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Abstract 

        

        Satellite measurements are an important source of global observations in support of 

numerical weather prediction (NWP). The assimilation of satellite radiances under clear skies 

has greatly improved NWP forecast scores. Since most of the data assimilation models are used 

for the clear radiances assimilation, an important step for satellite radiances assimilation is the 

clear location detection. Good clear detection could effectively remove the cloud contamination 

and keep the clear observations for assimilation. In this dissertation, a new detection method uses 

collocated high spatial resolution imager data onboard the same platform as the satellite sounders 

to help IR sounders subpixel cloud detection, such as the Atmospheric Infrared Sounder (AIRS) 

and Moderate Resolution Imaging Spectroradiometer (MODIS), the Crosstrack Infrared Sounder 

(CrIS) and Visible Infrared Imaging Radiometer Suite (VIIRS). The MODIS cloud mask 

provides a level of confidence for the observed skies to help AIRS Field-of-View (FOVs) cloud 

detection. By reducing the cloud contamination, a cold bias in the temperature field and a wet 

bias in the moisture field are corrected for the atmospheric analysis fields. These less cloud 

affected analysis fields further improve hurricane track and intensity forecast.  

        The availability of satellite observations that can be assimilated in the model is limited if 

only the clear radiances are assimilation, which is also used in most operational centers. An 

effective way to use the thermodynamic information under partially cloudy regions is to 

assimilate the “cloud-cleared” radiances (CCRs); CCRs are also called clear equivalent 

radiances. Because the CCRs are the equivalent clear radiances from the partially cloudy FOVs, 
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they can be directly assimilated into the current data assimilation models without modifications. 

The AIRS CCRs are assimilated and compared with the AIRS using stand-alone cloud detection 

and collocated cloud detection. The assimilation of AIRS cloud-cleared radiances directly affects 

the atmospheric fields in the surroundings away from the hurricane center at the analysis time. 

With the longer forecast time, the impacts from the environments are transferring to the center of 

the hurricane, and then further affect the speed of hurricane moving and the hurricane center 

locations. For the assimilation of AIRS cloud-cleared radiances, the cold air from both the 

surface level and on the 200 hPa is moving slower and weaker than the results using the stand-

alone cloud detection method. The hurricane warm core and the radar reflectivity of the cloud-

cleared AIRS assimilated are stronger than AIRS with stand-alone cloud detection. With the 

improvement of the atmospheric fields, the assimilation of cloud-cleared AIRS gives the smallest 

root mean square error (RMSE) of hurricane tract 72-hour forecast compared to the AIRS 

radiances using stand-alone cloud detection and collocated cloud mask cloud detection.   
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Chapter 1 

Motivation and Introduction 

 

         Society has long desired to accurately forecast the weather. What will the weather be like 

this afternoon? Tomorrow? Next week? An accurate weather forecast is very important for both 

our daily life and the whole society. For a successful accurate weather forecast, Bjerknes (1911) 

outlined two conditions: (1) The present state of the atmosphere (or the analysis fields) must be 

characterized as accurately as possible; (2) the intrinsic laws, according to which the subsequent 

states develop out of the preceding ones, must be known. The basic atmospheric motion 

equations and basic conservation laws are the components of the theoretical support for the 

atmospheric intrinsic laws. For practical implementation, Bjerknes subdivided the two conditions 

into three partial problems: (1) the observation component; (2) the diagnostic or analysis 

component; and (3) the prognostic component. These three problems are the key components for 

improving weather forecasts.  

       Based on Bjerknes’ three partial problems, with the dense global observation system of 

today, there are two ways to further improve the weather forecast: improve the diagnostic or 

analysis component, that is improves the initial conditions through the advanced data 

assimilation systems; or improves the prognostic component, which is to improve the numerical 

modeling with advanced numerical methods by better representing the dynamic processes of the 
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atmosphere. This study focuses on the former because the current observations are not efficiently 

used by the analysis system.   

         Data assimilation uses both observations and short-term forecasts to estimate the initial 

conditions (Kalnay, 2003). In the modern NWP, both traditional observations and satellite 

observations can be assimilated in the system, and provide useful atmospheric initial condition 

information for improving the weather forecasts. Traditional measurements from the surface and 

radiosonde are the traditional measurements used in forecasting, including the SYNOP (for land 

surface observations), SHIP (for sea surface observations) and TEMP (for upper air 

observations) (Daley, 1991). The weather observations have high temporal and spatial resolution 

are also available for operational centers, such as the satellite observations, the lidar and radar 

data, and the GPS Radio Occultation (RO) data. The satellite measurement is an important type 

of global observation in support of NWP. Because most traditional observations are over 

populated land regions, satellite observations compensate for those areas where traditional 

observations are limited or rare, such as over oceans and the Southern Hemisphere. High 

temporal resolution is another advantage of satellite observations. Even over land, satellite 

observations are able to fill the gaps between the radiosonde locations and their launch times. In 

addition, the number of the radiosondes is becoming declined in the near future (McPherson, 

1999), which indicates that the satellite measurements are becoming more important 

observations. The methodologies and applications for improving the satellite infrared radiances 

assimilation on hurricane forecast are discussed in the dissertation. 

          To date, the assimilation of satellite data is mostly under clear skies only, especially for 

infrared (IR) sounder data. Due to many satellite IR sounders measure both atmospheric profiles 

and clouds, the data impact of the IR observations mainly comes from the clear observations (not 
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affected by clouds) at most operational centers. In data assimilation system, the radiative transfer 

model, the background error covariance, the observation error covariance and etc. are suitable for 

the clear radiances assimilation. Studies (e.g. Pangaud et al., 2009; Wang et al., 2014) found that 

if the cloudy radiances are assimilated as clear observations, the analysis fields would be degrade 

and make the NWP forecasts results worse. Reliable cloud detection is essential and one of the 

challenges in assimilating advanced IR sounder radiances. The current cloud detection scheme 

for satellite radiances is the clear channel detection (McNally and Watts, 2003) based on the 

first-guess departures (e.g., by comparing the observed brightness temperature and the simulated 

brightness temperature calculated through the forward model from the background), which 

potentially generates considerable risk for confusing the cloud detection by falsely assimilating 

observed cloudy radiances as clear radiances. Improved cloud detection could improve detection 

of clear field-of-views (FOVs) and improve the assimilation of IR radiances. The collocated high 

spatial resolution imager data can help IR sounder sub-pixel cloud detection and characterization 

(Li et al., 2004).  

           By applying spatially and temporally collocated high spatial resolution imager cloud 

mask, the thermodynamic information and cloud properties at the IR sounder sub-pixel level can 

be well separated. The collocated imager information improves the sounder cloud detection, and 

then further improved the weather forecasts (Wang et al., 2014). In this dissertation, the impact 

of the cloud detection on AIRS radiance assimilation has been investigated, and the collocated 

high spatial resolution (1 km) MODIS (Moderate resolution Imaging Spectroradiometer) cloud 

mask product is used for AIRS sub-pixel cloud detection. The methodology can also be applied 

on CrIS (Crosstrack Infrared Sounder) sounder cloud detection. Collocated high spatial 
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resolution VIIRS (Visible Infrared Imaging Radiometer Suite) cloud mask product is used for 

CrIS sub-pixel cloud detection.  

             Good cloud detection can effectively remove the cloud contamination and keep the clear 

observations for assimilation. However, the clear IR observations constitute only a small portion 

of the total IR observations. The percentage of completely clear-sky observations from the High-

Resolution Infrared Radiation Sounder (HIRS) is around 25% (Wylie et al., 1994), and the 

percentage of AIRS is less than 10% (Huang and Smith, 2004). Therefore, the percentage of IR 

observations which can be assimilated in the operational system is as few as 5% of the total 

observations (McNally and Watts, 2003). Expanding radiance assimilation into partially cloudy 

regions is needed to maximize the utility of advanced IR sounder data. Research using cloudy 

radiances directly has been ongoing, but significant challenges remain. An effective way to use 

the thermodynamic information under partially cloudy regions is to assimilate the “cloud-

cleared” radiances (CCRs) or cloud-removed radiances (Smith, 1968; Smith et al., 2004); CCRs 

are also called clear equivalent radiances. The cloud-cleared radiance is the equivalent clear 

radiances, which can be assimilated in the current models without modifications. The AIRS 

cloud-cleared radiances can be calculated combining the information from MODIS and AIRS 

radiances (Li et al., 2005). The assimilation of AIRS cloud-cleared radiances are compared with 

the stand-alone cloud detection and the collocated MODIS cloud detection. The atmospheric 

environment fields of the three experiments are discussed to help us understand how the AIRS 

cloud-cleared radiances assimilation improves the hurricane track forecast. 

           The dissertation is structured as follows. Chapter 2 presents an overview of the satellite IR 

data assimilation, focusing on the IR sounder radiances and retrieved products assimilation and 

the challenges of IR radiances under cloudy skies. Chapter 3 describes the conventional data, 
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satellite data, the data assimilation system and regional NWP model used for this study. The 

detailed of the experimental design and the hurricane cases are also explained in the Chapter 3. 

Chapter 4 introduces the IR radiances cloud detection method using the collocated high spatial 

resolution cloud mask, and the application of this method on the IR assimilation and forecast. 

Chapter 5 discussed the cloud-clearing method and the application of AIRS cloud-cleared 

radiances assimilation on hurricane case studies. The analysis fields and the forecast results of 

AIRS cloud-cleared radiances assimilation are compares with AIRS using GSI stand-alone cloud 

detection and MODIS cloud mask cloud detection experiments. Chapter 6 further studies the 

improvement on the hurricane structures and atmospheric environment variables with 

assimilating the AIRS cloud-cleared radiances. Besides hurricane track, the dynamic fields of 

hurricane structures, such as temperature, wind, PV and etc. are shown in details. Chapter 7 

summarizes the dissertation results and the future work.  
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Chapter 2 

Background  

          

       Satellite observations are an important component of global observations in support of 

weather forecast. Both the retrievals and the direct radiances from the satellite measurements are 

assimilated in the NWP models. The assimilation of the retrievals was carried out in the early 

studies. Dey et al. (1989) compared the assimilation of statistical derived soundings and the 

physical derived soundings. It was found that the physical satellite soundings performed 

consistently better in both hemispheres. Le Marshall (1988) found that the physical soundings 

significantly improved the moisture field in both nowcasting and the NWP. However, the 

soundings are highly related to the background fields, and the observation error of the retrieval 

profiles is hard to calculate. Kelly et al. (1991) compared the satellite soundings and the first 

guess fields and found large departures between them. To reduce the error characterization in the 

satellite soundings, the direct assimilation of the satellite radiance was considered in the NWP 

centers.  

            Radiance assimilation was first applied to the global data by modifying the one-

dimensional non-linear optimal estimation scheme at the European Center for Medium-Range 

Weather Forecasts (ECMWF) in June 1992 (Eyre et al., 1993). And then the operational three-

dimensional variation assimilation (3D-Var) systems were developed for radiance assimilation in 
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the early 1990s’ (Parrish and Derber, 1992; Derber et al., 1991; Courtier et al., 1993). The 

assimilation of the retrievals was replaced by assimilation of the direct radiances since 1995 at 

the National Center for Environmental Prediction (NCEP) (Derber and Wu, 1998). After that, the 

satellite radiances are becoming directly assimilated in the other operational centers and research 

studies (Guthier et al., 1999; Laroche et al., 1999; Lorenc et al., 2000). Based on the recent 

studies, contributions from satellite data, especially from infrared (IR) and microwave (MW) 

sounders such as AIRS, Infrared Atmospheric Sounding Interferometer (IASI), CrIS, Advanced 

Microwave Sounding Unit-A (AMSU-A), Advanced Microwave Sounding Unit-B (AMSU-B), 

Microwave Humidity Sounder (MHS) etc., are becoming the most important observations in 

operational centers (Le Mashall et al., 2005, 2006; Kelly and Thepaut, 2007; Cardinali, 2009). 

MW and IR sounders have the largest impact on forecast skills in all satellite observations 

(Cucurrull et al., 2014; Joo et al., 2013; Garand et al., 2013).  

 

2.1 Assimilating IR retrieved products 

              Severe weather systems are usually accompanied with heavy clouds and precipitation. 

The regions with clouds and precipitation are expected to have large impacts on forecast 

accuracy, because they are meteorologically sensitive areas (McNally, 2002). To avoid the 

limitations and uncertainties associated with direct assimilation of the cloud-affected radiances 

(Errico et al., 2007; Geer and Bauer et al., 2011), in recent studies, the cloud properties and the 

related moisture information are retrieved from the cloudy regions and then further assimilated 

into the models. The advantages of assimilating the retrieval products are that (i) it is easier to 

handle the non-linearity of the moist physical process (Moreau et al., 2004); (ii) it is 
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straightforward to apply the quality controls before the retrievals are passed on to the 

assimilation models (Bauer et al., 2006a, 2006b; Geer et al., 2008); (iii) it avoids using the 

forward radiative transfer model to calculate the brightness temperature from the model 

background in the cloudy regions.  Therefore, assimilating the clouds and rainfall products 

retrieved from satellite data is used in operational and research studies.  

 

2.1.1 Retrieved products from IR sounders 

         IR observations are very sensitive to clouds, which has two sides for satellite data 

assimilation. On the one hand, reliable cloud detection is required for IR sounder assimilation, 

which helps the cloud contamination or cloud pixels that are removed from the clear sky 

assimilation; on the other hand, high spatial resolution IR imager data provides the high quality 

of observed cloud characteristics, such as the cloud fraction and cloud height, which could be 

assimilated in the system to improve the atmospheric analysis and forecasts fields.  

           The cloud fraction and height from satellite imagers are used to help initialize mesoscale 

systems in the Met Office (Macpherson et al., 1996; Renshaw and Francis, 2011). Information on 

the cloud fraction and height from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) 

is converted to humidity pseudo-observations, and then the humidity profiles are assimilated in 

the system in a similar way as radiosondes. Some modifications for assimilating the humidity are 

noted by Renshaw and Francis (2011).  

       The cloud-top pressure and temperature data from the GOES imager have been used 

operationally in the Rapid Update Cycle (RUC) since April 2002 (Kim and Benjamin, 2001; 
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Benjamin et al., 2004a; Benjamin et al., 2004b). The GOES single FOV cloud-top pressure 

provides information on the cloud locations, though not the multiple layers or the cloud optical 

depths (Li et al., 2001). The clouds or hydrometeors are removed in the model where there are no 

observed clouds, and the cloud water and/or ice are added in the model where there are observed 

clouds. Assimilating GOES cloud-top improves the 3-hour forecast of cloud-top pressure and 

frontal cloud band. Otkin (2010) used an ensemble Kalman filter method (Evensen, 1994) to 

assimilate the simulated clear and cloudy observations of the Advanced baseline Imager (ABI), 

which is to be launched onboard GOES-R. It is shown that the assimilation of the IR brightness 

temperature both under clear-sky and cloudy-sky largely provided the cloud fields. 

