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ABSTRACT 

Microwave satellite observations provide useful information about atmospheric 

temperature and water vapor. This insight could be used to improve hurricane forecasting 

through the assimilation of this data into Numerical Weather Prediction (NWP) models. 

Brightness temperature observations can be assimilated into NWP model by using a Radiative 

Transfer Model (RTM) to convert satellite data into conventional meteorological data. To 

determine if an RTM is useable in an environment such as a hurricane in which hydrometeors are 

present in large quantities, a comparison of RTM simulated to observed brightness temperatures 

is necessary. This comparison is a preliminary step in the overall process of data assimilation in 

the effort to improve hurricane forecasting.  

The Joint Center for Satellite Data Assimilation (JCSDA) Community Radiative Transfer 

Model (CRTM) is used to simulate two sets of brightness temperatures for channels 1-6 and 15 

of the Advanced Microwave Sounding Unit-A (AMSU-A) within and around Hurricane Ivan. 

One simulation is run using dropsonde profiles as input and another simulation is run using 

model data from the Global Forecast System (GFS) to produce two sets of simulated brightness 

temperature data. The two simulated brightness temperature data sets are compared to actual 

AMSU-A observations of Hurricane Ivan as well as to each other. Brightness temperatures 

simulated using the more realistic atmospheric profiles of the dropsonde data compared more 

favorably with AMSU-A observation than did the GFS simulations, indicating the potential 

usefulness of the CRTM to produce surface-sensitive AMSU-A channel observations to 

improved hurricane forecast. 
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CHAPTER ONE 

 INTRODUCTION 

 

1.1 Motivation 

 

Radiation at microwave frequencies can penetrate through cloud layers except in heavy 

precipitation. Thus, microwave satellites can give information for atmospheric levels that would 

be blocked by clouds and precipitation when viewed by other types of instruments, such as 

infrared or visible sensors. This property of microwave satellites can help give information about 

atmospheric temperature and water vapor closer to the surface than infrared or visible sensors. In 

the case of hurricane observation, this boundary layer information is invaluable in improving 

hurricane forecasts. A major problem faced by the hurricane forecast community today is that, 

while hurricane track forecasting has improved over the years, intensity forecasting has been 

much slower to improve. In fact, depending on the years of analysis used, hurricane forecasting 

can even be shown to have gotten worse. This trend in hurricane intensity forecasting is due, in 

part, to the fact that the physics and dynamics of hurricanes are not well understood.  

One method to use microwave observations to improve hurricane forecasting is through 

the assimilation of this data into Numerical Weather Prediction (NWP) models. Data 

assimilation is the process of initializing a model at multiple analysis cycles of a model run with 

a combination of observational data and its associated error statistics that has been mapped to the 

model grid spacing with the model’s first guess. Brightness temperatures can be assimilated into 

a NWP model using a radiative transfer model (RTM) and its adjoint model. Radiative transfer 

models use equations that are most accurate in precipitation-free environments. This assumption 

is most certainly not valid in the presence of a hurricane. The radiative transfer community is 

still working to develop a RTM that is accurate enough when hydrometeors are present. 

To determine if an RTM is useable in an environment such as a hurricane in which 

hydrometeors are present in large quantities, a comparison of RTM simulated to observed 

brightness temperatures is necessary. If the model results are similar to observations, this means 

the physics used in the model are accurate enough for use in assimilation to try to improve the 
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NWP forecast. If the results are divergent, then either the model equations or input require some 

changes for improved results. Additionally, it is necessary to compute the difference between the 

observation (O) and the model background value (B), O-B, as a preliminary step in the overall 

process of data assimilation in the effort to improve hurricane forecasting. The difference of O-B 

is added to the model background value in the successive corrections method in data 

assimilation.  

 

1.2 Previous Studies 

 

There has been much work by the data assimilation community to incorporate microwave 

data into NWP systems. Many discuss in detail the results found by comparing RTM simulated 

brightness temperatures to microwave sensor observations. For example, in 2001, Chevallier et 

al. simulated Microwave Sounding Unit (MSU) and High-Resolution Infrared Radiation 

Sounder/2 (HIRS/2) brightness temperatures using European Center Medium-Range Weather 

Forecast (ECMWF) short-range forecasts configured for the ECMWF 40 year reanalysis (ERA-

40) project and a version of the Radiative Transfer for the Advanced Television Infrared 

Observation Satellite (TIROS) Operational Vertical Sounder (ATOVS) (RTTOV) that was 

modified to include cloud absorption effects. They then compared the results to observed values. 

The probability density functions (PDFs) of the observed and simulated brightness temperatures 

at mid-latitudes and tropical latitudes, in boreal winter and summer, were of similar shape. The 

ERA-40 clouds produced a realistic seasonal cycle, but overestimated the amount of high clouds 

in the Inter-tropical convergence zone (ITCZ) and underestimated the amount of stratocumulus 

off the western coasts of the continents. 

Later in 2003, Chevallier and Bauer performed a similar study comparing ECMWF 

model cloud and rain parameterization output to observed Special Sensor Microwave Imager 

(SSM/I) brightness temperatures. The ECMWF output was input to a microwave RTM to 

produce brightness temperatures for a direct comparison. They conducted a PDF analysis of the 

results and analyzed the relative contributions of water vapor, cloud liquid water, rain, and snow 

to the brightness temperature simulations. They found that the model produced more cloud liquid 

water and rain than was observed. The PDFs generally showed two peaks which were associated 
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with the mid-latitude and tropical convergence zones. The model, in general, tended to 

overproduce precipitation when compared to the observation. This study did find it hardest to 

interpret the comparison at the surface SSM/I channel of 85.5 GHz. They attributed this 

difficulty to uncertainties in the cloud geometry and ice microphysics at the 85.5 GHz frequency. 

An example of a successful assimilation of microwave data into a NWP model includes 

the work of Bao et al. in 2010. They assimilated AMSU-A (channels 5-15), AMSU-B (channels 

3-5), and radiosonde data using the Weather Research and Forecasting (WRF) model data 

assimilation system (WRFDA) and National Centers for Environmental Prediction (NCEP) 

reanalysis data as background (model first guess) information. They compared the 24-hour 

precipitation forecasts from assimilating AMSU-A/B data to those from assimilating radiosonde 

data, and to a control experiment where no assimilation was done. They found that the 

assimilated radiances had greater impact on the background fields than the radiosonde 

assimilation did, although both had an impact on the height and wind fields. The AMSU 

assimilation resulted in an increase of up to 10 m/s in 500 mb wind speeds, a more realistic 800 

mb height field, and the most accurate precipitation forecast in terms of distribution, central 

location of precipitation, and rainfall rate, in comparison to the other experiments. It is notable 

that this study ignored most of the surface sensitive channels of the AMSU-A instrument. 

Channel 15 is the only AMSU-A channel assimilated with a weighting function that peaks at the 

surface. 

There has also been past work to incorporate microwave data into a NWP model for 

hurricane forecasting. In 2003, Amerault and Zou used fifth-generation National Center for 

Atmospheric Research Mesoscale Model (NCAR MM5) model data as input into a 4 stream 

RTM developed by Liu (Liu, 1998) (RTML) to simulate SSM/I brightness temperatures in 

hurricanes. The RTML simulations were compared to observations and to brightness 

temperatures calculated using a 32 stream RTM. By calculating the sensitivities for the 4-stream 

model, they found that the RTM calculations were more sensitive to temperature than to specific 

humidity, but when the variability of the variables were considered, the variability of specific 

humidity values had a larger impact on the simulation. The most notable difference between the 

observed and 4 stream model simulated brightness temperature values occurred at the 85.5 GHz 

SSM/I surface channel, where the results showed a difference of over 100 K. Observational 

errors of the SSM/I were estimated using structure functions. Calculation errors of the 4 stream 
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RTM (the RTML) were estimated by comparing its results to those of a 32 stream model. The 

RMS errors were found to be less than 0.14 K for all channels. Additionally, Amerault and Zou 

developed bias corrections for rainy profiles which reduced the root mean square errors for rainy 

simulations. They also developed an adjoint model for the RTML in order to conduct a 

sensitivity to determine which model variables have the most impact on brightness temperatures, 

and what the errors associated with those variables were. They found that the vertically polarized 

SSM/I channels were most sensitive to the surface temperature and the horizontally polarized 

channels were most sensitive to the surface wind values. 

Later, Amerault and Zou (2006) updated the RTML to include a mixing formula in the 

dielectric constant calculation and repeated their simulations of SSM/I brightness temperatures 

using NCAR MM5 profiles. After this update, when they compared observed Special SSM/I 

brightness temperatures to RTML simulated SSM/I brightness temperatures for the 85.5 GHz 

channel, the difference decreased from over 100 K to around 20 K. Probability density functions 

were computed for the datasets under multiple RTML moisture schemes as well as for the 

observed brightness temperatures. The consensus was that the model and observations were very 

similar, but that the model simulations tended to overproduce precipitation, similar to what 

Chevallier and Bauer (2003) found to be the case for ECMWF model precipitation. 

