperature, air temperature, water vapor mixing ratio, and ozone are utilized during the minimization. Hence, we conducted one experiment where the analysis increments were determined solely by the Jacobian for virtual temperature (  J  T v   -only) and another experiment with the same configuration but the analysis increments were determined solely by the Jacobian for water vapor (  J Q  -only). In the case of   J  T v    only, the temperature increments in AER become more positive than in CTL at the levels where the   J  T v    was more positive, as expected from Equation (1). On the other hand, for the   J Q   only case, it produced similar temperature and specific humidity increments in Figure 10. Therefore, the changes to the analysis increments by the aerosols are attributed to the complexity of the Jacobians’ influence, which has a multivariate relationship between the temperature and moisture fields controlled by the moisture analysis variable [31].





5. Discussion and Conclusions


In this study, we examined (i) how the simulated BTs and Jacobians respond to the characteristics of aerosol profiles and (ii) how these aerosol-induced changes in atmospheric Jacobians influence the analysis. To do this, we conducted two experiments focusing on the IR window region. First, we performed a series of CRTM sensitivity tests with aerosol profiles that were perturbed from loading, peak altitude, thickness, and bin partition. Second, we ran GSI single IR observation experiments that assimilated an IR window channel observation over the trans-Atlantic region with and without considering aerosol transmittance effects in CRTM. Both experiments were performed with the Infrared Atmospheric Sounding Interferometer (IASI), which is a high-spectral-resolution IR sensor. The findings here, however, can be applied to other IR sensors assimilated in DA systems, such as the Cross-track Infrared Sounder (CrIS) and Atmospheric Infrared Sounder (AIRS).



In the present study, the key findings from the CRTM sensitivity and single IR observation experiments are:




	
Dust aerosols generate stronger impacts on BTs than other species (Figure 3). For other aerosol species, their influences could be limited on BTs due to the relatively smaller particle size and extinction coefficients.



	
An aerosol layer with heavier loading that peaks at higher altitude can produce the strongest cooling to simulated BTs (Figure 4). In contrast, the thickness and the bin partition of an aerosol layer provide smaller influences on simulated BTs.



	
Simulated BTs become more sensitive to the temperature of the aerosol layer and less sensitive to the temperature of the lowest model level. Aerosols also cause the simulated BTs to be less sensitive to the water vapor profile and the surface temperature (Figure 6 and Figure 7).



	
The aerosol-induced differences in atmospheric Jacobians produce considerable changes (∼25%) to analysis increments for specific humidity and temperature (Figure 10). In particular, the changes to the analysis increment for temperature are largely controlled by the water vapor Jacobian, which begins to unravel the complexity of how atmospheric Jacobians affect the analysis.








These key findings provide guidance toward an aerosol-aware DA system, especially for aerosol-aware QC and BC [18]. For aerosol-aware QC, the smaller Jacobian for surface temperature implies that the existing quality control (QC) check involving the “skin temperature sensitivity related parameter” can be relaxed or omitted for observations under hazy-sky conditions. For aerosol-aware BC, the large sensitivity to aerosol loading and peak altitude reveals that model biases on these two factors should be addressed in the bias correction (BC) algorithm. The aerosol impact on the Jacobian for surface emissivity, however, is not determined in this study. This is because of the problematic calculation under scattering conditions in the version of CRTM, which caused considerable changes in the BC algorithm [18]. The problem has been resolved in the newer version of CRTM.



There are, however, several limitations on our CRTM sensitivity tests that require further study. These include (i) the assumption of particle size distribution, (ii) optical properties for aerosols, and (iii) fixed ambient conditions. Prior studies have reported that different assumptions of particle size distribution [32] and different sets of optical properties and atmospheric states [33] can also introduce perturbations to the radiance simulation. Moreover, we found differences in the aerosol-affected Jacobians between the reference CRTM sensitivity test and the single IR observation experiments (see Figure 9), which we attributed to the differences in the environment (see Figure 8). Therefore, a more extensive study is desired to investigate the aerosol-affected BT simulations under various atmospheric conditions and optical properties, especially within dust-laden regions.