       The retrieved temperature and moisture profiles (Li and Huang 1999; Li et al., 2000) as well 

as surface emissivity (Li et al., 2007; Li and Li, 2008) from IR sounders provide useful 

information for improving NWP. The temperature and moisture soundings from the 

hyperspectral infrared sounders have high vertical resolution and accuracy. Using the high 

quality temperature and moisture sounding data, the track errors for Hurricane Ike (2008) and 

Typhoon Sinlaku (2008) are reduced and the hurricane intensity forecasts are improved (Li and 

Liu, 2009; Liu and Li, 2010). Zheng et al. (2015) assimilated the AIRS clear-sky temperature 

profiles in the hurricane environment, which improves the hurricane track forecast and the 

hurricane moisture environment. Assimilating AIRS soundings derived in cloud-contaminated 

areas significantly increases the weather forecast skill during the midlatitude boreal winter 

conditions (Reale et al., 2008). Zavodsky et al. (2007) indicated that the AIRS retrievals 

provided a positive impact on improving the weather forecast skill.   
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2.1.2 About the assimilation of retrieved products 

       Assimilating retrieved products is an alternative way to extend the assimilation of satellite 

observations from clear skies to cloudy skies. The retrieved products bring information about the 

cloud-affected observations in the system to improve the hydrometeor process and cloud 

properties in the analysis and forecast atmospheric fields. However, several problems of 

assimilating the retrieved products are addressed: (i) the retrieved products are highly dependent 

on the first guess. If the first guess differs significantly from the model background, the analysis 

fields are degraded by the mismatch of the large departures (Geer et al., 2008); (ii) the variables 

assimilated in the model usually are cloud-top pressure, TCWV, and rain rate. However, there 

are more variables that can be retrieved, such as the surface wind, the vertical profiles of 

temperature, moisture, cloud and precipitation. The information is missed by only assimilating 

one or two variables in the system (Okamoto and Derber, 2006); (iii) the retrieved cloud 

properties or the precipitation are usually converted to humidity profiles to affect the analysis 

fields. This process needs to be done carefully as adding or removing the moisture information at 

the wrong vertical level would degrade the forecast skills (Renshaw and Francis, 2011). 

Therefore, it is still worth the efforts to study the direct assimilation of satellite observations 

under cloudy sky. 

 

2.2 Assimilating IR sounder radiances 

            Currently there are mainly four methodologies for IR sounder radiance assimilation: (1) 

the first method is clear location, which is to find clear FOVs so that radiances in clear FOVs can 
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be assimilated. The advantage of this method is that radiance assimilation in clear skies is quite 

mature and the radiative transfer model (RTM) in clear skies is also reliable; the disadvantage is 

that only a small percentage of the data are used. (2)  The second method is clear channel 

detection. This method is used to find radiances of those channels not affected by clouds, for 

example, choosing radiances in those channels with weighting function, or Jacobian (dBT/dT) 

peaks above the clouds. The advantage of this method is that more data are used in radiance 

assimilation, especially some data are used in cloudy skies (e.g., in low cloud situations), the 

disadvantage is that the channels with weighting peaks above the cloud top can still be partially 

contaminated by clouds. (3) The third methodology is direct assimilation of radiances in cloudy 

skies, which is still quite challenging. (4) The fourth methodology is to use cloud-cleared 

radiances instead; this method removes the cloud effect in IR FOV(s) by using additional 

information in cloudy skies and obtaining the clear equivalent radiances or so-called cloud-

cleared radiances (CCRs), so that the CCRs can be treated as clear radiances in assimilation. The 

advantage of this method is that the CCRs can be assimilated as clear radiances under partially 

cloudy skies; the disadvantage is that additional information is needed and the CCR observation 

errors are amplified compared to the clear sky radiances.   

       Based on difference sources of additional information, three cloud-clearing methods have 

been developed. The first method, called the background based cloud-clearing method, is based 

on the background or first-guess fields. The cloud-cleared CrIS radiances based on the 

background cloud-clearing method are assimilated at the National Centers for Environmental 

Prediction (NCEP) for research study (Liu et al., 2015). The advantage of this method is that it is 

easy to implement into the operational systems. But the cloud-cleared information is only based 

on the background or the first-guess fields, which generate considerable risk if the forecasts used 
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as the background in cloudy regions have large uncertainties. The second method is using the 

MW (i.e., AMSU-A) data to help the IR (i.e., AIRS) obtain cloud-cleared IR radiances (Susskind 

et al. 2003). Usually MW sounders have relatively coarse spatial resolution (i.e., 45 km for 

AMSU-A at nadir) compared to IR sounders (i.e., 13.5 km for AIRS at nadir); as a result, the 

cloud-cleared IR sounders are degraded from the higher spatial resolution to the coarse spatial 

resolution of the MW sounders. The third cloud-clearing method uses high spatial resolution 

imager data (i.e., MODIS) to help the IR (i.e., AIRS) obtain cloud-cleared IR radiances under 

partially cloudy regions (Li et al., 2005). It removes the cloud effect from an IR sounder FOV 

with partial cloud cover by using collocated clear sky imager IR radiances.  For example, by 

spatially averaging MODIS IR radiances into an AIRS FOV, and spectrally averaging AIRS into 

MODIS spectral bands, an important cloud-clearing parameter called N* can be calculated, by 

applying N* to the whole AIRS radiance spectrum, AIRS cloud-cleared radiances on a single 

FOV basis can be obtained for radiance assimilation in NWP.  The advantage of this method is 

that it keeps the original high spatial resolution of the IR data (i.e., 13.5 km at nadir for AIRS 

cloud-cleared radiances). The details of the third cloud-clearing method and the applications of 

this method is discussed in this dissertation Chapter 5. 

 

2.3 Challenges to assimilate IR sounder radiances in cloudy 

skies 

For IR sounders, direct assimilation of radiances is particular challenging because (1) 

both NWP and radiative transfer models (RTM) have larger uncertainties in cloudy regions, (2) 
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there is a significant change in the temperature Jacobians at cloud level, and (3) satellite 

observations and NWP may be inconsistent on clouds (e.g., satellite sees clouds but NWP does 

not, vice versa).  Figure 2.1 shows the AIRS temperature Jacobian (dBT/dT, unit: K/K) using the 

Community Radiative Transfer Model (CRTM) with a cloud-top pressure (CTP) of 700 hPa, and 

cloud optical thickness (COT) at 0.55 µm of 0.05 (upper) and 0.5 (lower), respectively. It can be 

seen that when the cloud is thin, the temperature Jacobians are quite smooth vertically while 

when the cloud is thicker, there is a large temperature Jacobian change at cloud level, making the 

assimilation of temperature information from radiances very difficult in cloudy skies. Another 

challenge is the higher nonlinearity in assimilation when clouds present (Bauer et al. 2011). 
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Figure 2.1 AIRS temperature Jacobian (dBT/dT, unit: K/K) with a cloud-top pressure (CTP) of 

700 hPa, and cloud optical thickness (COT) at 0.55 µm of 0.05 (upper) and 0.5 (lower), 

respectively.   
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Chapter 3  

Models, Assimilation Systems, Hurricanes and Data 

used in this study 

 

3.1 Description of Models 

3.1.3 Regional numerical weather prediction model 

         The advanced research version of the Weather Research and Forecasting (WRF-ARW) 

model version 3.2.1 is used as the NWP system. WRF is a mesoscale NWP model, which is 

designed for both research and operational forecasting. The NCAR Mesoscale and Microscale 

Meteorology Division support WRF-ARW for the community. The equation set for WRF-ARW 

is fully compressible, Eulerian and non-hydrostatic in flux form on a mass based terrain 

following vertical coordinate system [Skamarock et al. 2008].  In WRF-ARW, several physical 

schemes are available for various research purposes, such as data assimilation development and 

studies, parameterized-physics research, air quality modeling atmosphere-ocean coupling and 

idealized simulations. WRF-ARW is used in daily runs for regional NWP short-term forecasts, 

such as NCEP Rapid Refresh (RAP), and SDAT. 
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Figure 3.1 The model domain of the experiments for this study.  

 

           In this study, the horizontal domain covers an area from 6°𝑁 to 51°𝑁 and 40°𝑊 to 100°𝑊 

on the Lambert Conformal Conic projection as shown in Figure 3.1. Since hurricanes are the 

weather systems that we want to focus on, the model domain covers a large area of the North 

Atlantic Ocean, the East and the Mid-West of the American, Cuba, the Gulf of Mexico and the 

very north of the South America. The horizontal resolution in the domain is 12 km with 400×350 

grid points, and the vertical is from the surface to 10 hPa instead of the default 50 hPa in WRF 

model. The microphysics scheme used is the WRF Single-Moment six-class scheme (WSM6) by 

Hong and Lim [2006]. Longwave and shortwave radiation schemes used are the RRTMG 

scheme [Iacono et al., 2008]. The planetary boundary layer is the Yonsei University scheme 

(YSU) [Hong et al., 2006], and the cumulus parameterization option is the Kai-Fritsch scheme 

[Kain, 2004]. 
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3.1.2 Data assimilation system 

The Gridpoint Statistical Interpolation (GSI) system version 3.1 from the Developmental 

Testbed Center (DTC) is used as the data assimilation model. GSI is primarily a three-

dimensional incremental variational (3D-Var) system with modules developed for advanced 

features for both global and regional applications (Wu et al., 2002; Kleist et al., 2009). GSI is an 

operational assimilation system developed jointly by, NASA and NCAR. DTC transitioned the 

operational GSI system into a community system to be used in the public domain for study, 

research or any purpose.  It is capable of assimilating various kinds of observations from 

conventional data to aerosol observations and satellite radiance data. GSI system is now widely 

used in research community (Schwartz et al., 2012; Zhang et al., 2013; Lim et al., 2014). 

The major application of GSI version 3.1 is a 3D-Var data assimilation system. For 

variational data assimilation method, it minimizes a penalty function with respect to the 

atmospheric state using background information, the observations and the physical and 

dynamical constraints (DTC, 2012). It is assumed that the background error distributions and the 

observation error distributions are Gaussian, with no bias and the background and observation 

errors are uncorrelated. The maximum likelihood atmospheric state can be obtained by the 

minimization of the cost function (Lorenc, 1986), which is: 

𝐽(𝑥) =
1

2
(𝑥 − 𝑥𝑏)𝑇𝐵−1(𝑥 − 𝑥𝑏) +

1

2
(𝑦 − 𝐻(𝑥))𝑇𝑅−1(𝑦 − 𝐻(𝑥)) + 𝐽𝑐 

Where 

𝑥: Analysis fields 
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𝑥𝑏: Background fields (first guess), or the initial estimate given by the model state vector 

𝐵: Background error covariance matrix 

𝐻 : Observation operator (or forward model), which transforms the grid point analysis to 

observation space 

𝑦: Observations 

𝑅: Observational error covariance matrices, which comprises of the covariance of instrumental 

observation errors and the covariance of representativeness error in the observations. 

𝐽𝑐: Constraint terms (i.e., dynamical and moisture constraint) 

The background profile xb is from the NWP model. The background error covariance 

matrix B is derived from the differences between the background field and observations (Derber 

and Bouttier, 1999). The cost function is the sum of the squared residuals of the analysis to the 

background and observations. Correlation between observational errors is neglected. The 

minimized cost function is found by an iterative process, and it gives the best analysis results.  

 

3.1.3 Radiative transfer model  

          For satellite radiance assimilation, a forward radiative transfer model (RTM) is required to 

calculate the radiance from the background. The radiance calculated from the background is 

compared with the observations, and then the adjustment for the atmosphere is made by the 

difference between the calculated and observed radiances. In GSI, the Community Radiative 

Transfer Model (CRTM) has been implemented and used as the RTM. It is developed by the 
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Joint Center for Satellite Data Assimilation (JCSDA), and it includes the forward operator, 

tangent-linear, adjoint and K-matrix to transform the grid point analysis to observational space 

[Han et al., 2006; Weng 2007; Chen et al. 2010; Chen et al. 2012]. It has the capability to 

simulate the microwave and infrared radiances observed by instruments onboard variety 

satellites, such as AMSU-A onboard NOAA-15, NOAA-18, Metop-A; AMSU-A and AIRS 

onboard Aqua; ATMS and CrIS onboard Suomi NPP.    

 

3.2 Hurricanes 

         Hurricanes Sandy (2012), Irene (2011) and Ike (2008) over the Atlantic Ocean are the 

selected case studies for the assimilation and forecast experiments. Hurricane Sandy was a very 

destructive hurricane during the 2012 Atlantic hurricane season (Figure 3.2). It was a late-season 

hurricane that developed on 1200 UTC 22 October in the southwestern Caribbean Sea, and then 

moved northward. By 25 October when Sandy made landfall in Cuba it was a Category 3 storm. 

After passing the Bahamas, Sandy turned toward the northeast around 1200 UTC 27 October and 

its speed increased again by 1200 UTC 27 October. On 28 October, Sandy passed southeast of 

North Carolina and turned to the northwest. By 2100 UTC 29 October, Sandy became an 

extratropical storm and the center of post-tropical Cyclone Sandy made landfall at about 

2300UTC near Brigantine, New Jersey (Blake et al., 2013). Throughout its path across seven 

countries, Sandy caused widespread destruction with estimated damage over $68 billion (U.S. 

dollars), and the total fatalities were at least 286. The total losses of Hurricane Sandy put it 

second only to Hurricane Katrina (2005).  



20 
 

 

Figure 3.2 The best track (from CIMSS/SSEC) and the observed maximum wind speed (from 

NHC) of Hurricane Sandy (2012). 

 

          Hurricane Irene (2011) formed east of the Lesser Antilles on 0000 UTC 21 August 2011. 

By 1200 UTC 24 August, it had increased in strength to become a major hurricane (Category 3) 

and turned northward (Figure 3.3). It passed offshore the east coast of Florida and Georgia 

around1200 UTC 25 August. Irene made landfall near Cape Lookout, North Carolina at 1200 

UTC 27 August. Irene continued to move north and northeastward and made landfall again near 

Atlantic City, New Jersey at 0935 UTC on 28 August 2011 (Avila and Cangialosi, 2011). Irene 

killed at least 56 people and caused an estimated $15.6 billion in total damage in the United 

States. 

            Hurricane Ike (2008) was a destructive tropical cyclone that became a hurricane by 1800 

UTC 3 September 2008, and a Category 4 storm at 0600 UTC 4 September (Figure 3.4). It 

moved from North Atlantic Ocean westward and made landfall in Cuba around 0200 UTC 8 

September. Ike continued moving westward across Cuba and then turned northwest to make final 

landfall in Texas on 0700 UTC 13 September (Berg, 2009). Ike was directly responsible for at 
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least 103 deaths throughout its path. The damages from Ike in U. S. are estimated at $29.5 billion 

with additional $7.3 billion in Cuba. 

 

 

Figure 3.3 The best track (from CIMSS/SSEC) and the observed maximum wind speed (from 

NHC) of Hurricane Irene (2011). 

 

  

Figure 3.4 The best track (from CIMSS/SSEC) and the observed maximum wind speed (from 

NHC) of Hurricane Ike (2008). 
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3.3 Data set used for assimilation 

 3.3.1 NCEP FNL data 

         The NCEP FNL (Final) operational global analysis data are used as the background and the 

boundary conditions for the regional model. The FNL data are on 1-degree by 1-degree grids 

globally for every six hours. This product is from the Global Data Assimilation System (GDAS), 

and it made with the same model which NCEP uses in the Global Forecast System (GFS). But 

the FNLs are delated than the operational results, which allows more observational data can be 

assimilated in GDAS and get more accurate forecasts than GFS.  

3.3.2 GTS data  

         Data from the World Meteorological Organization’s (WMO) Global Telecommunication 

System (GTS) are used in this study. GTS includes all the conventional data both from the global 

upper air and surface weather observations. The data include the land surface, marine surface, 

radiosonde, pibal and aircraft reports. These reports include the pressure, the geopotential height, 

temperature, moisture and wind. The report time intervals are from hourly to 12 hourly. The data 

available time is every 6 hourly. In the data set, the observational error and the quality control for 

each data type and each observation are encoded together with the observations. The GTS data 

are used as one of the data set of the control experiment in this study. 

3.3.3 AMSU-A data 

          The Advanced Microwave Sounding Unit-A (AMSU-A) sensor is a multi-channel 

temperature and moisture sounder with 15 channels at microwave frequencies ranging from 23.8 
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GHz to 89.0 GHz. It scans across the satellite track at 30 viewing angles covering ±48.95 

degrees, with a nominal FOV of 1.1° and 3.3 ° (16 km and 49 km at nadir) (Diak et al., 1992; 

Weng et al., 2003). The priority of the AMSU-A is to provide the atmospheric information in the 

presence of the clouds. The AMSU-A observations are also used as one of the data set of the 

control experiment. The AMSU-A onboard NOAA-15, NOAA-18, Metop-A, Aqua and NOAA-

19 are used with a thinning box of 60 km in this study. The used channels are followed the same 

channel set of GDAS, which are listed in table 3.1. 