Another method to improve NWP hurricane forecasts is to improve the equations used in 

the model by conducting studies examining the physics and dynamics of hurricanes within the 

boundary layer. There have been many past studies demonstrating the utility of remote 

microwave radiances and in situ observations, both together and separately, in the analysis of 

hurricane strength and intensity, and other analysis that is useful in improving understanding of 

the physics of the hurricane boundary layer. One such study was performed by Kidder et al. 

(2000), in which they demonstrated the use of microwave satellite data in tropical cyclone 

analysis. They showed that AMSU data could be used to determine upper-tropospheric 

temperature anomalies in storms, the correlation of maximum temperature anomalies with wind 

speed, as well as with central pressure, winds calculated using the temperature anomaly field, 

and tropical cyclone potential. 

In 2003, Franklin et al. investigated dropsonde wind profiles and their operational 

implications. They analyzed 630 hurricane profiles from 17 hurricanes from the 1997-1999 

hurricane seasons, mostly from the Atlantic Basin. They found that, on average, the surface wind 
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speed is 90% of the 700 hPa wind speed and that the wind speed at the height of the top of a 25-

story building is 17% higher (the equivalent of a Saffir-Simpson hurricane scale category) than 

the surface wind speed. This study had major implications for hurricane safety and preparedness. 

In 2007, Black et al. detailed the results of the Coupled Boundary Layer Air-Sea Transfer 

(CBLAST) experiment which used dropsondes, surface drifting buoys, subsurface ocean 

profiling floats, and aircraft radar in conjunction with satellite observations to observe hurricanes 

for the years 2000-2005. They calculated the drag and moisture exchange coefficients (CD and 

CE respectively) at near-hurricane-force 10m winds observed by a microwave sensor onboard 

aircrafts used in CBLAST, and found that the coefficient values become close to steady at a wind 

speed of 22-23 ms
-1

, which was a lower wind speed than previous studies had suggested. When 

they extrapolated the coefficients to hurricane force wind speed, 33 ms
-1

, the wind speed at 

which previous studies showed CD and CE to level off at, they found values slightly lower than 

what was expected. They also found that the moisture exchange coefficients are constant with 

wind speed, even at hurricane force winds. The ratios of the coefficients CE/CD were about 0.7, 

which is lower than the Emanuel threshold for hurricane development (0.75). Another interesting 

observation this study made involved its use of aircraft radar to review roll circulations with 

hurricanes. They noted that the roll patterns vary by the quadrant of the hurricane. Also 

significant was the studies’ investigation of air-sea heat fluxes in hurricane environments at a 

higher resolution than previously available. 

In 2008, Barnes analyzed dropsonde vertical profiles from hurricanes Bonnie (1998), 

Mitch (1998), and Humberto (2001). By doing so, he found three thermodynamic features unique 

to hurricanes. The features include positive equivalent potential temperature lapse rates near the 

top of the hurricane inflow, a speedy decrease of equivalent potential temperature near the sea 

surface, and a moist absolutely unstable layer near the hurricane eyewall, in the rainbands, and in 

the hub cloud within the eye. 

Recently, Zhang et al. did a study in 2011 using 794 dropsondes from 13 hurricanes 

which analyzed the characteristic height scales of the hurricane boundary layer. The height scales 

investigated included the height of the maximum total wind speed and inflow layer depth 

(dynamic boundary layer height scales), and mixed layer depth (a thermodynamic boundary 

layer height scale). The two types of height scales, dynamic and thermodynamic, were shown to 

be very different, with the dynamic boundary layer being much deeper than the thermodynamic 
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boundary layer. They also found that using dropsonde data to calculate these height scales 

produced better, more accurate results than the traditional method of using the critical 

Richardson number. 

 

1.3 Objectives 

 

In this study,  two sets of simulated brightness temperatures for channels 1-6 and 15 of 

Advanced Microwave Sounding Unit-A (AMSU-A) within and around Hurricane Ivan will be 

produced by the Joint Center for Satellite Data Assimilation (JCSDA) Community RTM 

(CRTM). These simulations will be compared to the AMSU-A observations of Hurricane Ivan as 

well as to each other. This study will compare the differences for the surface and atmospheric 

channels. The comparisons will be made using histograms of the O-B values and scatter plots of 

the simulate brightness temperatures and O-B values. To identify characteristics of the errors 

associated with the CRTM simulation, this study will analyze scatter plots of the simulations by 

the satellite field of view (FOV) for which they are simulated as well as by the latitude the 

dropsonde observation was taken at. Finally, this study will look at O-B statistics for points 

identified as clear sky and cloudy sky by the satellite observations. 
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CHAPTER TWO 

DATA 

There are four datasets used in this study: output from the JCSDA CRTM, dropsonde 

atmospheric profile data, Global Forecast System (GFS) model atmospheric profile and surface 

data, and radiances and cloud liquid water path data from AMSU-A. The specifications of these 

four datasets and their uses in this project will be discussed in the following sections. The CRTM 

will be described in Section 2.1, dropsonde data will be described in Section 2.2, GFS data will 

be described in Section 2.3, and AMSU-A radiances and cloud liquid water data will be 

described in Section 2.4. 

 

2.1 JCSDA CRTM 

 

The CRTM was developed by the JCSDA to improve the assimilation of satellite 

observations under all weather conditions into numerical weather prediction models (Han et al., 

2005). It was implemented for use in the NCEP data assimilation system in 2005 (Ding et al., 

2011). The user guide by Han et al. (2005) describes the CRTM in great detail. The interface of 

the model is broken down into many modules containing callable subroutines and functions. It 

includes a forward, adjoint, tangent linear, and Jacobian (or K matrix) model. Only the forward 

model is used in this study. 

The forward model of the CRTM calculates top of atmosphere brightness temperatures 

by dividing the problem into four main categories: absorption of radiation by the gases in the 

atmosphere, surface emission, absorption, and reflection of radiation, absorption and scattering 

of radiation by clouds and aerosols, and the solution of the radiative transfer solution based on 

the optical depth profiles solved in the other steps. The polychromatic gaseous absorption model 

is a compact model based on the Optical Path Transmittance (OPTRAN) developed by McMillin 

et al. (1995). The compact version, developed by Dr. Yoshikiko Tahara, is described in detail in 

Han et al. (2005). It is computationally efficient and constrains the transmittance regression 

coefficients between vertical levels, whereas the original OPTRAN calculates absorption in 

absorber space rather than pressure space. 
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There are individual surface emissivity models included in the CRTM for land, water, sea 

ice, and snow for both the infrared and microwave spectrums. In this study, all the dropsondes 

fell over the ocean and microwave radiation is being simulated, so only the microwave ocean 

emissivity model is used. The microwave ocean emissivity model used in the CRTM is the 

FASTEM-1 developed by English and Hewison (1998). It is a polarized model that takes into 

account specular reflection and large and small scale modulation depending on the wind speed 

and channel frequency. It requires knowledge of the satellite zenith angle, sea surface 

temperature, surface wind speed (u and v components), and the frequency of the channel being 

simulated. 

The CRTM also includes a lookup table for cloud optical parameters. The values in the 

table are calculated based Mie theory using a modified gamma distribution function (Han et al., 

2005). If cloud information (cloud type, base and top pressures, and radius of cloud droplet in 

microns) is provided, the corresponding extinction coefficients, single scattering albedo, and 

phase matrix elements are pulled from this table.  

After the absorption, reflection, and emission of radiation at the frequency of a given 

channel is found, and an optical depth profile is calculated by the previously discussed 

components of the forward model, the radiative transfer solution can be solved. The radiative 

transfer solution model included in the model utilizes the advanced doubling-adding (ADA) 

method as developed by Liu and Weng (2006). The scheme divides the atmosphere into pressure 

layers with known pressure, temperature, and water vapor mixing ratios (and other absorbers, 

such as ozone, if applicable) for each layer. If there is no cloud data, it is a clear sky simulation. 

In clear conditions, the single scattering albedo is approximately zero and the scattering terms in 

the radiative transfer equation will be neglected. 

Output from the equations of the forward model differs, depending on the input of one or 

more atmospheric profiles, surface information, and sensor information, such as the sensor 

identity and geometry information. The non-sensor input can come from a NWP model or 

observations, the sensor identity is user defined, and the sensor geometry can be read in from 

satellite observations, as was done in this study, or defined by the user. The atmospheric profile 

input must contain layer pressure, temperature, and mixing ratios of water vapor and any other 

absorber to be considered. If there are N pressure levels, there are N-1 pressure layers whose 

average values of temperature, etc. must be input. Additionally, the user has the option of 
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including cloud information, such as the number of clouds present, the type, and the pressure 

level they are located at. 

In this study, there will be a comparison between simulations for the same locations and 

times using atmospheric profiles from two different sources, dropsonde observations and GFS 

model forecast. The surface information for both of the simulations is the same. In this study, all 

of the simulations were located over an ocean surface. The water type used was sea water and the 

salinity was the default of 33 ppmv. The sea surface temperature and surface wind data for the 

two different simulations come from the GFS. This way, any variations in model results are due 

solely to the atmospheric profile input. Additionally, no cloud or aerosol data (besides water 

vapor) was used. The identity of the sensor being used, AMSU-A on board NOAA-15, is 

included in the sensor information used by the CRTM. As previously mentioned, the sensor 

zenith angles for the simulation are read into the CRTM from actual AMSU-A observations. 