In summary, a DA system that does not constrain aerosol transmittance effects can introduce inaccurate cooling to the analyzed temperature due to warm biases in simulated BTs and inaccurate increments to the analyzed moisture variable when aerosol-affected observations are assimilated as clear-sky observations. These issues will be more critical over dust-laden regions, such as North Africa and the trans-Atlantic during summer, because of the high loading from Saharan dust. Consequently, the errors in analysis for both temperature and water vapor may degrade the forecasts of the African easterly waves and thus the tropical storm activities [34]. However, a DA system constraining the aerosol transmittance effects in IR radiance simulations by incorporating modeled aerosols is a feasible solution [17,18]. Based on the uncertainties in IR radiance simulations due to aerosols realized in this study, a future study using the latest CRTM that implements the QC checks and the BC predictors for assimilating hazy-sky IR observations is desired to investigate its impacts on analyses and forecasts.
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Appendix A


Appendix A.1. Determination of Aerosol Mass Density Profile


The vertical profiles of each aerosol type are determined by the altitude of the peak layer, the ratio of accumulated loading below and above the peak aerosol layer, the ratio of loading at the peak layer and the lowest layer (  R  p e a k   s f c   ), and bin partition. These variables are generated based on the statistics of dust aerosols in the summer months (June, July, and August) of the MERRA-2 2003-2014 climatology and episodic plumes for four types (defined in text) of aerosols in GEOS forward processing (FP) of June and September 2020. To reduce the complexity, the ratio of accumulated loading below and above the peak aerosol layer is fixed at 4 (cf. 80% below vs. 20% above), which is the median number within aerosol plumes. The equation for the mass density profile (   m d   ( k )   ) is


   m d   ( k )  =      0.8  m d   ( p )    [   0.2 C − 0.8  m d   ( p )    0.2 C   ]   k − p − 1           0.8 C  p   1 +   1 −  R  p e a k   s f c     1 +  R  p e a k   s f c      ·  cos  [   180 ∘   p − 1    ( p − k )  ]        ,  



(A1)




where C is the total mass density, k is the layer index in CRTM simulation (k = 1∼100), and p is the layer index of peak aerosol loading. Given C, the steps to construct the aerosol profiles are as follows:




	
Assign the altitude of the peak layer (506 hPa for the reference).



	
Place 20% of the mass loading above the peak layer (  0.2 C  ) and 80% (  0.8 C  ) at and below the peak layer (this ratio is fixed for all aerosol profiles).



	
Distribute the 80% at and below the peak layer based on a cosine function (  0 ∘   at peak to   180 ∘   at surface) and the Rsfcpeak (0.5 for the reference profile), which determines the aerosol layer thickness.



	
Distribute the 20% above the peak layer to exponentially decay with height. The decaying ratio is , where    m d   ( p )    is the mass density at the peak layer.



	
Distribute the loading at each layer to the bins for each type of aerosol based on the bin partition.









Appendix A.2. Results of Sensitivity Tests for Other Aerosol Types


Figure A1 shows the differences between simulated BTs computed from the perturbed profiles and the reference profile for the other three aerosol types (i.e., sea salt, carbonaceous, and sulfate). As presented in Section 4.1, the results have similar features to dust aerosols. Moreover, it shows the different spectral signatures of BTs among aerosol types: the changes to the BT differences for sea salt, carbonaceous, and sulfate aerosols are largest near 800    cm   − 1   , 1100    cm   − 1   , and 1175    cm   − 1   , respectively.



Figure A2 shows the column change rate (M; defined in Section 4.2) of Jacobians for temperature and water vapor from the other three aerosol types. Here, we present the sensitivity tests of aerosol loading, which have more discernible differences among different conditions. The M values reflect the BT differences shown in Figure 3. For instance, the larger BT differences of sea salt aerosols lead to stronger changes in   J T   and   J Q   compared to sulfate and carbonaceous aerosols. The M values also show that the sea salt aerosols result in a comparable change rate to   J T   and   J Q   at the region smaller than 900    cm   − 1   , where sea salt and dust aerosols have similar BT differences.