 

Table 3.1 The used channels of AMSU-A data onboard NOAA-15, NOAA-18, Metop-A, Aqua 

and NOAA-19. 

Channel NOAA-15 NOAA-18 Metop-A Aqua NOAA-19 

1 Use Use Use  Use 

2 Use Use Use  Use 

3 Use Use Use  Use 

4 Use Use Use  Use  

5 Use Use Use  Use 

6 Use Use Use  Use 

7 Use Use   Use 

8 Use Use Use Use  

9 Use  Use Use Use 

10 Use Use Use Use Use 

11  Use Use Use Use 

12 Use Use Use Use Use 

13 Use Use Use Use Use  

14  Use    

15 Use Use Use  Use 
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3.3.4 ATMS data 

         The Advanced Technology Microwave Sounder (ATMS) onboard Suomi National Polar-

Orbiting Operational Environmental Satellite System Preparatory Project satellite (S-NPP) and 

the Joint Polar Satellite System (JPSS) is a cross-track scanner with 22 channels in bands from 

23.8 GHz through 183.3 GHz, combing all the channels of the preceding AMSU-A and AMSU-

B sensors. It was designed to have three antenna beam-widths, 1.1°, 2.2°, and 5.2°, providing 

spatial resolution of 16 km, 32 km, and 75 km at nadir, respectively (Muth et al., 2005). The 

assimilated ATMS channels in this study are listed in table 3.2, which is also following the 

channel set by GDAS. 

 

Table 3.2 The used channels of ATMS onboard S-NPP/JPSS 

Channel ATMS Channel ATMS Channel ATMS 

1 Use 9 Use 17 Use 

2 Use 10 Use 18 Use 

3 Use 11 Use 19 Use 

4 Use 12 Use 20 Use 

5 Use 13 Use 21 Use 

6 Use 14 Use 22 Use 

7 Use 15    

8 Use 16 Use   
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3.3.5 MODIS data 

          MODIS on the Earth Observing System (EOS) Terra and Aqua satellites has 36 broadband 

spectral bands covering from 0.4 𝜇𝑚  to 14.4  𝜇𝑚 . MODIS is the instrument aimed for the 

biological and physical measurements of the earth and atmosphere systems. Some of the selected 

MODIS channels have been used to study the atmosphere properties, such as atmospheric 

temperature and moisture profiles, aerosol properties, and the cloud properties (Barnes et al., 

1998). The daily global cloud products from MODIS with a high spatial resolution of 1 km are 

retrieved by combining the observed infrared and visible radiances (King et al., 2003; Platnick et 

al. 2003; Ackerman et al., 1998). The MODIS 1-km cloud products include, but are not limited 

to, the cloud mask (confident clear, probably clear, confident cloudy and probably cloudy) 

(Ackerman et al., 1998), the cloud-phase mask (water clouds, ice clouds and mixed phase) 

(Strabala et al., 1994; Baum et al., 2000), the cloud classification mask (CCM) (Li et al., 2003; 

Li et al., 2007), the cloud particle size (CPS), and the cloud optical thickness (COT) (King et al., 

2003; Platnick et al., 2003). The high resolution cloud mask from MODIS is applied in this 

study, to provide reliable cloud detection for AIRS FOVs. Besides, the MODIS radiance is also 

used to get the cloud-cleared for AIRS FOVs. The detailed will be discussed in the following 

parts. 

3.3.6 AIRS data 

          AIRS is a high spectral resolution sounder with 2378 channels covering the visible, near-

infrared and infrared spectrum from 0.40 𝜇𝑚 to 15.4 𝜇𝑚 (Aumann et al., 2003). The infrared 

spectrum is from 3.74 𝜇𝑚 to 15.4 𝜇𝑚, and the aim for AIRS infrared is the get an accurate 

atmospheric temperature and moisture profiles from the surface to the higher atmosphere. The 



26 
 

spatial footprint of the instrument is 13.5 km at nadir (with a nominal FOV of 1.1°) and a ±49.5° 

scan width. Two strong CO2 absorption bands (centered at 15.5 𝜇𝑚 and 4.3 𝜇𝑚) and a strong 

water vapor absorption band (centered at 6.3 𝜇𝑚) are occurred in AIRS spectral. Some other 

absorption bands, such as CH4, O3 and CO are also occurred within the AIRS spectral.  

3.3.7 VIIRS data 

          The Visible Infrared Imaging Radiometer Suite (VIIRS) is one of the major instruments 

onboard S-NPP and JPSS. VIIRS has 22 spectrum from 0.412 μm to 12.01 μm with 16 moderate 

resolution channels (750 m at nadir) and 6 imaging resolution channels (375 m at nadir) (Lee et 

al., 2006). The VIIRS observations are designed mainly to measure the clouds and Earth surface 

variables. It provides high spatial resolution cloud products containing CM (Hutchison et al., 

2005), CP (Pavolonis and Heidinger, 2004; Godin, 2014), cloud top parameters (Baker, 2012), 

COT, and effective radius (Godin, 2014). The high resolution cloud product is collocated with 

the CrIS FOVs and help the Cross-track Infrared Sounder (CrIS) better identify cloud.  

 3.3.8 CrIS data 

           CrIS onboard the Suomi-NPP and JPSS with 1305 channels from 3.92 μm to 15.38 μm. It 

was launched on 28 October 2011. The spatial footprint of the instrument is 14 km at nadir and 

1km vertical layer, and the scanned swath is 2200 km. CrIS provides unprecedented information 

about atmospheric temperature and moisture profiles with high vertical resolution and good 

accuracy. CrIS could also measure the atmospheric chemistry and detect the concentration of the 

greenhouse gases in the atmosphere (Han et al., 2013). The CrIS is one of the operational 
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satellite measurements to verify the operational application of the cloud detection with collocated 

high spatial resolution cloud mask in this study. 

 

3.4 Experimental design 

            In this study, three experiments have been carried out to demonstrate the impact of the 

AIRS radiances assimilation (Table 3.3). The GTS and AMSUA are assimilated in all the 

experiments, and the AIRS radiances data are different in the experiments.  

 GTS+AMSUA+AIRS (GSI clr) or AIRS (GSI clr) for simplicity;  

 GTS+AMSUA+AIRS (MOD clr) or AIRS (MOD clr);  

 GTS+AMSUA+AIRS (MOD cld-clr) or AIRS (MOD cld-clr).  

            All three experiments assimilate the GTS, AMSU-A radiances and AIRS radiances. The 

differences are the AIRS radiances: GSI clr uses the GSI stand-alone cloud detection for AIRS 

clear radiances; MOD clr uses collocated MODIS cloud mask for AIRS clear radiances; and 

MOD cld-clr uses MDOSI cloud mask for AIRS clear radiances and AIRS/MODIS cloud-

clearing for additional AIRS radiances. To avoid the complexity of land surface (i.e. emissivity), 

only AIRS cloud-lceared radiances over ocean are used in the assimilation experiments. The 

comparison between AIRS (GSI clr) assimilation and AIRS (MOD clr) assimilation is discussed 

in Chapter 4. And the impacts from additional cloud-cleared AIRS radiances on hurricane 

forecasts are discussed in the Chapter 5.  

         Because AIRS/MODIS are the satellites for research study, to apply the methodologies and 

the schemes on the operational satellite instruments, CrIS and VIIRS satellite observations are 
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discussed in this study. The high spatial resolution cloud products from VIIRS are collocated 

with CrIS FOVs to help CrIS better identify clouds. The comparison between CrIS stand-alone 

cloud detection and the CrIS/VIIRS cloud detection are carried out (Table 3.4). The experiments, 

the assimilation cycling, the forecast time periods, and the hurricane cases are following the 

AIRS/MODIS cloud detection.  

 

Table 3.3 Data used in the experiments for AIRS/MODIS clear detection (Italics indicate the 

AIRS radiance data with different methods, AIRS (GSI clr) uses the AIRS-alone cloud detection, 

AIRS (MOD clr) is AIRS/MODIS cloud detection, and AIRS (MOD cld-clr) is the 

AIRS/MODIS cloud-clearing method.) 

Experiment GTS AMSUA AIRS 

(GSI clr) 

AIRS 

(MOD clr) 

AIRS 

(MOD cld-clr) 

GTS+AMSUA+AIRS (GSI clr) Yes Yes Yes   

GTS+AMSUA+AIRS (MOD clr) Yes Yes  Yes  

GTS+AMSUA+AIRS (MOD cld-clr) Yes Yes   Yes 

 

         

          It is assumed that the observations are independent and the observational errors are 

uncorrelated. Thinning is applied to the satellite radiances assimilation. The thinning mesh is 60 

km for AMSU-A, and 120 km for AIRS. The background error covariance matrix and 

observation error table used in GSI follows the NCEP operational system, i.e. North American 

Mesoscale Forecast System (NAM) (McCarty et al., 2009). The bias correction has two parts in 

GSI system: air mass bias and satellite scan dependent bias. In this study, the initial bias 

coefficients are from the NCEP GFS. The air mass bias correction coefficient is updated based 
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on the previous results for each cycling run. Therefore, the bias correction coefficients of the 

three experiments are different.  

 

Table 3.4 Data used in the experiments for CrIS/VIIRS clear detection. 

Experiment GTS AMSUA CrIS 

(GSI clr) 

CrIS 

(VIIRS clr) 

GTS+AMSUA+CrIS (GSI clr) Yes Yes Yes  

GTS+AMSUA+CrIS (VIIRS clr) Yes Yes  Yes 

   

 

 

Figure 3.5. An example of AIRS spectrum (black) and the corresponding 281 channels (blue 

dots) selected for the NWP center. The red dots are the selected 120 channels from 281 channels 

that were assimilated in this study. 
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Figure 3.6. An example of CrIS spectrum (black) and the corresponding 399 channels (blue dots) 

selected for the NWP center. The red dots are the selected 84 channels from 399 channels that 

were assimilated in this study. 

 

        Based on Goldberg et al. (2003), 281 channels of 2378 AIRS channels are selected for 

NWP centers by NOAA NESDIS. But not all of the 281 channels of AIRS are used in the GSI 

system. Due to the local thermal equilibrium effects, large innovation differences and dominated 

penalty function, 152 channels are selected from the 281 channels based on the NCEP 

operational center (Jung, 2008). Spectral channels located in the shortwave spectrum and those 

with significant ozone absorption are rejected in the regional assimilation. Combining the NCEP 

operational and the regional model channel selections, there are 120 channels assimilated in the 

GSI in this study (Figure 3.5). The surface channel assimilation follows the same schemes as 
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demonstrated by Lim et al. (2014). All the experiments used the same set of AIRS channels in 

this study.  

          The total number of CrIS infrared sounding channels is 1305 spread over 3 bands covering 

the longwave (655-1095 cm
-1

), midwave (1210-1750 cm
-1

) and shortwave (2155-2550 cm
-1

) 

(Gambacorta and barnet, 2011). 399 CrIS channels are selected based on the NOAA/NESDIS 

physically-based methodology for the near real time studies. These channels include 24 surface 

temperature and emissivity sounding channels, 87 temperature sounding channels, 62 water 

vapor, 53 O3, 27 CO, 54 CH4, 53 CO2, 24 N2O, 28 HNO3 and 24 SO2 sounding channels. 84 

channels are assimilated in GDAS operational system and GSI (Figure 3.6). The channels 

assimilated from CrIS are temperature sounding channels. 

 

 

       

 

 

Figure 3.7. Assimilation cycle valid for the three experiments. The initial condition at 25 0600 

UTC is interpolated from the global analysis. After the data assimilation (blue box), a 72-hour 

forecast is carried out, and at the same time, the 6-hour short term forecast is used as the first 

guess for the next assimilation cycle. 

 

         To verify the data impact, three hurricanes are selected to simulate as the case studies. For 

the Hurricane Sandy experiments, the assimilation time is from 1800 UTC 25 October to 0000 
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UTC 27 October at every 6-hour cycle with a +/- 1.5 hour assimilation window. A 72-hour 

forecast, from 1800 UTC 28 October to 0000 UTC 30 October 2012 followed (Figure 3.7). The 

experiments for Hurricane Irene and Ike are similar to those for Hurricane Sandy. The 

assimilation time for Irene is from 1200 UTC 22 August to 0000 UTC 24 August. The forecast 

time was run from 1200 UTC 25 August to 0000 UTC 27 August 2011. The assimilation time for 

Hurricane Ike is from 1800 UTC 5 September to 0000 UTC 7 September, and the forecast time is 

from 1800 UTC 5 September to 0000 UTC 10 September 2008. 

        Because the regional models are limited area models (LAM), the lateral boundary 

conditions (LBC) are required to be updated at various time steps with the model integrating 

forward in time. The LBC is updated from the global model, which helps to slow down the 

propagation of the lateral boundary errors into the domain under study over time (Warner et al., 

1997). In this study, the LBC is updated every 6 hour from the NCEP FNL data, and the new 

LBC with the analysis fields together to do the forecast through WRF-ARW model.  
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Chapter 4 

Eliminating cloudy contamination – clear location 

detection         

 

          To date, in many operational centers, the clouds contribution from the satellite sounders 

are neglected, so the core parts in the model, or more broadly the data assimilation system (DAS) 

(i.e. the control vectors, the radiative transfer model, the background error covariance, the 

observation error covariance and the linearized physical parameters) are designed for the clear 

radiances assimilation. If the cloudy radiances are assimilated as clear radiances, there will be a 

negative impact on the quality of NWP analysis (Pangaud et al., 2009). Therefore, reliable cloud 

detection is one important step before the satellite data assimilation. Improved cloud detection 

could reduce the incorrect detection of clear fields of view (FOVs) and improve the assimilation 

of IR radiances.  

           The major method for cloud detection in most systems is to calculate the first-guess 

departures (i.e. by comparing the observed brightness temperature and the simulated brightness 

temperature calculated through forward model from the background). If the first-guess 

departures are larger than the threshold, then the observations are rejected as cloudy. So, this 

approach requires very accurate atmospheric temperature analysis, as well as the accurate 
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simulated clouds from the first-guess. The model can capture the large scale clouds, and due to 

the large first-guess departures, the deep convective clouds are detected and removed. However, 

for the thin clouds or under partially cloudy regions, the difference of radiances between the 

clouds and the clear skies is small. For the low clouds where the temperature contrast from the 

surface is small, the first-guess departures are potential within the threshold value. In these 

regions, if the first-guess departure is smaller than the threshold, the observed cloudy radiances 

are assimilated as clear sky in the NWP model, which introduces cloud contamination and 

degrades the analysis fields. In addition, in the case of clear observations from satellite while 

NWP has clouds, the clear observations will be discarded in the assimilation based on the first-

guess departure. 

 

4.1 Methodology for clear location detection 

         MODIS on the Earth Observing System Terra and Aqua satellites provides multispectral 

broadband radiance measurements and cloud products at a spatial resolution of 1 km. With a 

collocation methodology developed by Nagle (1998), AIRS sub-pixel cloud detection and 

characterization can be derived by taking advantage of high spatial resolution MODIS cloud 

products. For example, the MODIS cloud mask can be used for AIRS sub-pixel cloud detection, 

and the 1 km MODIS cloud phase and cloud type mask can be used for AIRS sub-pixel cloud 

characterization, both of which are useful for quality control in assimilating cloudy radiances. In 

recent experiments with WRF/GSI, it is found that some clear pixels are identified as cloudy 

while cloudy pixels are identified as clear in the GSI system. While the data assimilation suffers 

from these misclassifications (Hu and Xue, 2006), a better cloud detection could reduce the 
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cloudy data mismatch and improve the assimilation.  The impact of cloud detection on AIRS 

radiance assimilation has been investigated, and the collocated high spatial resolution (1 km) 

MODIS cloud mask product is used for AIRS sub-pixel cloud detection.   