This way, a simulated brightness temperature can be produced for each of the 30 FOVs of 

AMSU-A. 

 

2.2 Dropsonde Data 

 

This study uses dropsonde observations of Hurricane Ivan taken on 7, 9, and 12-16 

September 2004 for atmospheric profile data for one of the two simulations performed. 

Dropsonde, short for dropwindsonde, observations are similar to those from rawinsondes in that 

they use the same type of instrumentation and provide the same type of information. They both 

provide a vertical profile, or sounding, of temperature, relative humidity, and wind by pressure 

(height) levels. The main difference is that dropsondes are dropped out of airplanes and record 

the sounding data from flight level (generally about 700 mb) to the surface, whereas rawinsondes 

are lifted up by hydrogen or helium filled balloons and record the sounding data from the surface 

to the top of the atmosphere. Rawinsondes render data higher in the atmosphere than where 

dropsondes are released from. 

Hock and Franklin (1999) details the specifics of the dropsondes used by NOAA, which 

were developed in a joint project by NCAR, NOAA, and the German Aerospace Research 

Establishment. These dropsondes have a vertical resolution of approximately 5 m. Table 1 shows 
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the average time it takes for a dropsonde to fall from a given pressure level until flight 

termination.  

The dropsonde has four important parts- an observation module, a digital microprocessor, 

a GPS receiver module, and a transmitter. The observation module observes pressure, 

temperature, and humidity and is also known as a PTH sensor. All of the sensors are made by 

Vaisala. The pressure sensor is known as a Barocap, the temperature sensor is an F-Thermocap, 

and the humidity sensor is an H-Humicap. The digital processor for the NCAR dropsondes is an 

8-bit Motorola processor. As the processor is very small, it only records the PTH observations 

and the calibration coefficients for the instrument. The GPS data are processed separately. 

 

 

Table 1. Time in minutes it takes (on average) for a dropsonde to fall to sea level as dropped 

from various pressure levels. (Hock and Franklin, 1999). 

 

Pressure (mb) Fall Time (min) 

850 2.0 

700 4.0 

500 7.0 

400 9.0 

300 10.5 

250 11.5 

200 12.5 

150 13.5 

100 14.5 

 

 

The GPS receiver module measures time and location via satellite communication. The 

receiver used is an 8 channel codeless Vaisala receiver. Codeless means that the wind 
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calculations are not done on the dropsonde’s processor or receiver. Rather, the calculations are 

made on computers in the aircraft, using software known as the Advanced Vertical Atmospheric 

Profiling System (AVAPS). 

The transmitter used has a frequency of 400-406 MHz and sends the dropsonde 

observations to the AVAPS onboard the aircraft. With a radio frequency bandwidth of less than 

20 kHz, there are 300 possible channels for communication use, which means that it is possible 

to deploy and monitor multiple dropsondes at the same time. Inside the NOAA aircraft, the 

AVAPS is used in conjunction with GPS to record the dropsonde observations and monitor the 

dropsonde while in flight. Since the dropsonde transmitter offers a multitude of channel choices, 

multiple dropsondes can be monitored simultaneously. One aircraft can process a maximum of 4 

dropsondes at a time. This means that the dropsondes can be (and often are) released within 

minutes of each other, which is important to note because this study will be comparing this 

dropsonde data to 6 hourly model data. 

AVAPS is comprised of 5 modules- a power supply, a receiver module, a PTH buffer 

module, a GPS processing card, and a dropsonde interface module. The GPS processing card 

converts the Doppler frequencies recorded by the dropsondes’ GPS receiver into wind data. First, 

the processing card finds which GPS satellite the dropsonde is communicating with by 

comparing local (aircraft) observations from a 12 channel receiver to those recorded and 

transmitted by the dropsonde. This process takes about 30-60 seconds before each dropsonde 

flight. Then, the aircraft velocity is removed from the data to obtain information on the 

movement of the dropsonde. Finally, dropsonde velocities are calculated to correspond to the 

times of the PTH observations, with two observations recorded for every second. The dropsonde 

interface module is used to aid in setup for dropsonde deployment. The Graphical User Interface 

(GUI) of AVAPS displays real-time PTH and wind output from the dropsondes. A version of the 

Hurricane Analysis and Processing System (HAPS) software is installed on AVAPS for real-time 

quality control during flight observations. The GUI of the software aids in visualization of the 

observations (for example, displaying a real-time skew T-log p diagram) and identifies the 

termination time of the dropsonde’s flight. More importantly, users can also apply corrections to 

questionable data as it is detected by the software. 

Before the dropsondes were released for use by NCAR, NOAA, and the German 

Aerospace Research Establishment, the instruments had to undergo calibration, validation, and 
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quality control. Table 2 shows the accuracy of the dropsonde pressure, temperature, humidity, 

and wind observations. Here, accuracy is defined as the standard deviation of two successive 

calibrations. These calibrations occurred inside a calibration chamber, and are not based on a real 

flight run. One-point calibration for temperature is made by looking at the measured temperature 

when the dropsonde falls through the melting/freezing level during precipitation. 

 

 

Table 2. The specifications of the NCAR GPS dropsonde as given by the manufacturer. (Hock 

and Franklin, 1999). 

 

Parameter Operating Range Accuracy Resolution 

Pressure 20-1060 mb 0.5 mb 0.1 mb 

Temperature -90 to 40 °C 0.2 °C 0.1 °C 

Humidity 0-100% 2% 0.1% 

Wind 0-150 ms
-1

 0.5 ms
-1

 0.1 ms
-1

 

 

 

For validation, profiles from dropsonde releases were compared to profiles from 

coinciding rawinsonde releases. This comparison resulted in the discovery of a cold bias in the 

temperature sensors. Pressure data for the splash time, or last valid observation time, were 

compared with nearby National Data Buoy Center buoy data and with private boats with NOAA 

precision barometers to validate pressure observations. During this process, a low bias of 1-2 mb 

was found and adjustments have been made to account for this. 

Release of dropsondes in rapid succession was used to validate wind data and suggests 

the precision of GPS soundings is about 0.2 ms
-1

. However, when there is poor geometry 

accuracy, the accuracy can be as poor as 2 ms
-1

. GPS accuracy is dependent on the number of 

GPS satellites available and their positions relative to the point of observation (in this case, the 

dropsonde) (Dussault et al., 2001). To locate the point in three dimensions (latitude, longitude, 

and altitude), four satellites are needed. Only three satellites are needed to locate the latitude and 

longitude of the point. Geometry accuracy is determined by the positions of the available 



13 

 

satellites relative to the observation point. Ideally, there would be available satellites positioned 

in a multitude of angles relative to the GPS receiver in order to locate the position of the device. 

Geometry inaccuracy can occur when all satellites, or a majority of them, are focused on one side 

of the receiver, or when not enough satellites are available. On average, the accuracy of GPS 

calculated wind speed is 0.5 ms
-1

. Table 3 gives the accuracy of observation for all variables 

observed by dropsondes. 

 

 

Table 3. Estimated error in NCAR GPS dropsonde observations. (Hock and Franklin, 1999). 

 

Parameter Typical Error 

Pressure 1.0 mb 

Temperature 0.2 °C 

Humidity <5% 

Wind 0.5-2.0 ms
-1

 

 

 

 

2.3 GFS Model Data 

 

This study uses model output from the GFS for both the GFS simulation of brightness 

temperatures and the dropsonde simulation of brightness temperatures. For the GFS simulation, 

all CRTM required input data (including the atmospheric profile) comes from the GFS. For the 

dropsonde simulation, only the required surface information comes from GFS output. 

The GFS is one of over 20 NWP models managed by NCEP’s Environmental Modeling 

Center (EMC). The GFS model was developed in 1980, originally called the Medium Range 

Forecast (MRF) model. The last full documentation note prepared by the EMC is from 2003. 

According to the note, the horizontal model representation is spectral triangular 254, which is 

roughly the equivalent of roughly 0.5 ° X 0.5 ° latitude-longitude grid. There are available 

datasets at this full resolution as well as at a courser resolution of 1° X 1°, which is what was 
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used in this study. The GFS uses a sigma coordinate system which is divided unequally into 64 

layers on a Lorenz grid. The GFS uses a leap frog time integration scheme for nonlinear 

advective terms. For gravity waves and zonal advection of vorticity and moisture, the time 

integration is semi-implicit. 

Beyond the primitive (Navier-Stokes) equations, the GFS performs horizontal diffusion 

on temperature, specific humidity, and cloud condensate on quasi-constant pressure surfaces and 

performs scale-selective second order diffusion on vorticity, divergence, virtual temperature, 

specific humidity, and specific cloud condensate. The vertical diffusion scheme used for the 

planetary boundary layer is first-order. The GFS utilizes parameterization to take into account 

drag in gravity waves, radiation (both short wave a long wave), convection (penetrative and 

shallow, or non-precipitating), condensation, and precipitation. 

For sea surface temperature (SST), the GFS uses a 7-day running mean SST analysis. Sea 

ice coverage data comes from daily analysis by the marine modeling branch and is assumed to 

have a thickness of 3 m and the ocean temperature below the ice is defined as 271.2 K. Surface 

characteristics, such as roughness lengths and surface albedo, and fluxes are calculated using the 

most up to date physics available, the GFS also calculates land surface processes and ozone 

transport. At this time, the GFS uses the CRTM version 2.0.2 (McClung, 2011). The same 

version of the CRTM was used to produce the brightness temperature simulations in this study. 