Figure A3 displays the scatter plots of   J T   and   J Q   from aerosol loading tests for sea salt, carbonaceous, and sulfate aerosols. Among these three aerosol types, sea salt aerosols show the most deviated   J T   and   J Q   from clear sky. The differences between three conditions of each aerosol type reflect their cooling effects to BTs. For example, sea salt has comparable magnitude of   J T   and   J Q   to the dust aerosols at   906.25      cm   − 1   , where sea salt and dust have similar cooling effects to BTs. In contrast, at   1028.75      cm   − 1   , the magnitude of   J T   and   J Q   in the tests of sea salt is smaller than dust aerosols, which is where the cooling effects to BTs induced by sea salt is also small (Figure 3).
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Figure A1. The relative change in simulated BT of IASI against the reference profile (   τ 550  = 1  ) of (a–c) sea salt, (d–f) carbonaceous, and (g–i) sulfate aerosols. Columns from left to right are the results from sensitivity tests of aerosol loading, peak altitude, and thickness, respectively. 
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Figure A2. The column change rate (M) of Jacobians for temperature (left column) and water vapor (right column) from the aerosol loading sensitivity tests for (a,b) sea salt, (c,d) carbonaceous, and (e,f) sulfate aerosols. 
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Figure A3. The scatter plots of Jacobians for layer temperature (in x) and layer water vapor (in y) from the two assimilated IR window channels,   906.25       − 1    (left column) and   1028.75       − 1    (right column). The sensitivity tests of column mass density are shown for (a,b) sea salt, (c,d) carbonaceous, and (e,f) sulfate aerosols. Clear sky is in ●, reference is in ▼, and triple loading is in ■. Color of dots represents the layer pressure. 
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Figure 1. The profiles for aerosol mass density for the sensitivity tests, including (a) aerosol mass loading, (b) peak layer altitude, and (c) aerosol layer thickness. The reference profile is also labeled in the legends of each panel. 
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Figure 2. The column mass density of aerosols of MERRA-2 on 12Z 22 June 2020. The “x” marks the location of the assimilated observation in the single IR observation experiments. 
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Figure 3. The brightness temperature differences between clear sky and hazy sky for IASI between 750 to 1500    cm   − 1   . 
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Figure 4. The relative change in simulated BT of IASI against the reference dust profile (   τ 550  = 1  ) for each sensitivity test: (a) column mass density, (b) altitude of peak dust layer, (c) thickness, and (d) bins partition. 
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Figure 5. The column change rate of Jacobians for layer temperature (  J T  , left column) and layer water vapor (  J Q  , right column) from sensitivity tests in (a,b) column mass density, (c,d) altitude of peak dust layer, and (e,f) thickness. The two selected channels for vertical distribution in Figure 6 are marked by dashed lines. 
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Figure 6. The scatter plots of Jacobians for layer temperature (in x) and layer water vapor (in y) from the two assimilated IR window channels:   906.25      cm   − 1    (left column) and   1028.75      cm   − 1    (right column). The sensitivity tests of (a,b) column mass density and (c,d) peak altitude are shown. Clear sky is in ●; reference is in ▼ and triple loading 865 hPa peaks are in ■. Color of dots represents the layer pressure. 
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Figure 7. (a) The comparison of the Jacobian for surface temperature (  J  T s   ) between clear-sky (black) and reference dust profile (red) and the (b) relative changes due to the perturbed column mass density. 
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Figure 8. The vertical profiles of (a) temperature, (b) specific humidity, and (c) aerosol mass density for the observation at 17.9° N and 60.7° W. 
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Figure 9. BT Jacobians for (a) layer virtual temperature and (b) moisture for   906.25      cm   − 1    at the observation. Note that the magnitude of (b) is different to Figure 6 because of the unit conversion in GSI. 
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Figure 10. The analysis increments of (a) layer temperature and (b) specific humidity at the observation. 
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Table 1. The bin partition and composition for the reference profiles of each aerosol type. The corresponding variable names in MERRA-2 are listed.
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Aerosol

Profile Type

	
Corresponding Variable Name in MERRA-2 and Bin Partition






	
Dust

	
DU001

	
DU002

	
DU003

	
DU004

	
DU005




	
10%

	
30%

	
40%

	
15%

	
5%




	
Sea Salt

	
SS001+SS002

	
SS003

	
SS004

	
SS005




	
5%

	
25%

	
60%

	
10%




	
Carbonaceous

	
OCPHOBIC

	
OCPHILIC

	
BCPHOBIC

	
BCPHILIC

	




	
15%

	
75%

	
5%

	
10%

	




	
Sulfate

	
SO4

	

	

	

	




	
100%
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