          

 

Figure 4.1 The brightness temperature (unit: K) for one AIRS granule indicated in Figure 4.4 at 

0600 UTC on 25 October 2012.  

 

         To better understand the advantage of AIRS sub-pixel cloud detection with the MODIS 

cloud mask, one granule of AIRS brightness temperature (BT) is shown in Figure 4.1 and the 

collocated MODIS high resolution cloud mask is shown in Figure 4.2. Figure 4.2 reveals the 

collocated MODIS cloud mask for a small area outlined in Figure 4.1. The AIRS sub-pixel clear 

mask can be easily derived based on the MODIS cloud mask; there are four possible categories 

for each MODIS pixel: confident clear, probably clear, uncertain and cloudy. Only the AIRS 
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sub-pixels filled with the MODIS confident clear mask are considered clear footprints for 

assimilation and forecast experiments. Otherwise, the AIRS sub-pixels are removed due to the 

cloud contamination.  

 

 

 

Figure 4.2 The collocated MODIS cloud mask for the small box area outlined by the rectangle in 

Figure 4.1. 

 

4.2 AIRS/MODIS for clear location detection 

4.2.1 Impact on analysis  
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        To compare the data coverage of AIRS radiance data assimilated using two different cloud 

detection methods, AIRS channel 210 (709.5659 cm
-1

) and channel 1477 (1345.31 cm
-1

) are 

selected as temperature sensitive channel and moisture sensitive channel respectively. The 

weighting function peaking of AIRS channel 210 is at around 450 hPa (Figure 4.3). The left 

panel of Figure 4.4 shows the AIRS data coverage using the GSI stand-alone cloud detection 

method (AIRS (GSI clr) as short), while the right panel shows the AIRS data coverage using 

collocated MODIS cloud detection method (AIRS (MOD clr)). Similarly, the data coverage of 

AIRS channel 1477 (1345.31 cm
-1

) with the weighting function peaking around 700 hPa (Figure 

4.5) is shown in Figure 4.6. For both channel 210 and channel 1477, there are some mismatched 

observations in the West Atlantic and north of South America between AIRS (MOD clr) and 

AIRS (GSI clr); the AIRS (MOD clr) sees much less clear footprints than the AIRS (GSI clr). As 

mentioned, only channels detected as cloud-free are assimilated by GSI, therefore, the reduced 

amount of data is due to more accurate cloud detection with the MODIS high spatial resolution 

cloud mask product. The mismatched areas are the cloudy regions according to the MODIS 

cloud mask. The GSI cloud detection failed to reject them and assimilated them as clear sky 

radiances, which could potentially degrade the analysis field due to the cloud contamination. 

After MODIS cloud detection, although we have less AIRS pixels left to assimilate, we have 

high quality of the data and more confidence of the data. The cloud contamination from AIRS 

pixels is removed by the collocated MODIS cloud mask, which improves the analysis fields.  
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Figure 4.3 The weighting function of AIRS channel 210 (709.5659 cm
-1

). 

 

 

Figure 4.4 AIRS stand-alone cloud detection (GSI) (left) and AIRS cloud detection with MODIS 

(right) for AIRS channel 210. 
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Figure 4.5 The weighting function of AIRS channel 1447 (1345.31 cm
-1

). 

 

 

Figure 4.6 AIRS alone cloud detection (GSI) (left) and AIRS cloud detection with MODIS 

(right) for AIRS channel 1447. 
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        To see the impact of different cloud detection methods on the assimilation, the difference 

between the temperature and relative humidity of the analysis field between AIRS (MOD clr) 

and AIRS (GSI clr) at 06 UTC on 25 October 2012 is shown in Figure 4.7 and 4.8. In general, 

unsuccessful cloud detection results in more cloud contamination in the radiance assimilation. 

Consequently, the analysis could either be colder or wetter than it should be, or some 

combination. In this case, for the 500 hPa in Figure 4.7, the analysis change is dominated by 

temperature; the AIRS (MOD clr) analysis is warmer than AIRS (GSI clr) due to less cloud 

contamination. The impact of moisture field is subtle at 500 hPa. For 700 hPa in Figure 4.8 the 

analysis change is visible in both temperature and moisture fields. The temperature of AIRS 

(MOD clr) is about 1 K warmer than AIRS (GSI clr) in the northwest of Atlantic Ocean and 0.6 

K warmer in the east of Hurricane Sandy. The relative humidity (RH) of AIRS (MOD clr) is 

nearly 30% drier in the northwest of Atlantic Ocean, and around 10% drier in the east of 

Hurricane Sandy. The different behaviors in 500 (Figure 4.7) and 700 hPa (Figure 4.8) are 

determined by the assimilation method, which is closely related to the background covariance 

matrix (Derber and Bouttier, 1999). No attempt is made to validate as to whether the analysis 

change in Figure 4.7 and 4.8 are reasonable or not. Instead, WRF-ARW is used to conduct 

forecasts for Hurricane Sandy. We speculate that better analyses will yield better hurricane 

forecasts.  
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Figure 4.7 The difference in temperature (upper, unit: K) and relative humidity (lower, unit: %) 

analysis between the two experiments (AIRS (MOD clr) – AIRS (GSI clr)) with the geopotential 

height (solid, unit: m) of AIRS (MOD clr) at 500hPa at 0600 UTC on 25 October 2012. 
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Figure 4.8 The difference in temperature (upper, unit: K) and relative humidity (lower, unit: %) 

analysis between the two experiments (AIRS (MOD clr) – AIRS (GSI clr)). The geopotential 

height (solid, unit: m) of AIRS (MOD clr) at 700hPa at 0600 UTC on 25 October 2012. 
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4.2.2 Impact on clear detection forecasts 

           Hurricane forecast are validated against the actual storm track and its intensity with time 

(the best track and observations data were obtained from NOAA’s NHC). The 72-hour hurricane 

track of AIRS (GSI clr), AIRS (MOD clr) are compared with the best track. The hurricane track 

is located using the minimum sea level pressure. The movement of the hurricane reflects the both 

the atmospheric environmental fields and the hurricane structures (discussing in details in 

Chapter 6).   

               At 1800 UTC 25 October (Figure 4.9 (a)), the forecast hurricane track of AIRS (GSI 

clr) and AIRS (MOD clr) is very similar. The impacts of the different AIRS data sets are not 

very obvious on the hurricane track. At 0000 UTC 26 (Figure 4.9 (b)), from 68-hour to 72-hour, 

the AIRS (GSI clr) is moving faster than the best track, but AIRS (MOD clr) collocated with 

cloud mask could slow the hurricane movement and make it close to the best track. At 0600 UTC 

26 (Figure 4.9 (c)), 1200 UTC 26 (Figure 4.9 (d)) and 1800 UTC 26 (Figure 4.9 (e)), the 72-hour 

forecasts of AIRS (MOD clr) is always better than AIRS (GSI clr). The location and pattern of 

the hurricane track forecasts of AIRS (MOD clr) are closer to the best track. Only at 000 UTC 27 

(Figure 4.9 (f)), the AIRS (MOD clr) is closer to the best track at the first 48-hour, but AIRS 

(GSI clr) is closer to the best track from 48-hour to 72-hour. Since at the last time step, the 

effects from the land or terrain is becoming important, which would affect the hurricane 

forecasts.  
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(a) (b) 

(c) (d) 
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Figure 4.9 The 72-hour forecast hurricane track of best track (black), GTS+4AMSUA+AIRS 

(GSI) (blue) and GTS+4AMSUA+AIRS (MOD clr) (red) at 1800 UTC 25 (a), 0000 UTC 26 (b), 

0600 UTC 26 (c), 1200 UTC 26 (d), 1800 UTC 26 (e) and 0000 UTC 27 (e) October 2012.  

        

       Hurricane track and intensity (characterized by either the minimum sea level pressure 

(MSLP), or maximum wind speed (MSW)) are two important parameters for hurricane forecasts 

(Merrill, 1988). Figure 4.10 shows the root mean square error (RMSE) of the hurricane track 

(upper) and the maximum wind speed (lower) of the 72-hour forecasts for Hurricane Sandy. The 

RMSE of GTS+AMSUA+AIRS (GSI clr) (blue) uses the AIRS stand-alone cloud detection, and 

the GTS+AMSUA+AIRS (MOD clr) (red) uses the AIRS/MODIS cloud detection method. For 

the hurricane track, the RMSE is smaller with the AIRS (MOD clr) cloud detection, especially 

after 18 hours. The average improvement of the hurricane track RMSE from the AIRS (GSI clr) 

cloud detection to the AIRS (MOD clr) cloud detection is obvious. For the maximum wind 

speed, the forecasts with AIRS (MOD clr) cloud detection are comparable to the forecast with 

(e) (f) 
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AIRS (GSI clr) cloud detection, with only a slight advantage. So for the intensity forecast, the 

impact of the AIRS (MOD clr) cloud detection is neutral. 

 

 

Figure 4.10 The track (top) and the maximum wind speed (bottom) forecast RMSE with AIRS 

(GSI clr) (blue) and AIRS (MOD clr) (red). Data are assimilated every 6-hour from 1800 UTC 

on 25 October to 0000 UTC on 27 October 2012, followed by 72-hour forecasts for Hurricane 

Sandy (2012). 
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4.3 CrIS/VIIRS for clear location detection 

         CrIS and VIIRS are onboard the Suomi-NPP/JPSS, and VIIRS could provide high spatial 

resolution cloud mask and other cloud properties. Similar to AIRS and MODIS, the methodology 

of collocated high resolution of cloud mask to help IR FOV cloud detection can also be applied 

on the cloud detection of CrIS radiances. The cloud properties and the cloud mask from VIIRS 

can be collocated to the corresponding CrIS FOVs; the clear FOVs of CrIS are selected and 

assimilated in the data assimilation system, and the cloud contaminated CrIS FOVs are removed 

before data assimilation.  

 

 

Figure 4.11 The weighting function of CrIS channel 96 (709.37 cm
-1

). 
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           To compare the two cloud detection methods on CrIS radiances assimilation, the GSI 

cloud detection and the collocated VIIRS cloud detection are used for Hurricane Sandy (2012) 

case study. CrIS channel 96 is selected to compare the data coverage using the two methods. 

Figure 4.11 gives the weighting function (or Jacobian) for CrIS channel 96 (709.37 cm-1). The 

weighting function peak for this channel is around 350-400 hPa. The weighting function for this 

channel is very broad, which has high risk to be affected by clouds. The green dots in the upper 

panel of Figure 4.12 are the CrIS data coverage with GSI stand-alone cloud detection method. 

The green dots in the lower panel of Figure 4.12 are the CrIS data coverage with VIIRS cloud 

detection, respectively, for CrIS channel 96. To identify the cloud contamination, the 

Geostationary Operational Environmental Satellites (GOES-13) Imager brightness temperature 

(BT) at 10.7 μm  is overlapped in this region. The cloudy regions have low brightness 

temperature in GOES-13 imager data. It can be seen that the GSI stand-alone cloud detection 

method assimilated some CrIS data affected by clouds as clear radiances (see the boxes in Figure 

4.12), especially at the northeast of the hurricane vortex and the front area close to the Great 

Lakes. With the collocated VIIRS high spatial resolution cloud mask for CrIS clear detection, the 

cloud affected radiances are removed before radiance assimilation, which avoids degrading the 

analysis fields. Since CrIS and VIIRS are onboard the operational satellite, this method could be 

used in operations. 

          The forecast results of CrIS radiances assimilation using VIIRS cloud detection method 

and using GSI stand-alone cloud detection method are shown in Figure 4.13. The experiments 

are assimilated the GTS, AMSU-A radiances, ATMS radiances and CrIS radiances data using 

GSI data assimilation system. The clear radiances from CrIS observations are mostly in the 

regions surrounding the hurricanes, which has more impacts for the surrounding thermodynamic  
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Figure 4.12 The locations at 0600 UTC 26 Oct 2012 where CrIS channel 96 (709.37 cm
-1

) is 

flagged clear with stand-alone cloud detection (upper) and with VIIRS cloud detection (lower) 

on visible imagery (10.7 μm) from GOES-13 for Hurricane Sandy (2012).  
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fields. With the accumulated forecast time, the impacts from the sounding thermodynamic fields 

would affect the hurricane structures, the speed of the hurricane movement, the hurricane 

intensity and etc. Compared to the GSI stand-alone cloud detection (blue lines in Figure 4.13), 

the assimilation of CrIS radiances using VIIRS cloud detection (red lines in Figure 4.13) reduces 

the hurricane track RMSE in the 72-hour forecasts. The track RMSE of CrIS/VIIRS cloud 

detection is around 5-20 km less than GSI stand-alone cloud detection. The RMSE of maximum 

wind speed (SPD) is comparable with these two cloud detection methods. So for the hurricane 

intensity forecast, the impact of CrIS/VIIRS cloud detection is neutral.  

 

4.4 Summary 

        Cloud detection is one of the challenges in assimilating advanced IR sounder radiances. 

Improved cloud detection could reduce the incorrect detection of clear FOVs and improve the 

assimilation of IR radiances. Most operational centers are using clear channel detection and 

figure-guess check method to detect clouds, which has the potential risk of assimilating the 

cloudy radiances as clear skies. The collocated high spatial resolution imager data could help IR 

sounder FOV cloud detection, and the cloud contaminated IR FOVs are removed before data 

assimilation.  

         Due to AIRS and MODIS onboard the same platform, MODIS can provide high spatial 

resolution cloud properties and cloud mask for AIRS cloud detection. If the AIRS FOVs 

collocated with MODIS cloud mask give confident clear, then the AIRS FOVs will be 

assimilated in the data assimilation system; if the AIRS FOVs collocated with MODIS cloud 

mask indicate the cloud combination, the AIRS FOVs will be removed before data assimilation. 
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Therefore, the data used for assimilation have high quality and without cloud contamination. 

Similarly, the cloud mask from VIIRS could collocate with CrIS FOVs and help CrIS do cloud 

detection before data assimilation.  

           

 

Figure 4.13 The track (top) and the maximum wind speed (bottom) forecast RMSE with CrIS 

stand-alone cloud detection (blue) and CrIS/VIIRS cloud detection (red). Data are assimilated 

every 6-hour from 0600 UTC on 25 October to 0000 UTC on 27 October 2012, followed by a 

72- hour forecast for Hurricane Sandy (2012).  
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         The stand-alone cloud detection method is plugged into the GSI system, and the sub-pixel 

cloud detection method is collocated the cloud mask from MODIS or VIIRS. The data locations 

of assimilated IR radiances with stand-alone cloud detection generally agree with the MODIS or 

VIIRS cloud detection; however, there are some mismatched areas that the stand-alone cloud 

detection allows more cloud-contaminated radiances into the GSI system, causing a cold bias in 

the temperature field and a wet bias in the moisture field. This bias affects the forecasts of 

hurricane track and intensity. The 72-hour forecasts of Hurricane Sandy (2012) indicate that the 

hurricane track forecasts are improved with AIRS/MODIS cloud detection and CrIS/VIIRS 

cloud detection compared to the stand-alone cloud detection method. The hurricane track RMSE 

reduced around 30 km using AIRS/MODIS cloud detection from stand-alone method. The 

RMSE of the hurricane track is improved on average over the 72-hour forecast period. This 

improvement is more evident after 30-hour in the forecasts. After collocated the high spatial 

resolution imager data, the clear radiances are mostly in the regions surrounding the hurricanes, 

which has more impacts for the surrounding thermodynamic fields. The maximum wind speed is 

neutral during the whole forecast period. These results indicate that the AIRS/MODIS and 

CrIS/VIIRS cloud detection algorithm could benefit the hurricane track forecast by reducing the 

cloud-contaminated radiances into the assimilation system.  
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Chapter 5 

Use the thermodynamic information under partially 

cloudy skies 

 

         Good cloud detection could effectively remove the cloud contamination and keep the clear 

observations for assimilation. However, the availability of satellite observations that can be 

assimilated in the model is limited if only the clear radiances are assimilated. Clouds affect a 

large percentage of observations from IR sounders. The chance of a FOV being affected by 

clouds is approximately 75% for HIRS (Wylie et al., 1994) and around 87% for AIRS 

(Rienecker et al., 2008). This means that a majority of IR sounder radiance observations are 

abandoned if only clear-sky IR radiances are used. To expand advanced IR sounder radiance 

assimilation in cloudy regions, research has been conducted on assimilating the cloudy radiances 

directly (Heilliette and Garand, 2007; Pavelin et al., 2008). Stengel et al. (2013) assimilated the 

Spinning Enhanced Visible and Infrared Imager cloud-affected IR radiances with a four-

dimensional incremental variational assimilation (4D-Var) system and reduced forecast fields 

normalized error between 500 hPa and 200 hPa by 4%, the forecast error of geopotential height 

and humidity by 1%, and forecast error of wind direction by 1-3% in the upper troposphere. 