Six hourly 1° X 1° GFS forecasts were obtained for 7, 9, 12-16 September 2004. The data 

were interpolated to the location of the splash point of the dropsonde simulated to the nearest 

0.01° latitude and longitude. Dropsondes are advected by the hurricane wind and do not have a 

straight vertical path, but for simplicity the surface location was taken to be the observation point 

for the profile, as is the convention for the use of rawinsonde data. 

 

2.4 AMSU-A Microwave Radiance Data 

 

To see how well the CRTM simulates AMSU-A brightness temperatures using dropsonde 

data, a comparison is needed. AMSU-A observations from the satellites NOAA-15 and -16 were 

obtained for the same dates as the dropsonde observations were taken (7, 9, 12-16 September 
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2004). This study also uses cloud liquid water (CLW) data for the same dates to determine if a 

particular observation point is a clear or cloudy sky observation. 

Launched 13 May, 1998, the polar orbiting satellite NOAA-15 was the first to carry 

AMSU. The frequencies for all of the AMSU-A and AMSU-B channels are shown in Table 4. 

AMSU-A is a temperature sounder and AMSU-B is a water vapor sounder. The polarization of 

AMSU scans rotates with the angle (Kidder et al., 1998). 

Kidder et al. (2000) detailed some of the positive aspects of AMSU that are particularly 

useful for tropical cyclone analysis. For example, AMSU was the first instrument able to monitor 

storm location and movement, temperature anomalies, winds, and rain rates all in one 

instrument. It also has better spatial coverage than its predecessor, the Microwave Sounding Unit 

(MSU). 

The weighting functions for all channels of AMSU-A under clear sky conditions are 

plotted in Figure 1. Where the function peaks for each channel indicates where in the atmosphere 

the variables have the most influence on the radiance received by the instrument, or roughly 

where the instrument is sensing the atmosphere. The channels used for the simulations in this 

study are AMSU-A channels 1-6 and 15, which are plotted in Figure 1 in color. The channels not 

used in this study are plotted in black or gray lines in Figure 1. The channels with weighting 

functions peaking at the surface, channels 1-3 and 15, are the most surface sensitive channels, or 

the channels of particular interest in this study. Not only are channels 1-3 and 15 surface 

channels, but they are more sensitive to water vapor than the other channels of AMSU-A. 

Channel 3 lies in an oxygen and water vapor window, but is more sensitive to oxygen than to 

water vapor. These channels will be referred to as both surface channels and window channels in 

this study.  

The weighting functions of channels 4-6 peak above the surface. Channel 4 peaks near 

the surface, in the lower troposphere. Channel 5 peaks in the middle of the troposphere and 

channel 6 peaks just below the tropopause. These channels are all in an oxygen band and are 

used operationally as temperature sensing channels. They will be referred to as atmospheric or 

temperature sounding channels in this study. These temperature sounding channels are regularly 

assimilated into NWP models. 

Part of the comparison strategy in this study is to compare the accuracy of the simulations 

for profiles from under clear skies and those from cloudy areas. To do so, this study uses CLW 
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values from the National Environmental Satellite Data and Information Service (NESDIS). 

NESDIS makes products from AMSU-A retrievals showing the total precipitable water (TPW), 

instantaneous rain rate (RR), cloud liquid water (CLW), snow cover (SNO), and sea ice cover 

(ICE). 

AMSU data are available in multiple data formats (binary, HDF, etc.), as well as at 

different levels of processing. Arvidson et al. (1986) describes the levels of processing 

performed by the National Aeronautics and Space Administration (NASA). Level 0 data are 

reconstructed raw instrument data at its full resolution. Level 1A data are level 0 data that have 

been time referenced, annotated with ancillary information (such as radiometric and geometric 

calibration coefficients and location reference information).  Level 1A data are available for all 

satellite datasets. Level 1B data are level 1A data that have been processed to sensor units such 

as radiance and are annotated with additional useful information, such as further location 

reference information, correction coefficients for lunar contamination, and track error. Not all 

satellites require the additional processing of level 1B. Instruments for which level 1B data are 

available include AMSU-A, the Advanced Very High Resolution Radiometer (AVHRR), and the 

High-Resolution Infrared Radiation Sounder (HIRS). Level 2 processing involves the use of 

algorithms on the radiance data to render information such as the CLW used in this study, as well 

as the other NESDIS products available for AMSU that were previously mentioned. These data 

remain at the original resolution and correspond to the same geolocation as the corresponding 

radiance data. Level 3 data are satellite data that have been mapped to a regular grid, changing 

not only the location of the observations, but the resolution of the dataset. Level 4 data are model 

output or analysis results based on the satellite observations. 

For the direct brightness temperature comparisons done in this study, level 1B radiance 

data was obtained for the dates of analysis and was subsequently converted to brightness 

temperature data using Planck’s function. This conversion will be discussed in Section 3.2. No 

interpolation to a grid (level 3 processing) was done in this conversion to keep the data point at 

the original swath field of view and resolution. This way, no additional errors are introduced by 

estimating a value at a specified location near the original observation point. 
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Table 4. The frequencies of channels 1-15 of AMSU-A and of channels 1-5 of AMSU-B, in 

GHz, are displayed below. The frequencies are denoted as x±y±z, where x is the center/nadir 

frequency, y is the distance between the center frequency and the center of two pass bands (for 

cases when the center frequency is not sensed, but there are two bands sensed on both sides of 

the nadir frequency), and z is the width of the two pass bands for the same case as y is valid for. 

(Kidder et al., 1998). 

 

Channel AMSU-A Frequencies (GHz) AMSU-B Frequencies (GHz) 

1 23.83 89.0 

2 31.4 150.0 

3 50.3 183.3±1 

4 52.8 183.3±3 

5 53.6 183.3±7 

6 54.4  

7 54.9  

8 55.5  

9 57.2  

10 57.29±217  

11 57.29±322±048  

12 57.29±322±022  

13 57.29±322±010  

14 57.29±322±0045  

15 89.0  
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Fig. 1. Clear sky weighting function (top) for AMSU-A based on optical depth profiles output by 

the CRTM using the U.S. standard atmosphere profile (bottom).  
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CHAPTER THREE 

METHODS 

The simulations done in this study are performed by inputting prepared atmospheric 

profile data into the JCSDA CRTM version 2.0.2. The preparation required for the dropsonde 

and GFS profiles will be described in Section 3.1. Before a comparison can be made between the 

simulated brightness temperatures and the AMSU-A observations can be made, the level 1B 

AMSU-A radiance data must be converted to brightness temperatures. This process is described 

in Section 3.2. The CRTM output of simulated brightness temperatures are then collocated to the 

corresponding fields of view (FOVs) of the AMSU observations for value comparisons. This 

process will be described in Section 3.3. 

 

3.1 Preparing the Atmospheric Profile Data for Input to CRTM 

  

As mentioned in section 2.1, one of the input requirements of the CRTM is a vertical 

profile of absorber data. In this study, the absorber is water vapor and the input should be in the 

format of a mixing ratio with units of g/kg. Dropsondes provide relative humidity data, but not 

mixing ratios, so an approximation is used to calculate the mixing ratios. GFS model relative 

humidity data are also converted to mass mixing ratios. This process will be detailed in section 

3.1.1. 

Another requirement of the CRTM is that the profiles consist of layer average values. In 

order to keep as much data as possible, the levels of dropsonde data available are conserved and 

a weighted average of the values of each set of 2 levels is computed for each layer. The same 

process is performed on the GFS data for the levels available. How these layer averages are 

computed is described in section 3.1.2.  
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3.1.1 Calculating Mixing Ratios 

The first step to calculate the mixing ratio is to calculate the saturation vapor pressure 

using the Clausius-Clapeyron equation,              ⁄
                (Equation 3.1) 

Where A is 2.53*10
9
 hPa and B is 5.42*10

3
 K. Note that the temperature, T, must be in Kelvin. 

Since the dropsonde recorded observations are given in degrees Celsius, they must be converted 

to Kelvin first. Now that the saturation vapor pressure is known, the vapor pressure needs to be 

calculated. Relative humidity can be approximated as the ratio of vapor pressure to saturation 

vapor pressure times 100%. Mathematically this is stated as                                        (Equation 3.2a) 

Rearranging this relation to solve for the vapor pressure, the equation becomes                              (Equation 3.2b) 

Finally, using the calculated vapor pressure and the observed pressure, the mixing ratio, 

w, can be calculated as follows.                       (Equation 3.3) 

The result is the mass mixing ratio in units of g/kg, which are one of the acceptable input 

formats for absorber data in the CRTM. The number 621.97 comes from the ratio of the dry air 

and water vapor gas constants, multiplied by 1000 to make its units g/kg instead of kg/kg. 