However, some negative impacts were noted in the lower troposphere. To date, cloudy radiances 
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have not been effectively used operationally due to various factors: modeling clouds in NWP, 

calculating equivalent radiances from radiative transfer models, and observing the vertical 

structures of cloud parameters (fraction, liquid water content, and phase) (Errico et al., 2007; 

Geer and Bauer, 2011). 

The availability of observations that can be effectively assimilated is limited if only clear 

IR radiances are used. The direct assimilation of the cloudy radiances is full of challenges. To 

enable assimilating the thermodynamic information in partially cloudy regions, cloud-cleared 

radiances are assimilated into a regional NWP model in this chapter. Cloud-cleared radiance is 

the clear equivalent radiance under partially cloudy region. In this chapter, we use AIRS cloud-

cleared radiances since the AIRS clear radiances have been successfully used in operational 

NWP forecasts. The cloud-cleared radiances can be assimilated as clear radiances without 

changes for the data assimilation systems. We have compared stand-alone AIRS cloud-cleared 

radiances with those benefiting from collocation with MODSI – so called AIRS/MODIS cloud 

clearing (Li et al., 2005). This method retrieves clear column radiances through combining 

collocated multiband MDOSI IR clear radiances and the AIRS cloudy radiances (Li et al., 2004). 

One advantage of this method is that no NWP background information is needed in the 

AIRS/MODIS cloud-clearing technique. MODIS is used to cloud clear the AIRS radiances as 

well as to quality control the cloud-cleared radiances (Goldberg et al., 2005). Based on the 

statistical results (Rienecker et al., 2008), approximately 13% of the AIRS FOVs are under clear 

skies, and an additional 21% of the AIRS FOVs can be cloud cleared successfully. 
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5.1 Methodology for deriving cloud-cleared radiances 

Smith et al. (2004) had discussed several possible methods of extracting atmospheric 

thermodynamic information from cloud-contaminated hyperspectral infrared measurements:  (1) 

cloud-clearing method based upon the spatially adjacent cloud contaminated radiances, (2) 

retrieval method using the assumption of opaque and overcast cloudy conditions, where only 

sounding down to the cloud level is possible, and (3) retrieval or assimilation method using an 

accurate cloud radiative transfer model, which physically accounts for absorption and scattering 

of cloud particles within the field of view (FOV) of the measurements. Unlike the other two 

methods, the first approach handles clouds indirectly by using multiple spatial FOVs to extract 

the clear portion of the observations. In other words, cloud-clearing extracts the radiance arising 

from the clear air portion of partly cloudy FOVs by extrapolating spatially coherent cloudy 

radiances, thus permitting profile soundings to the surface or the assimilation of radiances as in 

the clear field of view case.   

Using the collocated clear portion of MODIS IR radiances within the two adjacent AIRS 

FOVs’ cloudy radiances, a cloud-clearing parameter call N* can be derived by spatially 

averaging MODIS clear radiances to AIRS footprints, and spectrally convolving AIRS radiances 

to MODIS bands by applying MODIS Spectral Response Functions (SRFs) to AIRS radiance 

spectrum (see Figure 5.1 for the MODIS SRFs overlaying on an AIRS brightness temperature 

spectrum). Once N* is derived, it can be applied to the cloudy radiances from these two FOV’s 

measurements and derive the clear equivalent radiance spectrum representing the common clear 

portion of radiances within the two adjacent AIRS FOVs.  This N* concept for AIRS/MODIS 

cloud-clearing was described by Smith et al. (2004) with a single MODIS band (11 µm) and was 
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further expanded to using MODIS multi-spectral bands (Li et al., 2005) through optimal cloud-

clearing.   

Once the cloud-cleared AIRS radiance spectrum is produced, quality control (QC) is 

carried out through checking the differences between the simulated  AIRS cloud-cleared MODIS 

band radiances (through spectral convolution with related MODIS band SRFs), using most of the 

MODIS bands from the IR shortwave to longwave spectral regions, and the collocated MODIS 

clear radiance observations (Goldberg et al., 2005). These differences must all be smaller than 

the predetermined expected error. Otherwise, the whole cloud-cleared AIRS spectra are rejected 

for assimilation. Nine MODIS infrared bands (22 ( 3.959 μm), 24 (4.465 μm), 25 (4.515 μm), 28 

(7.325 μm), 30 (9.73 μm), 31 (11.03 μm), 32 (12.02 μm), 33 (13.335 μm), and 34 (13.635 μm)) 

are used in both the cloud-clearing and QC process. The MODIS bands 20 (3.750 μm), 23 (4.050 

μm) and 27 (6.715 μm) are not used in both cloud-clearing and QC because of  the convolution 

error introduced by the spectral gaps in the AIRS spectrum; and band 21 is not used due to the 

large detector noise; and bands 35 (13.935 μm) and 36 (14.235 μm) are not used  due to the 

calibration error of the spectral response function .   

A threshold of 0.3 K is set for quality control on the differences between the simulated 

AIRS cloud-cleared (convolved to MODIS IR bands) radiances and the MODIS IR band clear 

radiance observations in this study. Therefore, the AIRS cloud-cleared radiances have high 

quality and can be treated as equivalent clear radiances for assimilation, and the technique for 

assimilating clear sky radiances can be applied directly to the cloud-cleared radiances without 

modification of GSI system.  
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Figure 5.1 AIRS brightness temperature (BT) spectral (red, unit: K) with MODIS spectral 

response function (SRS) of channels (dashed). MODIS channel numbers are marked in the 

figure. Black with blue circle is MODIS channels used in cloud-clearing and QC, grey is not 

used. 

 

5.2 Impact on analysis  

5.2.1 Coverage of AIRS radiances 
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Figure 5.2. The locations at 1800 UTC 25 October 2012 where AIRS channel 210 (709.5659 cm
-

1
) is assimilated in GSI for AIRS (GSI clr) (lower left red), AIRS (MOD clr) (upper blue) and 

AIRS (MOD cld-clr) (lower right green). 
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Figure 5.3 The weighting function of AIRS channel 787 (917.3062 cm
-1

). 

 

The number and quality of observations highly affected the data assimilation results. 

Better quality observations assimilated usually leads to better analysis/forecast. On the other 

hand, poor quality observations, even a small percentage, may pose significant negative impacts 

on the analysis and forecast. The data coverage of AIRS radiances assimilated of channel 210 

(709.5659 cm-1) in GSI at 1800 UTC 25 October 2012 is shown in Figure 5.2, and the channel 

of 787 (917.3062 cm-1) is shown in Figure 5.4. The peak of the weighting function for channel 

210 is at around 450 hPa (Figure 5.3). The channel 787 is surface channel with the weighting 

function peak is at surface level (Figure 5.4).  For channel 210, the number of assimilated AIRS 

FOVs is 283 for AIRS (GSI clr), 186 for AIRS (MOD clr), and 211 for AIRS (MOD cld-clr). For 

channel 787, the number of assimilated AIRS FOVs is 92 for AIRS (GSI clr), 43 for AIRS 

(MOD clr), and 47 for AIRS (MOD cld-clr). For both of these two channels, with more accurate 

cloud detection with the MODIS high spatial resolution cloud mask product (Ackerman et. al., 

1998; Ackerman et. al., 2008), the number of AIRS (MOD clr) assimilated radiances is smaller  



60 
 

 

 

 

Figure 5.4 The locations at 1800 UTC 25 October 2012 where AIRS channel 787 (917.3062 cm
-

1
) is assimilated in GSI for AIRS (GSI clr) (lower left red), AIRS (MOD clr) (upper blue) and 

AIRS (MOD cld-clr) (lower right green). 
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than with the GSI stand-alone cloud detection, which greatly reduces the possibility of cloud 

contamination. The number of AIRS (MOD cld-clr) is more than the number of AIRS (MOD clr) 

indicates that cloud-clearing method could provide extra clear equivalent radiances effectively 

assimilated in the data assimilation model.   

Comparing AIRS (GSI clr) and AIRS (MOD clr), some mismatches are found in the 

Caribbean Sea and south of the North Atlantic Ocean. The mismatched regions are cloudy 

regions according to the MODIS cloud mask, but assimilated as clear-sky in GSI, which 

potentially bias the analysis fields. The two black rectangles show where cloud-cleared radiances 

increase the number of observations in partially cloudy regions which are rejected by AIRS 

(MOD clr) but incorrectly accepted by AIRS (GSI clr). More data are assimilated in AIRS 

(MOD cld-clr) than AIRS (clr), because the cloud-clearing method generates AIRS clear 

equivalent radiances for assimilation in some partially cloudy regions addition to the AIRS 

(MOD clr). These additional cloud-cleared radiances increase the number of quality observations 

that cloud be assimilated by GSI and therefore improve the analysis and forecast. 

 

5.2.2 Analysis fields of temperature  

      The assimilation of advanced IR radiances provides the atmospheric thermodynamic 

information for improving NWP initialization. Impact on initialization (or the analysis fields), 

due to different schemes of assimilating AIRS radiances, is analyzed in the following part. 
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Figure 5.5 The difference in temperature (shaded, unit: K) analysis between AIRS (MOD cld-clr) 

and AIRS (MOD clr) with temperature (contour, unit: K) of AIRS (MOD cld-clr) at 500 hPa at 

1800 UTC 25 October 2012. 

 

           The temperature and its difference between AIRS (MOD cld-clr) and AIRS (MOD clr) on 

the analysis fields at 1800 UTC on 25 October 2012 are shown in Figure 5.5. The cloud-clearing 

method extracts the radiance arising from the clear air portion of partly cloudy FOVs to represent 

the thermodynamic information in partially cloudy regions. It is therefore expected that the 

analysis from the cloud-cleared radiances is warmer than that from the cloud contaminated clear 

radiances, such as the Florida area. However, there are regions over the Caribbean Sea and south 

of the North Atlantic Ocean in Figure 5.5 showing the opposite. Careful examination from high 

quality MODIS cloud mask reveals that those regions have no clear radiances. As a result, the 
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analysis with thermodynamic information of AIRS (MOD clr) is not much different from the 

background. The pattern of temperature difference fields on 850 hPa (Figure 5.6) is quite similar 

to the pattern on 500 hPa. But the value of the difference is much smaller, with the difference 

range between -0.8 K to 0.8 K.  

 

 

Figure 5.6 The difference in temperature (shaded, unit: K) analysis between AIRS (MOD cld-clr) 

and AIRS (MOD clr) with temperature (contour, unit: K) of AIRS (MOD cld-clr) at 850 hPa at 

1800 UTC 25 October 2012. 

 

          The differences shown in Figure 5.5 and Figure 5.6 are due to the differences between 

analysis with AIRS cloud-cleared radiances and the background. The warmer background in 
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those regions is decreased from assimilation of AIRS (MOD cld-clr) compared with that from 

assimilation of AIRS (MOD clr). 

5.2.3 Comparing the analysis temperature profiles with radiosondes 

       The temperature profiles extracted from the analyses are compared with radiosondes at the 

analysis time.  Temperature BIAS (radiosondes minus the analysis profiles) and STD (standard 

deviation) between the analysis profiles and radiosondes for Hurricane Sandy (2012) are shown 

in Figure 5.7, and for Hurricane Irene (2011) are shown in Figure 5.8. Approximately 200 

radiosondes profiles located within the model domain are used for verification of the analysis 

filed. The number of radiosondes varied with pressure levels (Table 5.1). One example of the 

radiosondes map at 0000 UTC 26 October, 2012 is shown in Figure 5.9. The radiosondes are the 

standard observed stations in the U.S. continent. Usually there are around 30 – 35 radiosondes at 

one time on each pressure level, and the whole 6 groups of experiments make the sum of 

radiosondes between 200 and 222.  

 

Table 5.1. The number of radiosondes at different pressure levels from 1000 hPa to 150 hPa for 

Hurricane Sandy.  

Levels (hPa) 1000 850 700 500 400 300 200 150 

Analysis time 137 221 217 218 215 214 214 214 

24-hour forecast 149 223 221 220 219 219 215 217 

48-hour forecast 135 223 222 223 224 220 217 218 

72-hour forecast 105 221 222 222 222 220 217 218 
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         In Figure 5.7, all temperature BIAS ranges from -0.2 K to 0.33 K, indicating the high 

quality of the temperature analysis field. For temperature BIAS, there are obvious differences 

among the three: the AIRS (GSI clr) appears to have a slightly smaller bias compared with AIRS 

(MOD clr) and AIRS (MOD cld-clr) between 300 and 850 hPa; the AIRS (MOD cld-clr) appears 

to have a slightly smaller bias than AIRS (MOD clr). For temperature STD, there are few 

differences between AIRS (MOD clr) and AIRS (MOD cld-clr), both of which have slightly 

smaller STD than AIRS (GSI clr) except around 600 hPa. 

 

 

Figure 5.7 Temperature BIAS (left) and STD (right) using radiosonde for AIRS (GSI clr) (dash-

dot black, unit: K), AIRS (MOD clr) (solid blue, unit: K) and AIRS (MOD cld-clr) (dashed red, 

unit: K) at analysis time for Hurricane Sandy. 
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        From Figure 5.8, the temperature BIAS is from -0.4 K to 0.3 K, and the STD ranges from 

0.5 K to 1 K from surface to 150 hPa. From temperature BIAS, from surface to 750 hPa and 500 

hPa to 300 hPa, AIRS (MOD cld-clr) gives the smallest value; from 750 hPa to 500 hPa, the 

temperature BIAS of AIRS (MOD clr) is the smalles; and from 300 hPa to 150 hPa, the 

temperature BIAS of AIRS (GSI clr) is the smallest. For temperature STD, the three experiments 

are quite similar, especially in the mid and low troposphere.  

 

 

Figure 5.8 Temperature BIAS (left) and STD (right) using radiosonde for AIRS (GSI clr) (dash-

dot black, unit: K), AIRS (MOD clr) (solid blue, unit: K) and AIRS (MOD cld-clr) (dashed red, 

unit: K) at analysis time for Hurricane Irene. 
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           These results indicate that the MODIS cloud detection and the cloud-clearing have 

impacts on the analysis temperature fields. However, the impacts are so subtle that no single 

experiment is significantly better than the other two. Although the comparisons with radiosondes 

in all three types of analysis are very close, it can be seen in next section that impacts on 

forecasts are quite different.   

 

 

Figure 5.9 The locations of radiosondes are used to compare with analysis fields at 0000 UTC 26 

October 2012.  

 

5.2.4 The hurricane locations at the analysis time 

        The hurricane track error is calculated the distance between the simulated hurricane center 

and the best track from NHC. The hurricane track error is a quantity way to evaluate the 

performance of the simulated hurricane. If the simulated hurricane location is close to the 
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observation at the analysis time, it is believed that the analysis fields are good to have a reliable 

weather forecast.  

        

 

Figure 5.10 The track error of Hurricane Sandy (2012) at analysis time from 1800 UTC 25 

October to 0000 UTC 27 October, 2012. 

 

         The Figure 5.10 shows the track error of Hurricane Sandy (2012) at the analysis time. At 

1800 UTC 25 and 0000 UTC 26 October, the difference of track error among the three 

experiments are very small, from 0600 UTC 26 October, the track error of AIRS (MOD clr) and 

AIRS (MOD cld-clr) is becoming smaller than AIRS (GSI clr). And then with the accumulated 

forecasting time, the difference of track error among the three experiments is becoming obvious. 

The numbers of the assimilated AIRS radiances data of channel 210 are also plotted in Figure 

5.11. In the three experiments, the AIRS (GSI clr) is always assimilated the most radiances data, 
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the AIRS (MOD clr) assimilated fewest data due to the cloud mask. The AIRS (MOD cld-clr) 

can assimilate more data than AIRS (MOD clr), because some of the AIRS data can be cloud-

cleared and assimilate into the data assimilation system as equivalent clear radiances.  

 

 

Figure 5.11 The number of assimilated AIRS radiances at channel 210 of Hurricane Sandy 

(2012) at analysis time from 1800 UTC 25 October to 0000 UTC 27 October, 2012. 

 

        In general, the hurricane track error is less than 110 km at the 6 analysis time, and the track 

error is as small as 10 km at 1800 UTC 25 and 1800 UTC 26. The AIRS data are available at 

every 0600 UTC and 1800 UTC. And from the hurricane error at the analysis time, the hurricane 

track error of AIRS (MOD clr) and AIRS (MOD cld-clr) is reduced compared to the track error 

of AIRS (GSI clr) at 0600 UTC 26 and 1800 UTC 26. For the three experiments, the location of 

simulated hurricane is very close to the observations, which indicates that the model can simulate 

the hurricane locations very well.  
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5.3 Impact on cloud-cleared radiances forecasts 

5.3.1 Comparison with GOES-13 Imager brightness temperature 

observations 

           The simulated brightness temperature of the 72-hour forecast at 11 μm is compared with 

the observations from GOES-13 imager channel 4 at 1800 UTC 28 October 2012 (Figure 5.12). 

The Pressure-Layer Fast Algorithm for Atmospheric Transmittance (PFAAST) model (Hannon 

et al., 1996, Li et al., 2009) is used as radiative transfer model to calculate the clear-sky GOES 

13 radiances. The cloudy radiances are calculated by coupling the clear-sky optical thickness 

from PFAAST with the cloud optical thickness (COT) at 0.55μm, which is calculated using a 

fast radiative transfer cloud model developed by University of Wisconsin–Madison (UW) and 

Texas A&M University [Baum et al., 2000; Wei et al., 2004]. For ice clouds, COT is calculated 

from the ice water path [Heymsfield et al., 2003]; and for water clouds, the cloud droplet is 

assumed to be spherical and the classical Lorenz-Mie theory is used to calculate the single-

scattering properties. 

           At 1800 UTC 28 October, Hurricane Sandy passed southeast of North Carolina, with cold 

clouds (brightness temperature (BT) around 230 K) northwest of the hurricane center, and 

relatively few clouds and a warm area (BT around 280 K) southeast of the hurricane center. 

Comparing the simulated GOES-13 Imager brightness temperature from AIRS (MOD clr) and 

AIRS (MOD cld-clr), substantial differences are seen around the hurricane center (Figure 6, 

bottom panels). The brightness temperature from AIRS (MOD cld-clr) better reflects the curly 

structure of the clouds around the hurricane center, and the relatively few clouds and warm area  



71 
 

 

 

 

Figure 5.12 The brightness temperature of GOES-13 channel 4 (11 μ𝑚) observations (upper, 

unit: K), simulated 72-hour forecast brightness temperature of AIRS (MOD clr) (mid left) and 

AIRS (MOD cld-clr) (mid right), the difference of brightness temperature between observations 

and AIRS (MOD clr) (lower left) and between observations and AIRS (MOD cld-clr) (lower 

right) at 1800 UTC 28 October 2012. 
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southeast of the center. Quantitatively, this can be verified using the standard deviation of the 

difference (STD) of brightness temperature between the observations and the simulations. For 

the whole domain, the STD is 13.78 K from AIRS (MOD clr) and 13.77 K from the AIRS (MOD 

cld-clr). If we focus on the region of hurricane center (black box in Figure 6 bottom panel), the 

STDs are 17.29 K from AIRS (MOD clr) and 17.15 K from AIRS (MOD cld-clr). These results 

indicate that the assimilation of AIRS (MOD cld-clr) generates forecasted radiances closer to 

GOES-13 Imager than AIRS (MOD clr).  

 

5.3.2 Forecasts validation with radiosondes 

        The radiosondes could also be used to validate the performance of the forecasts fields. To 

validate the temperature of forecast fields against the radiosondes, the temperature profiles are 

extracted from the 72 hours forecasts. Temperature BIAS (radiosondes minus the temperature of 

forecast fields) and STD at 24-hour, 48-hour and 72-hour forecast times are shown in Figure 

5.13. The number of radiosondes profiles used differs with levels (Table 5.1). An example map 

of the radiosondes sites at one time period is shown in Figure 5.9. More than half of the stations 

are near the coast. Both the stations near the coast and over the CONUS could be used to verify 

the improvements of the forecast fields with assimilation of AIRS (MOD clr) and AIRS (MOD 

cld-clr), respectively, over that with the assimilation of AIRS (GSI clr). From the 24-hour 

forecast to 72-hour forecast, AIRS (MOD cld-clr) shows a consistent improvement over AIRS 

(MOD clr) and AIRS (GSI clr). At the 24-hour forecast time, the difference of temperature BIAS 

among the three experiments is small (less than 0.1 K).  Around 300 hPa, the forecast BIAS is 

around 1 K in absolute value, which is larger than atmosphere beneath, where BIAS is mostly 
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less than 0.5 K. This is likely due to the model simulation error near the tropopause. At the 48-

hour forecast time, the differences among the three experiments become more substantial. The 

AIRS (MOD cld-clr) shows substantial improvements over AIRS (GSI clr) and AIRS (MOD 

clr). The BIAS of AIRS (MOD cld-clr) at 300 hPa is about 0.08 K smaller than AIRS (GSI clr) 

and 0.1 K smaller than AIRS (MOD clr). The RMSE is also evident between 250 and 750 hPa 

with an averaged improvement of 0.1 K where AIRS (MOD clr) and AIRS (GSI clr) show 

similar performance. At the 72-hour forecast time, the improvement from AIRS (MOD cld-clr) 

becomes more profound. The averaged improvement between 250 and 700 hPa is 0.25 K over 

AIRS (GSI clr) and 0.2 K over AIRS (MOD clr). Similar improvements are seen in RMSE. It is 

important to point out that the AIRS (MOD clr) has slight improvements over MOD (GSI clr), 

which is consistent with Wang et al. [2014]. The RMSE also increased with forecast hours, 

which is consistent with the model errors growing over time.  
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Figure 5.13 BIAS (left column) and STD (right column) for 24-hour (upper panel), 48-hour 

(middle panel), and 72-hour (lower panel), forecasts of temperature profiles between the AIRS 

(GSI clr) (dash-dot black, unit: K) and radiosondes, AIRS (MOD clr) (solid blue line, unit: K) 

and radiosondes, and AIRS (MOD cld-clr) (dashed red line, unit: K) and radiosondes from 1000 

hPa to 150 hPa for Hurricane Sandy.   
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            For Hurricane Irene, similar results are seen when comparing forecast temperature with 

radiosondes. The BIAS of forecast temperature with AIRS (MOD cld-clr) assimilation is about 

0.05 K smaller than that of AIRS (MOD clr). These results indicate that the extra cloud-cleared 

AIRS radiances data provide positive impacts for the temperature forecast. 

 

5.3.3 Hurricane track error and intensity error 

        Hurricane forecast are validated against the actual storm track and its intensity with time 

(the best track and observations data were obtained from NOAA’s NHC). Intensity is a measure 

of extreme meteorological conditions, either the maximum sustained (low-level) wind (MSW) or 

the minimum sea level pressure (MSLP) is used (Merrill, 1988). Figure 5.14 shows the RMSE of 

the hurricane track (upper) and maximum wind speed (lower) of the 72-hour forecasts for 

Hurricane Sandy. The RMSE of the hurricane track from AIRS (MOD cld-clr) is the smallest 

among the three experiments for the whole process, especially after the 18-hour forecasts.  The 

RMSE of the hurricane track from AIRS (MOD clr) is 10 to 25 km smaller than that from AIRS 

(MOD clr), and is 10 to 50 km smaller than that from AIRS (GSI clr). For the maximum wind 

speed, the three experiments have comparable results, making it difficult to determine which is 

better. The RMSE of the hurricane track for Hurricane Irene (Figure 5.15 upper) shows similar 

results where AIRS (MOD cld-clr) has the smallest track error compared to AIRS (MOD clr) and 

AIRS (GSI clr), especially after 36-hour forecasts. For the maximum wind speed prediction 

(Figure 5.15 lower), it is neutral for the three experiments. For Hurricane Ike (Figure 5.16), the 

RMSE of the hurricane track also shows that the assimilation of the AIRS (MOD cld-clr) 

improves the track error by 10 km or so compared to that of AIRS (MOD clr) and AIRS (GSI 
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clr). The maximum wind speed prediction of Hurricane Ike with assimilation of AIRS (MOD 

cld-clr) gives the slightly smaller error compared to (GSI clr). 

         It is interesting that assimilation of AIRS (MOD clr and MOD cld-clr) radiances provides 

positive impacts on hurricane track but neutral impacts on hurricane intensity. Possible reason 

for that is because of the limited penetration capability of IR radiances. Both AIRS (GSI clr) and 

AIRS (MOD clr) assimilate clear radiances, which mostly come from environment region and 

contain little information about cloudy region (i.e. hurricane). Even though cloud-clearing 

technique extracts clear sky radiances from a cloudy FOV, which contain information within and 

below clouds, it works better for partly cloudy FOVs, which still account for the environment.  
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Figure 5.14 The track (top) and maximum wind speed (bottom) forecast RMSE with AIRS (GSI 

clr) (blue), AIRS (MOD clr) (red) and AIRS (MOD cld-clr) (green). Data are assimilated every 

6-hour from 1800 UTC on 25 October to 0000 UTC on 27 October 2012, followed by 72-hour 

forecasts for Hurricane Sandy (2012).  
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Figure 5.15 The track (top) and maximum wind speed (bottom) forecast RMSE with AIRS (GSI 

clr) (blue), AIRS (MOD clr) (red) and AIRS (MOD cld-clr) (green). Data are assimilated every 

6-hour from 1200 UTC on 22 August to 0000 UTC on 24 August 2011, followed by 72-hour 

forecasts for Hurricane Irene (2011).  
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Figure 5.16 The track (top) and maximum wind speed (bottom) forecast RMSE with AIRS (GSI 

clr) (blue), AIRS (MOD clr) (red) and AIRS (MOD cld-clr) (green). Data are assimilated every 

6-hour from 1800 UTC on 5 September to 0000 UTC on 7 September 2008, followed by 72-hour 

forecasts for Hurricane Ike (2008).  

 

5.4 Summary 

       Based on the study of Chapter 4, it shows that if the cloudy radiances are assimilated as clear 

observations, there will be a negative impact on the quality of the NWP analysis and forecast. 

The reliable cloud detection is essential for data assimilation. With the reliable cloud detection, 
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the clear observations assimilated in the model are very limited. Cloud-cleared radiance is clear 

equivalent radiance, but it also includes the information from partially cloudy regions. Therefore, 

the assimilation of the cloud-cleared radiances data is an alternative way to assimilate 

thermodynamic information in cloudy regions.  

         The assimilation of cloud-cleared AIRS radiances is discussed in this chapter. By having 

collocated high spatial resolution imager measurements, advanced IR sounder sub-pixel cloud 

characterization, cloud-clearing, and quality control make it possible for effective assimilation of 

thermodynamic information in cloudy skies. Since the cloud-clearing method retrieves clear 

equivalent radiances, the same clear radiance assimilation approach can be applied directly to the 

cloud-cleared radiances. Therefore, the assimilation of thermodynamic information in cloudy 

skies is not limited by the uncertainty of the cloudy radiative transfer model.  

        The temperature differences at the analysis fields indicate that the assimilation of the AIRS 

data can directly affect the atmospheric fields surrounding the hurricane vortex. The comparisons 

of the analysis temperature profiles with radiosondes for both Hurricane Sandy (2012) and 

Hurricane Irene (2011) indicate that MODIS cloud detection and the cloud-clearing method have 

impacts on the analysis temperature fields. But the impacts are different at different vertical 

levels. The hurricane track error at the analysis time is also studied in this chapter. In general, the 

track error is less than 150 km, which reflects the model can simulate the hurricane location very 

well. The different of the track error is subtle at the first 3 experiments, but it is becoming more 

observations with longer cycling experiments. The assimilation of AIRS (MOD cld-clr) gives the 

smallest hurricane track error among the three experiments.  
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         The forecast results of Hurricane Sandy, Irene, and Ike showed that assimilating cloud-

cleared AIRS radiances in cloudy skies reduces the SD of the temperature difference between the 

72-hour forecast and radiosondes by approximately 0.3 K compared to assimilating AIRS (GSI) 

stand-alone clear radiances. The track forecasts are substantially improved by 10 to 50 km, 

compared to only clear radiance. The intensity forecast has neutral impact, possibly due to 

limited penetration capability of the IR radiances. A complementary data set could be microwave 

radiance observations. In the cloud-clearing method, the accuracy of the cloud-cleared radiances 

highly depends on the uniformity of the atmosphere, surface, cloud geometric, and optical 

properties (known as “scene uniformity”) across the FOVs. Uniformity occurs more over ocean 

than over land, thus imager/sounder cloud clearing provides a way for indirect assimilation of 

thermodynamic information in cloudy regions, especially for TC forecasts over oceans. Since a 

minimum of two FOVs is required for extrapolation, the cloud-clearing process reduces the 

spatial resolution of the original observations. Theoretically, it is much more complicated to 

require more than two FOVs when clouds exist in the cloud-clearing domain. However, under 

these cases the valid assumption of “scene uniformity” is less frequent and a reliable cloud-

cleared solution is rare. Despite all of the shortcomings inherent in the cloud-clearing method, it 

remains as a possible way to potentially increase the yield of using some of the cloudy 

hyperspectral infrared data indirectly, as indicated by TC forecasts from Hurricane Sandy, Irene 

and Ike.  
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Chapter 6 

Analysis of thermodynamic fields of Hurricane Sandy 

 

        The assimilation of satellite IR radiances can provide atmospheric information and improve 

the hurricane forecasts. Based on the discussion in Chapter 4 and Chapter 5, collocated high 

spatial resolution cloud mask removes the cloud contamination, and improves the IR radiances 

assimilation. The cloud-clearing method is to calculate the equivalent clear sky radiances under 

partially cloudy regions. The assimilation of cloud-cleared IR radiances provides more clear 

equivalent radiances, which brings the thermodynamic and hydrometric information under 

partially cloudy regions. Based on the hurricane track and intensity forecasts, using high spatial 

resolution cloud mask for IR clear detection can improve the track forecasts, and assimilating 

cloud-cleared radiances IR data can further reduce the hurricane track forecast error. The 

improvement of hurricane track is directly related to the atmospheric environmental fields. In 

this chapter, one of the hurricane forecasts is selected and the atmospheric environmental 

structures are analyzed. The thermodynamic fields, sea level pressure, winds and potential 

vorticity are discussed in the following sections.  
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6.1 Case study of Hurricane Sandy 

        Based on the assimilation and forecast results in Chapter 4 and Chapter 5, the track error of 

Hurricane Sandy (2012) reduces substantially with assimilation of cloud-cleared AIRS radiances. 

One of the Hurricane Sandy (2012) experiments is selected to analyze the differences of 

atmospheric environmental fields between GSI stand-alone cloud detection and the cloud-

clearing IR assimilation. 

 

 

Figure 6.1. The tracks of Hurricane Sandy (2012) for a 72-hour forecast from 1800 UTC 26 

October to 1800 UTC 29 October 2012.  
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Figure 6.2 The track error of GTS+AMSUA+AIRS (GSI) (blue line), GTS+AMSUA+AIRS clr 

(red line) and GTS+AMSUA+AIRS clrcld (green line) comparing to the best track for 72-hour 

forecast of Hurricane Sandy (2012) from 1800 UTC 26 October to 1800 UTC 29 October 2012. 