3.1.2 Calculating Layer Averages 

 Once the mixing ratio for each level is calculated, it is time to interpolate the dropsonde 

and GFS profiles of temperature, pressure, and mixing ratio from the observed pressure levels to 

the layers in between each level. For a given dataset, there are N levels and N-1 layers. If the top 

level is level i, the level below it is i+1, and the layer in between these levels is layer i. Pressure 

increases as the level and layer number increases. The layer averages for pressure are then 

calculated using the following equation                                                   ⁄                     (Equation 3.4) 

This way, the logarithmic change of pressure with height is taken into account. 
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For the variables observed at each level, the layer average is a weighted average of the 

variable’s value at the levels above and below the layer. The weighting takes into account the 

logarithmic change of pressure with height, similar to Equation 3.4. The weighted average of the 

variable, X, is calculated as                                                             ⁄             (        )                                    ⁄              (Equation 3.5) 

X may be temperature or mixing ratio. Note that the layer average pressure, player i, is in both 

weights because it is the pressure at which the layer average temperature or mixing ratio is 

corresponding to. The method finds the value of the variable, X, which corresponds to the layer 

averaged pressure as calculated in Equation 3.4. 

 

3.2 Preparing the AMSU-A Data for Comparison 

 

 Section 2.4 described some of the levels of pre-processed satellite data available for 

users. Level 1B radiance data was obtained for this study. In order to compare brightness 

temperatures of the observed and simulated data sets, brightness temperatures had to be 

calculated for the given radiance data. 

Planck’s law states that the amount of electromagnetic radiation emitted by a perfect 

emitter (a black body) is dependent on the temperature (T) of the black body and is a function of 

wavelength. The equation, in terms of wave number ( ̃) is,   ̃          ̃    (   ̃   )                    (Equation 3.4)   ̃    is the radiance in units of W*m
-2

*sr
-1

*cm, h is Planck’s constant (6.626*10-34
 J*s), c is the 

speed of light (3*10
8
 m/s), and kB is Boltzmann’s constant (1.381*10-23

 J/K). By rearranging 

equation 3.4, the temperature of a black body can be calculated based on the radiance produced 

and the wavelength it is produced at. The equation becomes,         ̃        ̃   ̃                        (Equation 3.5) 

Each channel of AMSU corresponds to a particular wave number (see frequency listed in 

Table 4). The equation to convert from frequency (ν) to wave number ( ̃) is,  ̃                        (Equation 3.6) 
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If frequency is given in units of Hz (or 1/s) then the wave number will have units of 1/m. Given 

the radiance value at a given observation point and channel, the brightness temperature of that 

point is calculated using equation 3.5. 

 

3.3 Strategy for Comparison 

 

3.3.1 Collocation of Simulations to Observation Space 

The AMSU observations used are not interpolated to a grid, but are located at their raw 

swath data points. The location of the simulated brightness temperatures are taken to be the point 

at which they were located at the splash time of the dropsonde observation used. This follows the 

convention of rawinsonde assimilation in which the station or surface location is used to 

represent the observation point and any advection during the rawinsonde flight is neglected. Any 

lateral movement of the dropsonde between its release and termination are neglected. 

The CRTM outputs multiple brightness temperature values for the same input profile, one 

for each of the 30 fields of view (FOVs) of AMSU it is valid for. By locating where the satellite 

observations are and where the dropsonde splash point is, the closest satellite observation is 

chosen as the observation brightness temperature and the FOV corresponding to that point is the 

FOV chosen for the simulated brightness temperature value. If there is no AMSU-A FOV within 

a 50 km radius of the dropsonde location, then the profile is not used in this study. 

3.3.2 Cloudy and Clear Sky Identification 

As part of the comparison between simulated and observed brightness temperatures of 

Hurricane Ivan, each observation point is categorized as either ‘clear sky’ or ‘cloudy sky’. In 

order to make this distinction, AMSU-A CLW product data are used. The CLW data are stored 

with units of mm*100. Once the values in the dataset are divided by 100 to find the CLW value 

in mm, the dataset is shown to range from 0 to 6 mm. 

Selection of the AMSU-A observation point is done following the collocation procedure 

described in 3.3.1. A critical CLW value of 0.05 mm was chosen, as used by Bauer and 

Schluessel (1993). If the CLW value at a given point is greater than or equal to 0.05 mm, the 

point is considered a ‘cloudy sky’ observation point. Otherwise, it is a clear sky point. 
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CHAPTER FOUR 

DESCRIPTION OF HURRICANE IVAN (2004) 

Hurricane Ivan was a long-lived tropical cyclone, remaining fairly organized for its entire 

life as a named system from 3-24 September. Since it was so long lived, Hurricane Ivan was well 

observed by satellites and by flight level wind and track data, radar, and dropsonde data. A total 

of 112 reconnaissance missions were made, 95 were made by the U.S. Air Force and 17 by 

NOAA Hurricane Hunters. There were 12 additional surveillance flights for this storm. The 

dropsonde data used in this study comes from those released by NOAA Hurricane Hunters, who 

released a total of 218 dropsondes were released into the storm. This makes Ivan one of the most 

observed tropical cyclones in terms of dropsonde observations. Unfortunately, not all of these 

dropsondes recorded enough information to render a complete profile from flight level to the 

surface, and many were released within seconds of each other and would all be compared to the 

same GFS simulation if they were to be used. A total of 77 profiles were input to the CRTM. 

Only 69 of the profiles produced valid output brightness temperatures. Therefore, a total of 69 

profiles are compared in this study. 

The synoptic life cycle of Hurricane Ivan is well documented in the National Hurricane 

Center’s Tropical Cyclone Report (Stewart, 2005). Hurricane Ivan underwent rapid 

intensification four times during its 21 day life as a named storm. Rapid intensification is defined 

as an increase in maximum wind speed at a rate of more than 30 knots per 24 hours (or 1.25 

kts/hr). This storm also reached category 5 intensity 3 times. By the analysis performed every 6 

hours, Ivan was found to have a minimum pressure of 910 mb on two different occasions, once 

on 12 September at 0000 UTC and once on 13 September at 2100 UTC. Ivan’s highest observed 

sustained winds were 145 kts on 11 September at 1800 UTC. Figure 2 shows the track of 

Hurricane Ivan and the locations of the dropsondes released during the NOAA Hurricane Hunter 

flights through the storm. 

It began as a tropical wave from the West African Coast on 31 August 2004. At 1800 

UTC on 2 September, the storm was declared a Tropical Depression. On 3 September at 0600 

UTC, the storm became Tropical Storm Ivan at 9.7 N, which is further south than most storms 

when they reach tropical storm strength. At 0600 UTC 5 September, Ivan became a hurricane. 

Next it underwent its first period of rapid intensification during 5-6 September. During this time, 



24 

 

the pressure dropped 39 mb and the wind speed increased 50 kts over an 18 hour period. Ivan 

reached its first peak intensity of 115 kts at 0000 UTC 6 September. 

 

 

 

Fig. 2. Track of Hurricane Ivan from 2-24 September 2004. The color of the track indicates the 

strength of the storm at that time and location. The green circles indicate the locations of the 

dropsondes released from the NOAA Hurricane Hunter flights. 

 

 

After this intensification period, Ivan weakened. Its wind speed decreased by 20 kts over 

24 hours. This weakening was followed by second rapid intensification over a 12 hour period, 

after which Ivan became a Saffir-Simpson Hurricane Scale (SSHS) category 3. Figure 3 shows 

AMSU-A imagery of Hurricane Ivan as a category 3. Then Ivan underwent its third rapid 

intensification period 8-9 September. This time, it reached category 5 strength at 0600 UTC 9 

September with winds of 140 kts, its second peak intensity. AMSU-A channel 1 imagery from 9 

September of Hurricane Ivan as a category 4 is shown in Figure 4. 
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Fig. 3. Channel 1 Brightness Temperature (K) imagery from the AMSU-A instrument on 

NOAA-15 on 7 September 2004, with the locations of the dropsondes (black circles) and 

hurricane storm center (white hurricane symbol) are shown. At this time, Hurricane Ivan was a 

category 3 hurricane according to the Saffir-Simpson Hurricane Wind Scale. 

 

 

 

 

Fig. 4. Channel 1 Brightness Temperature (K) imagery from the AMSU-A instrument on 

NOAA-15 on 9 September 2004, with the locations of the dropsondes (black circles) and 

hurricane storm center (white hurricane symbol) are shown. At this time, Hurricane Ivan was a 

category 4 hurricane according to the Saffir-Simpson Hurricane Wind Scale. 
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On 11 September, Ivan started to slow its forward movement to around 10 kts. At this 

time, Ivan underwent eyewall replacement and weakened to a category 4. After eyewall 

replacement, Ivan rapidly intensified to a category 5 on 11 September with winds at 145 kts at 18 

UTC. Ivan’s third and final peak intensity occurred as a result of its fourth and final rapid 

intensification period. 

By 0000 UTC 12 September, Hurricane Ivan weakened to category 4. Then it re-

strengthened back to a category 5 hurricane on 12 September. Imagery of Hurricane Ivan as a 

category 4 undergoing intensification is shown in Figure 5. While still a category 5, Ivan made 

landfall over the Grand Cayman Island. The storm surge almost completely covered the island, 

except for the extreme northeastern portion. The island also experienced severe wind damage. 

Ivan maintained category 5 strength for 30 hours, and passed through a weak spot in the Gulf of 

Mexico’s subtropical ridge on the 13 September, which shifted its path northwestward. The 

storm hit Grenada and Jamaica, and grazed Cuba’s western coast. AMSU-A imagery of Ivan 

near landfall over western Cuba as a category 5 hurricane is shown in Figure 6. 