 

       Figure 6.1 is the 72-hour track forecasts of Hurricane Sandy (2012) from 1800 UTC 26 

October to 1800 UTC 29 October 2012. The black line is the best track from NHC; the blue is 

the forecast results of assimilating the AIRS radiances with GSI stand-alone cloud detection 

(GTS+AMSUA+AIRS (GSI)); the red is the forecast results of assimilating the AIRS radiances 

with collocated MODIS cloud mask (GTS+AMSUA+AIRS clr); and the green is the forecast 

results of assimilating the cloud-cleared AIRS radiances (GTS+AMSUA+AIRS clrcld).  

Compared with the best track, the track error of the three experiments are plotted in Figure 6.2. 

It’s obvious to see that the hurricane track error with assimilation of cloud-cleared radiances 

reduce dramatically compared to using GSI stand-alone cloud detection method and using 

collocated MODIS cloud mask cloud-detection method. The assimilation of AIRS with GSI 
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stand-alone cloud detection gives the largest hurricane track error among the three experiments, 

especially at the 1200 UTC 29 October.  

       The following discussions of the atmospheric environmental fields are based on this 72-hour 

forecast. The comparison of the results focus on the assimilation of AIRS with GSI stand-alone 

cloud detection method and the assimilation of cloud-cleared AIRS radiances. The 0-hour, 24-

hour, 48-hour and 72-hour forecasts are used to analyze the atmospheric fields. 

 

6.2 The temperature fields on 500 hPa 

         Large-scale circulation affects the tropical cyclone track forecasts. The different large-scale 

patterns can lead to varying track forecast results [Harr and Elsberry, 1991, 1993; Lander, 1995].  

Thus the differences between large-scale patterns of AIRS (GSI clr) and AIRS (MOD cld-clr) on 

500 hPa, and the impacts on the track forecast are discussed in this section, and then shown the 

impacts on the track forecast.  

          Before the discussion of temperature fields, the data coverage of the assimilated AIRS 

radiances in the three groups of experiments at 1800 UTC 26 October are shown in Figure 6.3. 

The weighting function peak of channel 210 is at around 450 hPa (Figure 4.3). The data coverage 

of AIRS with GSI stand-alone cloud detection is marked in blue dots, the data coverage of AIRS 

with MODIS cloud detection is shown in red dots, and the coverage of AIRS cloud-cleared 

radiances is shown in green dots. The differences among the three experiments are at the 

northeast coast of the U.S. continent, and the northern part of South America. The AIRS with  
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Figure 6.3 The locations at 1800 UTC 26 October 2012 where AIRS channel 210 (709.5659 cm
-

1
) is assimilated in GSI for AIRS (GSI clr) (lower left red), AIRS (MOD clr) (upper blue) and 

AIRS (MOD cld-clr) (lower right green). 
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MODIS cloud detection removes the cloud contaminated FOVs that assimilated as clear FOVs in 

GSI stand-alone cloud detection. These AIRS FOVs can be cloud-cleared as equivalent clear 

radiances, and then assimilated as clear radiance of AIRS (MOD cld-clr) in the GSI system. 

           Figure 6.4 shows the temperature difference between AIRS (MOD cld-clr) and AIRS 

(GSI clr) (AIRS (MOD cld-clr) minus AIRS (GSI clr)) at 0-hour, 24-hour, 48-hour and 72-hour 

forecast time, with geopotential height of AIRS (MOD cld-clr) at 500 hPa. The temperature 

difference between AIRS (MOD cld-clr) and AIRS (GSI clr) shows that AIRS (MOD cld-clr) is 

colder near the northeast of the U.S. continent, and varyingly warmer and colder at the northern 

part of South America (Figure 6.4(a)). These regions are consistent with the regions that 

assimilated different AIRS data sets in Figure 6.3. So the assimilation of AIRS with different 

data sets can directly affect the temperature fields. With the accumulated forecast time, the 

difference of temperature fields becomes larger. For the 24-hour forecast (Figure 6.4 (b)) and the 

48-hour forecast (Figure 6.4 (c)), the temperature difference between AIRS (GSI clr) and AIRS 

(MOD cld-clr) is larger than that at 0-hour forecast. The regions of the difference are quite close 

to the hurricane center, which is different from the 0-hour forecast. At the 0-hour forecast, the 

regions of temperature difference are in the surrounding area of the hurricane vortex, not the 

hurricane center. With the accumulated forecast time, the temperature difference begins to affect 

the hurricane center, which could further affect the other dynamic parameters, such as 

geopotential height and sea level pressure. For the 72-hour forecast (Figure 6.4 (d)), the 

temperature difference between AIRS (GSI clr) and AIRS (MOD cld-clr) is nearly 5K, which is 

much larger than the previous forecast time. The temperature of AIRS (MOD cld-clr) is warmer 

southeast of the hurricane center, and colder northwest of the hurricane center. AIRS (MOD cld-  
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Figure 6.4 The difference in temperature (shaded, unit: K) between AIRS (MOD cld-clr) and 

AIRS (MOD clr) with geopotential height (contour, unit: m) of AIRS (MOD cld-clr) at 500 hPa 

for 0-hour forecast (a), 24-hour forecast (b), 48-hour forecast (c) and 72-hour forecast (d) from 

1800 UTC 26 October 2012. 

 

(a) (b) 

(c) (d) 
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clr) minus AIRS (MOD clr) has the similar pattern. It is also indicated that the impacts from 

different AIRS data set is more significant with longer forecast time. 

 

6.3 Sea level pressure, surface wind and the surface radar 

reflectivity  

         The surface pressure and surface wind are important variables for both the hurricane 

structure and the atmospheric environments study. The surface wind can reflect the hurricane 

surface vortex structure, and the sea surface pressure can reflect the hurricane intensity. The 

simulated radar reflectivity is a variable to show the rainband and the rainfall intensity related to 

the hurricane event.  

          The sea level pressure, surface wind and the surface radar reflectivity at 0-hour, 24-hour, 

48-hour and 72-hour forecast from 1800 UTC 26 October 2012 are shown in Figure 6.5. At 0-

hour forecast, the surface variables are quite similar in the experiment of AIRS with GSI stand-

alone cloud detection (Figure 6.5 (a)) and the experiment of AIRS with cloud-cleared radiances 

(Figure 6.5 (b)). The locations and the intensity of the radar reflectivity are also quite similar in 

the two experiments. At 24-hour forecast, the radar reflectivity is a little bit different in the center 

of the hurricane. The radar reflectivity in the hurricane center of AIRS (MOD cld-clr) (Figure 6.5 

(d)) is stronger than the hurricane center of AIRS (GSI clr) (Figure 6.5 (c)). At 48-hour forecast, 

the radar reflectivity of the two experiments has large difference. The AIRS (MOD cld-clr) 

(Figure 6.5 (f)) has much stronger radar reflectivity compared to the AIRS (GSI clr) (Figure 6.5 

(e)). There is a large area at the northwest of the hurricane center of AIRS (GSI clr) has no radar 

reflectivity, which indicates that the intensity of the hurricane is weaker than AIRS (MOD cld-
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clr). Till the 72-hour forecast, the asymmetric structure of AIRS (GSI clr) (Figure 6.5 (g)) is 

more obvious, the no reflectivity region is at the north of the hurricane center. The reflectivity of 

AIRS (MOD cld-clr) (Figure 6.5 (h)) is much stronger in the center of hurricane than the center 

of AIRS (GSI clr). The hurricane center of AIRS (MOD cld-clr) is at around west 73.5° 

longitude, which is on the eastward of the hurricane center of AIRS (GSI clr). This is consistent 

with the 72-hour hurricane track forecast in Figure 6.1.  

          From the surface radar reflectivity, it shows that from 24-hour forecast, especially after 48-

hour forecast, the reflectivity of AIRS (GSI clr) in the hurricane center is weaker than AIRS 

(MOD cld-clr), so the hurricane intensity of AIRS (GSI clr) is weaker than AIRS (MOD cld-clr). 

The dry area with no radar reflectivity regions is much larger in AIRS (GSI clr) than AIRS 

(MOD cld-clr). At 72-hour forecast, the hurricane center of AIRS (GSI clr) is on the northwest 

side of the hurricane center of AIRS (MOD cld-clr).   

 

 

(a) (b) 
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(c) (d) 

(e) (f) 
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Figure 6.5 The surface radar reflectivity (shaded, unit: dBz), sea level pressure (contour, unit: 

hPa) and surface wind (vector, unit: m/s) of AIRS (GSI clr) ((a) (c) (e) (g)) and AIRS (MOD cld-

clr) ((b) (d) (f) (h)) for 0-hour forecast ((a) (b)), 24-hour forecast ((c) (d)), 48-hour forecast ((e) 

(f)), and 72-hour forecast ((g) (h)) from 1800 UTC 26 October 2012. 

 

6.4 The temperature fields, winds and geopotential height on 

850 hPa 

      After discussed the variables at the surface level and on 500 hPa, the temperature fields, wind 

structures and the geopotential heights on 850 hPa are discussed in this section (Figure 6.6). The 

temperature fields at 0-hour forecast time of AIRS (GSI clr) (Figure 6.6 (a)) and AIRS (MOD 

cld-clr) (Figure 6.6 (b)) is similar, but there are some differences in the surrounding area away 

from the hurricane vortex. This difference also can be seen on the 500 hPa temperature fields, 

and it is believed that the difference of the temperature fields at 0-hour forecast time is from the 

(g) (h) 
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impacts of assimilated different AIRS data sets. The data coverage between AIRS (GSI clr) and 

AIRS (MOD cld-clr) are different (Figure 6.3). The temperature and moisture information from 

the assimilated AIRS radiances is different, which directly affect the temperature fields at the 

analysis time. For 24-hour forecast, the temperature fields in the environment area are similar in 

the two experiments. Compared to AIRS (GSI clr) (Figure 6.6 (e)), the geopotential height of 

hurricane center of AIRS (MOD cld-clr) (Figure 6.6 (f)) is more symmetric, and the temperature 

of hurricane center of AIRS (MOD cld-clr) is warmer at the 48-hour forecast. Based on the 

pattern of temperature and geopotential height on 850 hPa, the hurricane structure of AIRS (GSI 

clr) is not a typical barotropic structure. At 72-hour forecast, the temperature differences between 

the two experiments are very obvious. A mature hurricane has a minimum sea level pressure 

center with a warm-core structure (Ooyama 1969; Kurithrara and Tuleya, 1974; Merrill, 1988). 

The temperature at the hurricane center of AIRS (GSI clr) (Figure 6.6 (g)) is cooler than AIRS 

(MOD cld-clr) (Figure 6.6 (h)). For AIRS (MOD cld-clr), the warm center is consistent with the 

minimum geoportal height. The hurricane center locations of the two experiments are different, 

which is very similar to the SLP in Figure 6.5. The warmer temperature and lower geopotential 

height of AIRS (MOD cld-clr) is further southeast compared to AIRS (GSI clr). This difference 

indicates that the hurricane center of AIRS (MOD cld-clr) is on the southeast of the hurricane 

center of AIRS (GSI clr). The structure of the AIRS (MOD cld-clr) still keeps the hurricane 

characters well for the 72-hour forecast, but the hurricane structure of AIRS (GSI clr) is less 

barotropic and moving faster.  Compared the 72-hour simulated hurricane tracks to the best track 

from NHC (Figure 6.1) at 1800 UTC on 29 October, the hurricane center of AIRS (MOD cld-clr) 

is on the southeast side of the hurricane center of AIRS (GSI clr). The track error of AIRS (MOD 
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cld-clr) at 72-hour forecast is around 40 km smaller than the track error of AIRS (GSI clr) 

(Figure 6.2).  

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 6.6 The temperature fields (shaded, unit: K), geopotential height (contour, unit: m) and  

winds (vector, unit: m/s)  on 850 hPa of AIRS (GSI clr) ((a) (c) (e) (g)) and AIRS (MOD cld-clr) 

((b) (d) (f) (h)) for 0-hour forecast ((a) (b)), 24-hour forecast ((c) (d)), 48-hour forecast ((e) (f)), 

and 72-hour forecast ((g) (h)) from 1800 UTC 26 October 2012. 

(e)

) 

 (a) 

(f)

) 

 (a) 

(g) (h) 
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6.5 The potential vorticity and the winds on 200 hPa 

        The potential vorticity (PV) has been used to be a powerful tool for understanding the 

dynamics of quasi-balanced atmospheric systems (Shapiro and Franklin, 1995). It is a broad used 

diagnostic variable in the study of mid-latitude weather systems. Based on the definition, PV is 

conserved following the motion in adiabatic frictionless flow (Holton, 2014). The maxima of PV 

at a certain level in the atmosphere represent the intrusion of dry air from the upper tropospheric 

or stratospheric levels into the lower troposphere. The dry air from the upper troposphere is 

always cold comparing to the lower tropospheric atmosphere. Tracing PV is a good way to track 

the movement of the cold and dry air.  

          Figure 6.7 shows the wind vectors and PV on 200 hPa for 0-hour, 24-hour, 48-hour and 

72-hour forecasts from 1800 UTC 26 October. The shaded area indicates the PV larger than 

2PVU. At 0-hour forecast time, the PV and wind structures of AIRS (GSI clr) (Figure 6.7 (a)) 

and AIRS (MOD cld-clr) (Figure 6.7 (b)) are very similar. There are two large PV regions (PV is 

larger than 6 PVU), or two cold dry air sources, at the northwest area and the northeast area of 

the model domain. At 24-hour, the shaded PV is slightly different between the two experiments 

(Figure 6.7 (c) and (d)). From the movement of PV, it shows that PV is moving anticlockwise 

with winds from the north of the hurricane to the southwest of the hurricane. The movement of 

PV indicates the movement of the cold and dry air, which is also moving from the north to the 

southwest of the hurricane. At 48-hour forecasting time, the difference between the two 

experiments is becoming larger. More cold and dry air is brought to the south and southeast of 

the hurricane. For AIRS (GSI clr) (Figure 6.7 (e)), the PV larger than 4 PVU is found at the 

eastside of the hurricane vortex, and the PV larger than 2 PVU at the eastside of the hurricane 
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vortex is between 62° - 70° west longitude. For AIRS (MOD cld-clr) (Figure 6.7 (f)), the PV 

larger than 2 PVU at the eastside of the hurricane vortex of is between 60.5°  - 67°  west 

longitude. So the large PV of AIRS (GSI clr) is more westward compared to the large PV of 

AIRS (MOD cld-clr). At the 72-hour forecast, the PV continues moving to the south and 

southeast of the hurricane vortex. For AIRS (GSI clr) (Figure 6.7 (g)), the PV at the eastside of 

the hurricane vortex has strong connection with the large PV at the northwest of the model 

domain, and the PV at the eastside is from 65° west longitude. For AIRS (MOD cld-clr) (Figure 

6.7 (h)), the PV at the eastside of the hurricane vortex is connected with both the large PV from 

northwest and northeast of the model domain, and the PV at the eastside is from 70° west 

longitude.  

          The movement of PV represents the cold and dry air movement. The whole 72-hour 

forecast indicates that the large PV moves from the northwest to the south and east of the 

hurricane vortex. The cold and dry air is moving in the same path from the northwest to the south 

and east of the hurricane vortex. The cold air moves in and destroys the hurricane structure. 