 

 

 

Fig. 5. Channel 1 Brightness Temperature (K) imagery from the AMSU-A instrument on 

NOAA-15 on 12 September 2004, with the locations of the dropsondes (black circles) and 

hurricane storm center (white hurricane symbol) are shown. At this time, Hurricane Ivan was a 

category 4 hurricane according to the Saffir-Simpson Hurricane Wind Scale. 
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Fig. 6. Channel 1 Brightness Temperature (K) imagery from the AMSU-A instrument on 

NOAA-15 on 13 September 2004, with the locations of the dropsondes (black circles) and 

hurricane storm center (white hurricane symbol) are shown. At this time, Hurricane Ivan was a 

category 5 hurricane according to the Saffir-Simpson Hurricane Wind Scale. 

 

 

 

 

Fig. 7. Channel 1 Brightness Temperature (K) imagery from the AMSU-A instrument on 

NOAA-16 on 14 September 2004, with the locations of the dropsondes (black circles) and 

hurricane storm center (white hurricane symbol) are shown. At this time, Hurricane Ivan was a 

category 4 hurricane according to the Saffir-Simpson Hurricane Wind Scale. 
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On 14 September, Ivan’s track turned north-northwest then northward. Channel 1 

imagery of Hurricane Ivan as a category 4 hurricane on 14 September is shown in Figure 7. 

Figure 8 shows Hurricane Ivan as a category 4 on 15 September just hours before its U.S. 

landfall at 0650 UTC 16 September as a category 3, with winds of 105 kts. The eye made 

landfall just west of Gulf Shores, AL. The strongest winds and storm surge affected the 

Alabama-Florida border. 

After its U.S. landfall, Ivan began to curve northeastward, toward the east coast. Ivan 

weakened to tropical storm strength by 1800 UTC 16 September, over northeast Alabama. By 

0000 UTC 17 September, Ivan had weakened further to a tropical depression. On 18 September, 

the storm merged with a frontal system and underwent extratropical transition, becoming an 

extratropical system. Still, the remnants of Ivan produced heavy rainfall along the eastern coast 

of the U.S., causing landslides in many areas. The storm became a low on 21 September, and it 

reentered the Gulf of Mexico, crossing the Florida peninsula. 

 

 

 

Fig. 8. Channel 1 Brightness Temperature (K) imagery from the AMSU-A instrument on 

NOAA-15 on 15 September 2004, with the locations of the dropsondes (black circles) and 

hurricane storm center (white hurricane symbol) are shown. At this time, Hurricane Ivan was a 

category 4 hurricane according to the Saffir-Simpson Hurricane Wind Scale. 
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On 22 September, the storm became a tropical depression again and further strengthened 

into Tropical Storm Ivan once again on 23 September. Ivan then turned northwest and made 

landfall over southwest Louisiana at 0200 UTC 24 September as a tropical depression. The storm 

finally dissipated as it moved inland. 
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CHAPTER FIVE 

SIMULATION PERFORMANCE ANALYSIS 

The horizontal sampling of dropsonde data is not high enough to compare hurricane 

brightness temperature simulations by a plane view. Instead, this study will use histograms and 

scatter plots to visually demonstrate the accuracy of the results and analyze characteristics of the 

errors. Tables of the statistics of the error values are also provided. In data assimilation, model 

error is calculated as O-B, or observation minus background (or model background state). 

Histograms of these O-B values for both simulations at each channel will be analyzed in Section 

5.1. For a point by point comparison of simulated brightness temperature values, scatter plots of 

the simulated and observed brightness temperatures will be analyzed in Section 5.2. To identify 

any possible trends in the errors of the simulation, scatter plots of the error values by the FOV 

simulated are plotted and analyzed in Section 5.3 and scatter plots of the error values by the 

latitude of each profile location are analyzed in Section 5.4. Finally, the mean and median values 

of O-B for each simulation in all sky conditions, clear sky conditions only, and cloudy sky 

conditions only will be provided in tables Section 5.5. 

 

5.1 O-B Histogram Analysis 

 

Histograms show the distribution of values in a data range. Here, histograms were made 

for each channel for the model errors (in K) of the dropsonde and GFS simulations. Looking at 

the channel 1 histogram in Figure 9, the dropsonde simulation shows a wider error range than 

does the GFS simulation. It also shows more bins where there are negative values for O-B. Most 

of the error values from both simulations, however, have positive model difference values. 

The histograms for channels 2 and 3 are quite similar to the histogram of O-B values for 

channel 1, as seen in Figures 10 and 11 respectively. They are both surface channels as well. 

Channel 2 has the highest error values of all of the channels, with error magnitudes around 100K. 

Its weighting function peak is also the lowest of all of the AMSU-A channels. The simulation 

results for channel 3 do not have as high of a magnitude of error in general and are more similar 

to the channel 1 results than to the channel 2 results. At both channels 2 and 3, the dropsonde 
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simulation showed a wider range of error values than the GFS simulation, as was the case with 

channel 1. Most of the points simulated demonstrate positive biases at channels 2 and 3 as well. 

The histogram for channel 4 error values, in Figure 12, shows much smaller error 

magnitudes than at the surface channels. As was the case before, the GFS simulation errors show 

a smaller range of error values than do the dropsonde simulations. Most of the O-B values are 

negative at channel 4. Channel 4 is an atmospheric channel and shows the opposite bias trend of 

what is seen at the surface channels 1-3. 

 

 

 

 

Fig. 9. Channel 1 histogram of the dropsonde simulated (black) and GFS simulated (white) error 

in brightness temperatures with a bin size of 10K. 
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Fig. 10. Channel 2 histogram of the dropsonde simulated (black) and GFS simulated (white) 

error in brightness temperatures with a bin size of 10K. 

 

 

 

 

Fig. 11. Channel 3 histogram of the dropsonde simulated (black) and GFS simulated (white) 

error in brightness temperatures with a bin size of 10K. 
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Fig. 12. Channel 4 histogram of the dropsonde simulated (black) and GFS simulated (white) 

error in brightness temperatures with a bin size of 2K. 

 

 

 

 

Fig. 13. Channel 5 histogram of the dropsonde simulated (black) and GFS simulated (white) 

error in brightness temperatures with a bin size of 2K. 
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Fig. 14. Channel 6 histogram of the dropsonde simulated (black) and GFS simulated (white) 

error in brightness temperatures with a bin size of 2K. 

 

 

 

 

Fig. 15. Channel 15 histogram of the dropsonde simulated (black) and GFS simulated (white) 

error in brightness temperatures with a bin size of 10K. 
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Channels 5 and 6 are more similar to channel 4 than they are to the surface channels 1-3. 

Channels 5 and 6 O-B values are mostly negative, like channel 4. They also have smaller error 

ranges than the surface channels. In fact, the higher in the atmosphere that the simulation is being 

run for (i.e. the higher the peak of the weighting function), the lower in magnitude the error 

values and their ranges are. The histograms for these two channels are unique in that the data 

values for both data sets fall into the same bins, whereas the spread of error values was much 

larger for the dropsonde simulation in all other instances. Channel 6 had the lowest error values 

and range of all of the simulations. 

Channel 15 senses lower in the atmosphere than channels 3-6, but slightly higher than 

channels 1 and 2. It senses a water vapor window. The histogram for the channel 15 errors, 

shown in Figure 15, is a sort of hybrid between the surface channels and channels 4-6. The error 

range for the dropsonde simulation is larger than for the GFS simulation, similar to the other 

surface channels. The dropsonde simulation error range at channel 15 is large like the other 

surface channels. Unlike the other surface channels, however, most of the O-B values are 

negative, similar to the temperature sounding channels. This is most likely caused by the 

sensitivity to water vapor at this frequency. 

There are a few characteristics of the biases in the simulations that have been identified in 

these histograms. Channels 1-3 and 15, the surface channels, have the largest O-B ranges and 

magnitudes. In particular, the dropsonde simulation has larger difference values than the GFS 

simulation. In both of the simulations, most of the surface channels (1-3) have largely positive 

biases; however, channel 15 has mostly negative bias values. The atmospheric channels 4-6 have 

largely negative bias values, smaller ranges, and lower magnitudes in biases than the surface 

channels for both simulations. 

 

5.2 Scatter Plot Analysis 

 

Scatter plots provide an easier one to one comparison between two datasets than 

histograms. With a scatter plot, a direct comparison between simulated and observed brightness 

temperature values can be made for each simulated point. Scatter plots are available for each 

channel and for each of the three possible comparison combinations. To see a point by point 
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comparison of model errors, scatter plots of O-BGFS versus O-Bsonde have been plotted as well, 

making the magnitudes of the model differences for the two simulations are more easily 

comparable on a point by point basis. In all of the scatter plots, the points are colored to indicate 

if the observation point is a clear sky point (blue) or a cloud contaminated point (red) as 

determined by the AMSU CLW values. Lines of reflection have also been plotted in all of the 

scatter plots. For the brightness temperature scatter plots, points above (below) the line indicate 

that the simulation on the y axis is warmer (cooler) than the observation or simulation on the x 

axis. 