Compared to AIRS (MOD cld-clr), the PV at the east of the hurricane vortex of AIRS (GSI clr) 

is higher and the location is from 65° west longitude, which indicates that the cold air of AIRS 

(GSI clr) is stronger and the 5° westter. The stronger cold air of AIRS (GSI clr) pushes the 

hurricane vortex moving to the northwest, which makes the center of the hurricane is on the 

northwest side of AIRS (MOD cld-clr) (Figure 6,1).  
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Figure 6.7 The potential vorticity (shaded, unit: PVU) and  winds (vector, unit: m/s)  on 200 hPa 

of AIRS (GSI clr) ((a) (c) (e) (g)) and AIRS (MOD cld-clr) ((b) (d) (f) (h)) for 0-hour forecast 

((a) (b)), 24-hour forecast ((c) (d)), 48-hour forecast ((e) (f)), and 72-hour forecast ((g) (h)) from 

1800 UTC 26 October 2012. 

 

(e) (f) 

(g) (h) 
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6.6 Summary 

        To better understand the impacts of different AIRS data set on the hurricane dynamics and 

the atmospheric environmental structures, the temperature, winds, geopotential heights, PV and 

etc. on different pressure levels are discussed in this chapter. One of the 72-hour forecasts of 

Hurricane Sandy (2012), the 72-hour forecast from 1800 UTC 26 October, is used as the case 

study to analyze the atmospheric structures.  

          The assimilated AIRS data coverages from AIRS (GSI clr), AIRS (MOD clr) and AIRS 

(MOD cld-clr) are compared, and the temperature difference on the 500 hPa between AIRS (GSI 

clr) and AIRS (MOD cld-clr) is further discussed to understand the impacts of the assimilated 

AIRS data on the temperature fields. It is shown that the assimilated AIRS data could directly 

affect the temperature fields on 500 hPa. Since the AIRS data are under clear or partially cloudy 

regions, the assimilated AIRS data affect the temperature fields outside the hurricane regions at 

0-hour forecast. With the accumulated forecast time, the differences from the temperature in the 

hurricane environmental regions are transferring to affect the center of the hurricane. At the 72-

hour forecast time, the temperature difference is in the hurricane center as large as 5 K. The 

temperature of AIRS (MOD cld-clr) is warmer southeast of the hurricane center, and colder 

northwest of the hurricane center.  

          The simulated surface radar reflectivity represents the rainband and rainfall intensity 

around the hurricane center. The comparison of the radar reflectivity indicates that the rainfall of 

AIRS (GSI clr) is weaker than the rainfall of AIRS (MOD cld-clr). For AIRS (GSI clr), there are 

more dry air moving into the northeast of the hurricane center, which also degrades the hurricane 

intensity and the hurricane structure. The comparison of 850 hPa temperature fields shows that 
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the temperature of hurricane eye is warmer of AIRS (MOD cld-clr) than AIRS (GSI clr). And the 

hurricane center of AIRS (GSI clr) is on the northwest side of AIRS (MOD cld-clr), which is 

consistent with the track forecast.  

         Since PV is an important variable to trace the movement of cold and dry air, PV and wind 

on 200 hPa is analyzed in this chapter. The PV pattern of the two experiments are quite similar at 

0-hour forecast, there are two big PV large centers (PV larger than 6 PVU) at the northwest and 

the northeast area. The high PV is moving with winds from the northwest to the west, south and 

east of the hurricane vortex. With the accumulated forecast time, the difference of PV in the two 

experiments is becoming larger. At 72-hour forecast, the high PV is moving to the east of the 

hurricane vortex. The PV of AIRS (GSI clr) is 2 PVU larger than AIRS (MOD cld-clr), which 

indicates the cold air moving to the eastside of the hurricane vortex is stronger than AIRS (GSI 

clr). The location of PV at the east of hurricane vortex is from 65° west longitude of AIRS (GSI 

clr), and the location of PV is from 70° west longitude of AIRS (MOD cld-clr). The strong cold 

and dry air moving into the hurricane vortex of AIRS (GSI clr) degrades the hurricane structure, 

and pushes the hurricane northwestwards, which makes the hurricane center of AIRS (GSI clr) is 

on the northwest side of the hurricane center of AIRS (MOD cld-clr). 

           The assimilation of cloud-cleared radiances can remove the cloud contamination and 

provide the thermodynamic information under partially cloudy regions. Through the comparison 

of the atmospheric variables and the hurricane structures between AIRS (GSI clr) and AIRS 

(MOD cld-clr), it is shown that the assimilation of AIRS cloud-cleared radiances directly affect 

the atmospheric fields in the environments outside the hurricane center at the analysis time. With 

the accumulated forecast time, the impacts from the environments are transferring to the center 

of the hurricane, and then further affect the speed of hurricane moving and the hurricane center 
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locations. For the assimilation of AIRS cloud-cleared radiances, the cold air from both the 

surface level and on the 200 hPa is moving slower and weaker than the results using GSI stand-

alone cloud detection method. The hurricane warm core and the radar reflectivity of AIRS 

(MOD cld-clr) are stronger than AIRS (GSI clr). The differences between the two experiments 

are from the different assimilated AIRS data set. The differences from the environmental fields 

largely affect the atmospheric fields in the hurricane center with the forecast time accumulation.  
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Chapter 7 

Conclusions and future perspectives 

 

       It is generally agreed that the role of satellite observations is becoming important for both 

operational weather forecasts and the atmospheric research studies. Data assimilation is the key 

step to connect the satellite observations with the weather forecasts. The assimilation of the 

satellite observations has great progress since late 20
th

 century. The contributions from satellite 

data, especially from IR and MV sounders are the largest in operational centers. There are still 

some spaces to improve the satellite data assimilation, especially under cloudy skies. This 

dissertation focuses on the cloud detection and cloud-cleared IR radiances assimilation under 

cloudy skies in the regional NWP model. 

         The contributions of the satellite observations are from the clear radiances assimilation. 

The core parts of data assimilation model, such as the control vectors, the radiative transfer 

model, the background and observation error covariance, and etc., are suitable for the clear 

radiances assimilation. Therefore, the cloud detection is an important step of satellite data 

assimilation. The current cloud detection method is based on the first-guess check, but this 

method has potential risk of assimilating cloudy radiances as clear skies. In this dissertation, a 

new cloud detection method is applied on the IR radiances assimilation. The new cloud detection 

method is collocated the high spatial imager resolution cloud mask on the IR FOV and helps the 
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IR radiances remove cloud FOV. MODIS and AIRS are onboard the same platform, MODIS can 

provide cloud properties and high spatial resolution cloud mask. Collocated MODIS cloud mask 

on AIRS FOVs and removes the cloud contained FOVs, and then the clear AIRS FOV is kept to 

assimilate in the models. Since CrIS and VIIRS are onboard the same platform, this cloud 

detection method can also be applied on CrIS/VIIRS cloud detection. The data coverage with 

GSI stand-alone cloud detection method and the sub-pixel cloud detection method are compared 

for AIRS channel 120 and 1447 and CrIS channel 96. The data coverage shows that the stand-

alone cloud detection allows more cloud-contaminated radiances into the GSI system. So with 

sub-pixel cloud detection, few but high quality of the clear radiances are assimilated. Compared 

to the GSI stand-alone cloud detection, the cold bias and wet bias are moved out from the 

analysis fields with sub-pixel cloud detection. With the better analysis fields, the hurricane track 

forecasts are improved using the sub-pixel cloud detection method.  

         The reliable cloud detection is essential for data assimilation. Using the strict collocated 

cloud mask detection algorithm, the high-quality clear radiances are ensures to assimilate in the 

models. A limitation, however, is a reduction in the number of observations. The cloudy regions 

are forecast sensitive regions that include useful thermodynamic and hydrometric information for 

weather forecast. However, direct assimilation of the cloudy IR radiances will continue to be 

challenging before we can link more adequately model cloud parameters and equivalent radiance 

observations. The assimilation of cloud-cleared radiances is an alternative way to use the 

information under partially cloudy regions. The cloud-cleared radiance is to calculate the clear 

equivalent radiance under partially cloudy regions. Therefore, the cloud-cleared radiance can be 

directly assimilated in the current data assimilation models as clear radiance.  
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          Three experiments of AIRS radiances with different data set are compared: AIRS using 

GSI stand-alone cloud detection, AIR (GSI clr); AIRS using MODIS cloud mask detection, 

AIRS (MOD clr); and AIRS using MODIS cloud mask detection plus the cloud-cleared 

radiances, AIRS (MOD cld-clr). The temperature difference of analysis fields indicates that the 

assimilation of AIRS data can directly affect the temperature fields. Since the assimilated data 

are clear radiances or cloud-cleared radiances, the temperature difference regions are in the 

surrounding area of hurricane vortex. The comparison of the temperature profiles and 

radiosondes represent that the temperature impacts on different vertical levels are different. In 

general the temperature BIAS and STD is smallest for AIRS (MOD cld-clr) in the mid and low 

troposphere. The hurricane track error at the analysis time is discussed to study the simulated 

hurricane locations. In general the hurricane track error is between 20 km to 130 km, which 

indicates that the simulated hurricane locations are close to the observations. The difference of 

the hurricane locations using the three data sets is subtle in the first analysis time. With more 

cycling experiments, the difference of the track error is becoming obvious among the three 

groups data sets.  

        The difference of the BIAS and STD of simulated temperature in the three groups of 

experiments is small at 24-hour forecast, but it grows with the accumulated forecast time. At 

720hour forecast, the temperature BIAS and STD of AIRS (MOD cld-clr) is around 0.3 K 

smaller than AIRS (GSI clr). For the hurricane track and intensity forecast, the AIRS (MOD cld-

clr) gives the smallest hurricane track RMSE, but the impact on the hurricane intensity is neutral 

using the three data sets. The track error reduces 10 to 50 km with assimilation of AIRS (MOD 

cld-clr) compared to the assimilation of AIRS (GSI clr). Due to the assimilated AIRS are under 

clear and partially cloudy regions, which mostly come from the environmental regions and 
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contain little information about the cloudy region (i.e. hurricane vortex). Therefore, the 

improvement of assimilating AIRS radiances is on hurricane track forecast, but natural impacts 

on the hurricane intensity.  

       To better understand how the assimilation of the AIRS clear radiances and the AIRS cloud-

cleared radiances affects the environment and the hurricane structures, one of the 72-hour 

forecasts of Hurricane Sandy (2012), the 72-hour forecast from 1800 UTC 26 October, is 

selected as the case study. The analysis of the atmospheric variables focuses on the results of 

AIRS (GSI clr) and AIRS (MOD cld-clr). From the comparison of the temperature fields, it is 

found that the assimilated AIRS data can directly affect the temperature fields at the 0-hour 

forecast, or the analysis time. Since the assimilated AIRS data are clear radiances or equivalent 

clear radiances, the data are in the surroundings away from the hurricane vortex. The temperature 

difference is at the surrounding are away from the hurricane vortex at the 0-hour forecast. With 

the long time forecasting, the temperature difference is from the surrounding area to the 

hurricane center. At 72-hour forecast, the temperature difference on 500 hPa of AIRS (GSI clr) 

and AIRS (MOD cld-clr) is very obvious.  

        Based on the analysis of the surface radar reflectivity, it is found that more dry air moves 

into the northeast of the hurricane center of AIRS (GSI clr), which weakens the hurricane 

intensity. The radar reflectivity in the hurricane center is stronger of AIRS (MOD cld-clr) than 

AIRS (GSI clr). The pattern of 850 hPa temperature and geopotential height also reflects that the 

warm core of AIRS (MOD cld-clr) is stronger than AIRS (GSI clr). The minimum geopotential 

height of AIRS (MOD cld-clr) is on the southeast side of the minimum geopotential height of 

AIRS (GSI clr) at 72-hour forecast, which is consistent with the simulated track forecast.  
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       The movement of high PV on 200 hPa is following the wind anticlockwise from the west to 

the south and southeast of the hurricane vortex. At 72-hour forecast time, the strong cold and dry 

air moving into the hurricane vortex of AIRS (GSI clr) degrades the hurricane intensity, and 

pushes the hurricane northwestwards, which makes the hurricane center of AIRS (GSI clr) is on 

the northwest side of the hurricane center of AIRS (MOD cld-clr). So for AIRS (GSI clr), the 

cold and dry air from both the surface and the upper troposphere move into the hurricane center, 

and then weakened the hurricane intensity.  

       From the analysis of the atmospheric fields, it is interesting that the impacts from the 

assimilation of AIRS radiances slightly adjust the surrounding temperature fields away from the 

hurricane center at 0-hour forecast. With the longer forecast time, the adjustment from the 

surrounding area is moving into the hurricane center, and the small difference is becoming more 

significant. The large difference in the hurricane center makes the hurricane track and intensity 

different at 72-hour forecast.  

          Although the cloud-cleared radiances can improve the yield of radiance assimilation, for 

example, expand radiance assimilation to partly cloudy cover, there are still some limitations that 

need to be considered in radiance assimilation. First, the cloud-cleared radiances have amplified 

instrument noise depends on the cloudiness of the FOV to be cloud-cleared, usually this can be 

taken into account by increasing the observation error in radiance assimilation; Second, 

atmospheric temperature and moisture might have inhomogeneity in partly FOV, especially for 

moisture, since the moisture in clear portion and cloudy portion within one sub-pixel might be 

different; Third, the correlated errors both spectrally and spatially should be represented in 

assimilation but are difficult to quantify. So these limitations would affect the results of the 

assimilation of cloud-cleared radiances.  



108 
 

       For the future research plan, the cloud detection method can be further improved with the 

combination of clear channel detection (McNally and Watts, 2003) and clear pixel detection 

(English et al., 1999; Li et al., 2004; Wang et al., 2014). The clear channel detection is 

assimilated the channels that not affected by clouds, this method is based on the background 

fields. For high spectral IR sounders, the clear channel detection can keep more data assimilated 

into the models, especially for the upper channels. But there is the potential risk of miss 

assimilating the observed cloudy radiances as clear radiances. The clear pixel detection is 

collocated the cloud mask on IR sounders, which is based on the observations. So this would 

avoid the miss assimilating of the cloudy radiances into the models. But if the FOV is 

contaminated by clouds, the whole FOV is removed even for the channels with weighting 

function peak in the stratosphere. So the combined clear channel detection and the clear pixel 

detection would keep the channels with high weighting function peak, and avoid the cloud 

contamination in the troposphere.  

         The ultimate goal for some operational centers is to directly assimilate the cloud-affected or 

all-sky radiances. The direct assimilation of cloud-affected radiances is a big improvement for 

global satellite data assimilation. But due to the less understood observation and background 

errors in cloudy and rainy situations, the uncertainties of the nonlinearity of the moisture physics 

process and some other issues, the direct assimilation of cloud-affected radiances is still hard to 

carry out. The direct assimilation of cloudy radiances relies on the improvement of RTM in 

cloudy skies. RTM used in the current operational assimilation is mainly a geometric model 

which assumes an effective cloud emissivity and an effective cloud-top (Vidot, 2015), which can 

be still useful with improvement on the predetermination of cloud-top pressure, for example, 

with help of collocated high resolution imager cloud-top pressure (Eresmaa, 2014). Ideally, 
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cloud particle absorption and scattering model (Wei et al., 2004) should be considered, but this 

model needs to be accurate on both radiance and Jacobian calculations for direct radiance 

assimilation in cloudy skies. Considering the current advancement on RTM with cloudy particle 

absorption and scattering in cloudy skies, the focus should be on radiance assimilation in single 

layer cloud situation (e.g., satellite sees single layer clouds), priority should be given to water 

cloud situations followed by ice cloud situations, therefore, IR sub-pixel cloud characterization 

from high resolution collocated imager cloud products is very important and has been 

recommended by the International TOVS Working Group (ITWG)  to the NWP community at 

ITSC20 (27 October – 03 November, 2015 in Lake Geneva, Wisconsin, U.S.A) for radiance 

assimilation. The IR sounder subpixel cloud characterization can contain cloud fraction, cloud 

phase, cloud-top pressure, cloud type etc. for improving radiance assimilation in cloudy skies. 

Other alternative approaches include assimilation of cloud-cleared radiances, and/or assimilation 

of hydrometers (e.g., liquid water path, ice water path) (Jones and Stensrud, 2015; Chen et al., 

2015) retrieved from satellite cloudy radiances. Research continues on cloudy radiances 

assimilation to improve the analysis fields and the forecast skills.   
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