The channel 1 scatter plot of GFS simulated versus observed brightness temperatures 

shown at the top of Figure 16 indicates that, whether the point was cloud contaminated or not, 

the simulation was colder than the AMSU-A observed value. The scatter plot of the GFS versus 

the dropsonde simulation shows that the GFS simulation is generally colder than the dropsonde 

simulation. At cloud contaminated points, the dropsonde simulations tend to be colder than 

observed values. The range of the model errors for the dropsonde simulation is from -63.56 to 

70.43 K. This is a larger range than of the GFS simulation, whose values vary from 0.90 to 62.56 

K. 

At channel 2 (shown in Figure 17), the GFS simulation is always warmer than the 

AMSU-A observation. The points further from the observation are cloudy sky points. Comparing 

the GFS simulation to the dropsonde simulation, most of the clear sky points show very similar 

brightness temperature values. On average, the GFS is cooler than the dropsonde simulation. The 

dropsonde simulation tends to be cooler than the AMSU-A observations. The channel 2 scatter 

plot of model error values looks similar to the model error scatter plot for channel 1, but with a 

wider spread. The dropsonde simulation model error ranges from -96.05 to 100.33 K and the 

GFS simulation ranges from 5.50 to 93 K. 
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Fig. 16. Channel 1 scatter plots of GFS simulated versus AMSU-A observed (top, left), GFS 

versus dropsonde simulated (top, right), and dropsonde simulated versus AMSU-A observed 

(bottom, left) brightness temperatures and GFS simulated versus dropsonde simulated model 

errors (bottom, right) under clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 

September 2004. A line of reflection is plotted. 

 

 

Figure 18 shows the scatter plots for channel 3. As was the case at channels 1 and 2, the 

GFS brightness temperature simulations are all cooler than the observations. The dropsonde and 

GFS simulations are more similar to each other at channel 3 than channels 1 and 2, but the GFS 

simulation still tends to be cooler than the dropsonde simulation. Looking at the scatter plot of 

the dropsonde simulation and the AMSU-A observations, the dropsonde simulation still tends to 

be cooler than the satellite observation, as it was at channels 1 and 2. The O-B ranges for channel 

3 are smaller than at the previous two channels, although the dropsonde simulation has a larger 

range than the GFS simulation. The dropsonde simulation model error ranges from -53.95 to 

40.22 K. The GFS simulation error values range from 0.08 to 35.09 K. Overall, the scatter 

patterns in all of the channel 3 scatter plots are very similar to what was seen at channels 1 and 2. 
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Fig. 17. Channel 2 scatter plots of GFS simulated versus AMSU-A observed (top, left), GFS 

versus dropsonde simulated (top, right), and dropsonde simulated versus AMSU-A observed 

(bottom, left) brightness temperatures and GFS simulated versus dropsonde simulated model 

errors (bottom, right) under clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 

September 2004. A line of reflection is plotted. 

 

The channel 4 scatter plots are seen in Figure 19. The scatter plot points are becoming 

more closely grouped in brightness temperature values at the lowest atmospheric channel. The 

ranges of the simulated and observed brightness temperatures and their differences are smaller 

than at channels 1-3, as was seen in the histograms. The GFS simulation is no longer consistently 

cooler than the observation and is actually warmer than the observed value more often than not. 

The dropsonde simulation is mostly warmer than the GFS simulation still, but the brightness 

temperature values are closer at channel 4 than at the previous channels. The dropsonde 

simulation is generally warmer than the AMSU-A observation, although the discrepancy is not as 

large as at the surface channels. By channel 4, the model error values for the two simulations 

have become much closer in value than at the previous three channels. The spread of the values 
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is much smaller. The dropsonde simulation shows a bias value range of -20.93 to 7.69 K, which 

is wider than the range of the GFS simulation from -12.45 to 5.26 K. All of the simulated 

brightness temperatures are within ±25 K of the observations. 

By channel 5, the instrument is sensing high enough in the atmosphere that it is being less 

strongly affected by the presence of clouds and hydrometeors. In particular, they are higher than 

the hurricane boundary layers, dynamical and thermodynamical, as found by Zhang et al. (2011). 

As seen in Figure 20, the GFS simulation is generally warmer than the observations, but the 

simulated values are generally much closer to the observations than at previous channels. The 

dropsonde and GFS simulations are very near equal. The dropsonde simulation, like the GFS 

simulation, is slightly warmer than the observed value, but is significantly closer to the true value 

at channel five than at the lower channels. For the model error scatter plot, all of the simulated 

brightness temperatures are within ±10 K of the observations. In fact, the range for the 

dropsonde data set is between -9.51 and 0.87 K and the GFS simulation O-B values range from -

9.23 to 0.69 K. The model error values for the two simulations are even closer at channel 5 than 

they were at channel 4. 
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Fig. 18. Channel 3 scatter plots of GFS simulated versus AMSU-A observed (top, left), GFS 

versus dropsonde simulated (top, right), and dropsonde simulated versus AMSU-A observed 

(bottom, left) brightness temperatures and GFS simulated versus dropsonde simulated model 

errors (bottom, right) under clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 

September 2004. A line of reflection is plotted. 
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Fig. 19. Channel 4 scatter plots of GFS simulated versus AMSU-A observed (top, left), GFS 

versus dropsonde simulated (top, right), and dropsonde simulated versus AMSU-A observed 

(bottom, left) brightness temperatures and GFS simulated versus dropsonde simulated model 

errors (bottom, right) under clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 

September 2004. A line of reflection is plotted. 
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Fig. 20. Channel 5 scatter plots of GFS simulated versus AMSU-A observed (top, left), GFS 

versus dropsonde simulated (top, right), and dropsonde simulated versus AMSU-A observed 

(bottom, left) brightness temperatures and GFS simulated versus dropsonde simulated model 

errors (bottom, right) under clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 

September 2004. A line of reflection is plotted. 
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Fig. 21. Channel 6 scatter plots of GFS simulated versus AMSU-A observed (top, left), GFS 

versus dropsonde simulated (top, right), and dropsonde simulated versus AMSU-A observed 

(bottom, left) brightness temperatures and GFS simulated versus dropsonde simulated model 

errors (bottom, right) under clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 

September 2004. A line of reflection is plotted. 

 

 

 

The results of channel 6, shown in Figure 21, are very similar to those at channels 4 and 

5. The GFS simulation is warmer than the satellite observation. The dropsonde and GFS 

simulations are very similar. The dropsonde simulation is generally warmer than the observation, 

and the O-B scatter plot shows that the two simulations performed nearly equal. The dropsonde 

simulation biases range from -4.72 to 1.91 K and GFS simulation errors range from -4.72 to 1.95 

K, meaning all of the simulated brightness temperatures are within ±5 K of the observations. 
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Fig. 22. Channel 15 scatter plots of GFS simulated versus AMSU-A observed (top, left), GFS 

versus dropsonde simulated (top, right), and dropsonde simulated versus AMSU-A observed 

(bottom, left) brightness temperatures and GFS simulated versus dropsonde simulated model 

errors (bottom, right) under clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 

September 2004. A line of reflection is plotted. 

 

 

Channel 15 scatter plots are shown in Figure 22. There is more discrepancy between the 

simulated and observed values than at the temperature sounding channels 4-6. The GFS 

simulation appears to be generally warmer than the observation, regardless of the sky condition. 

The dropsonde simulation tends to be warmer than the GFS simulation and the AMSU-A 

observations. The channel 15 model error scatter plot is more similar to the O-B scatter plots of 

its fellow surface channels of 1-3 than those higher channels. The dropsonde simulation has a 

higher spread in error values, ranging from -72.02 K to about 22.55 K, than the GFS simulation 

whose error values range from -45.27 to 12.31 K. 
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The scatter plots of channels 1-3 showed that both simulations are generally cooler than 

the observations at these 3 surface channels. At channel 15, both simulations are generally 

warmer than the observations. The simulations are also both warmer than the observation at the 

atmospheric channels 4-6. At channels 1-4 and 15, the GFS simulation tended to be cooler than 

the dropsonde simulation. At channels 5 and 6, the two simulations were very similar. The 

spread of the bias values seen in the histogram analysis was also evident in the scatter plot 

analysis. 

 

5.3 O-B Scatter Plots Grouped by FOV 

 

To assess if there are any error characteristics associated with the field of view chosen for 

collocation, scatter plots of the errors by FOV were created for both the dropsonde and GFS 

simulations for all of the channels simulated. Figure 23 shows the scatter plots for the channel 1 

errors of the dropsonde and GFS simulations by their FOVs. As in the previous scatter plots, 

there are positive O-B values for both simulations at this channel. Near the 15
th

 FOV at both 

simulations, there are larger positive values in the bias. Both simulations show larger O-B values 

near the center of the scan line. There is a smaller sampling of the later FOVs, those greater than 

20, which consists of mostly clear sky points. In the dropsonde simulation, these points tend to 

have negative O-B values. In the GFS simulation, where channel one has no negative O-B 

values, the bias is lower or skewing towards negative. The mean error values for the later FOVs 

are less than the values at other FOVs. 

The same scatter plot analysis is shown for channel 2 in Figure 24. Again, the trends for 

the surface channels are the same. The mostly positive values of O-B are evident in both the 

dropsonde and GFS simulations at this channel. As was seen in channel 1, the mean O-B values 

are higher in the center of the scan line and the largest O-B values lie there as well. The lowest 

O-B values are towards the end of the scan line, with FOVs greater than 20. Again, there are no 

negative O-B values in the GFS simulation, but the mean line shows that they skew towards 

negative values in this region. 
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Fig. 23. Channel 1 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the FOV for which the simulation is valid for under clear 

sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line connecting the 

mean values of error for every 3 FOVs is plotted, as well as the zero line. 

 

 

 

 

Fig. 24. Channel 2 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the FOV for which the simulation is valid for under clear 

sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line connecting the 

mean values of error for every 3 FOVs is plotted, as well as the zero line. 

 

 

Figure 25 shows the channel 3 scatter plots of O-B values by FOV for the dropsonde and 

GFS simulations. Again, channel 3 is a window channel and these scatter plots show the same 

trends evidenced in the earlier analysis of having mainly positive model differences for the 

dropsonde simulation and exclusively positive differences for the GFS simulation. The larger 
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values of positive biases are seen near the center of the scan line at this channel as it was at the 

previous two channels, although the mean value in the dropsonde simulation is skewed by the 

presence of some negative biases at this region. Again, as was seen at the other surface channels 

of 1 and 2, there are lower O-B values toward the end of the scan line. 

 

 

 

Fig. 25. Channel 3 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the FOV for which the simulation is valid for under clear 

sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line connecting the 

mean values of error for every 3 FOVs is plotted, as well as the zero line. 

 

 

The channel 4 scatter plot by FOV is seen in Figure 26. It is the lowest peaking of the 

temperature sounding channels. The negative biases seen in the previous histogram and scatter 

plot analysis of this channel are evident at all FOVs. The outliers where the biases are positive 

tend to be centered near the center of the scan line in both simulations. The mean line for the 

GFS simulation peaks near the center. There are also negatively biased points with larger 

magnitudes at the end of the scan line. 
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Fig. 26. Channel 4 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the FOV for which the simulation is valid for under clear 

sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line connecting the 

mean values of error for every 3 FOVs is plotted, as well as the zero line. 

 

 

Figure 27 shows the scatter plots of bias values by FOV for channel 5. The O-B values 

are mostly negative at this channel in both simulations. The peaks in the mean line at this 

channel are located in an FOV region that has very few observations, but there is a smaller peak 

in both simulations near the center of the scan line, which follows the trend seen in the other 

channels previously analyzed. There are also more positively biased points near the center of the 

scan line than near the edges. There is also a dip in the mean line near the end of the scan line, 

where the biases are more negative. 

Channel 6 is the highest atmospheric channel simulated and has the lowest error values in 

both the dropsonde and GFS simulations. The scatter plots of O-B values by FOV for this 

channel for both simulations are shown in Figure 28. This channel has shown mostly negative 

differences in previous analysis, which hold true here as well. There is, as was seen in other 

channels analyzed by FOV, a peak in the mean bias line near the center of the scan line and 

several points near this region whose bias value is positive, despite the trend at this channel for 

negative bias values. This is seen in both the dropsonde and the GFS simulation. The more 

negative mean bias near the higher FOVs at the end of the scan line is also seen in both 

simulations at channel 6. 
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Fig. 27. Channel 5 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the FOV for which the simulation is valid for under clear 

sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line connecting the 

mean values of error for every 3 FOVs is plotted, as well as the zero line. 

 

 

 

 

Fig. 28. Channel 6 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the FOV for which the simulation is valid for under clear 

sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line connecting the 

mean values of error for every 3 FOVs is plotted, as well as the zero line. 

 

 

Channel 15 is still a window channel, but the sensitivity to water vapor at this channel is 

greater than at channels 1-3. As Figure 29 shows, both simulations show mostly negative biases 

at this channel, regardless of the FOV. There are several cloudy sky points with positive biases 

near the center of the scan line in both the dropsonde and GFS simulations. At both tails of the 
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scan line, there are clear sky points present with generally lower magnitudes of error, but 

positive bias values in both simulations. At the end of the scan line, there are more negative O-B 

values with larger magnitudes, as was seen at the other channels simulated. 

 

 

 

Fig. 29. Channel 15 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the FOV for which the simulation is valid for under clear 

sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line connecting the 

mean values of error for every 3 FOVs is plotted, as well as the zero line. 

 

 

In both the dropsonde and the GFS simulations of all channels, there are two systematic 

biases seen in these scatter plots grouped by FOV. There are more positively biased values near 

the center of the scan line, regardless of the general bias of the channel simulated. There are also 

more negatively biased values near the higher FOVs in the scan line, again, regardless of the 

general bias of the channel simulated. The results are very similar to what Goldberg et al. (2001) 

found when comparing AMSU-A observations to NCEP analysis simulations of channels 4-6. 

Note in this study, the sampling of simulated values at lower FOVs is greater than at higher 

FOVs, and is poor in general as this is a case study. It is difficult to tell then, if the bias trends are 

due more to the sampling, the instrument, or errors in calculating the simulated brightness 

temperatures. In Goldberg et al.’s study, however, it was found that a limb adjustment procedure 

could remove the asymmetry resulting from these patterns. The limb effect is caused by an 

increase in the optical path with increasing view angle past nadir, causing it to sense less of the 

surface and more from higher in the atmosphere. 
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5.4 O-B Scatter Plots Grouped by Latitude 

 

To assess if there are any error characteristics associated with the latitude of the profile 

used in simulation, scatter plots of the errors by latitude were created for both the dropsonde and 

GFS simulations and for all of the channels simulated. Figure 30 shows one such plot for the 

channel 1 dropsonde and GFS simulations. There are mostly positive bias values at this channel 

in both simulations, regardless of latitude. The dropsonde simulation does, however, show there 

to be multiple points between 20 and 25 degrees north where the O-B values are smaller positive 

values or negative values. In the GFS simulation, there is a shift of the mean line towards smaller 

positive difference values in points between 15 and 20 degrees north. 

 

 

 

Fig. 30. Channel 1 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the latitude for which the simulation is valid for under 

clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line 

connecting the mean values of error for every 5 degrees of latitude is plotted, as well as the zero 

line. 

 

 

The channel 2 scatter plots of the O-B values by latitude for the dropsonde and GFS 

simulations are shown in Figure 31. The dropsonde simulation scatter plot is similar to the 

channel 1 scatter plot. Both show an increase of negative bias values or smaller positive values in 

the 20 to 25 degree north range. The GFS simulation for channel 2 is also similar to the GFS 
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simulation of channel 1 in that the increase in the amount of smaller positive bias values occurs 

around 15 to 20 degrees north. These channel 2 scatter plots also show the general positive bias 

already associated with this channel in both simulations from previous analysis. 

 

 

 

Fig. 31. Channel 2 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the latitude for which the simulation is valid for under 

clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line 

connecting the mean values of error for every 5 degrees of latitude is plotted, as well as the zero 

line. 

 

 

Figure 32 shows the scatter plots of the dropsonde and GFS simulations for channel 3 by 

the latitude of the profile used in the simulation. The dropsonde simulation again shows the 

general positive bias trend seen at this channel in all simulations and all analysis. Like channels 1 

and 2, however, there are two trends in the dips of the mean bias value towards smaller positive 

values, one for each simulation. Again, the dropsonde simulation shows this dip in mean values 

at the 20 to 25 degree north latitude range and the GFS simulation shows a dip in the 15 to 20 

degrees north latitude range. 
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Fig. 32. Channel 3 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the latitude for which the simulation is valid for under 

clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line 

connecting the mean values of error for every 5 degrees of latitude is plotted, as well as the zero 

line. 

 

 

The channel 4 latitude scatter plots for the dropsonde and GFS simulations are shown in 

Figure 33. At this channel, the biases are generally negative in both simulations, regardless of the 

latitude of the profile used. Despite having the opposite bias of channels 1-3, the same trends in 

the shape of the mean line seen at channels 1-3 are still evident at channel 4. The dropsonde 

simulation’s mean line at this channel dips toward more negative values at the 20 to 25 degree 

north latitude range and the GFS simulation dips toward more negative biases at the 15 to 20 

degree north latitude range. 

The channel 5 latitude scatter plots for the two simulations are shown in Figure 34. The 

same trends previously analyzed can be seen here. Both simulations generally have negative 

biases at this channel. The trends in the mean line seen at channels 1-4 in the two simulations can 

be seen here as well, although at this channel they are less pronounced, possibly because the bias 

values are smaller for channel 5 than for the previously analyzed channels. Still, the mean values 

for the 20 to 25 degree north latitude range in the dropsonde simulation are more negative than 

the other latitude ranges and the same is true for the 15 to 20 degree north range in the GFS 

simulation. 
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Fig. 33. Channel 4 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the latitude for which the simulation is valid for under 

clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line 

connecting the mean values of error for every 5 degrees of latitude is plotted, as well as the zero 

line. 

 

 

 

 

Fig. 34. Channel 5 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the latitude for which the simulation is valid for under 

clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line 

connecting the mean values of error for every 5 degrees of latitude is plotted, as well as the zero 

line. 

 

 

Figure 35 shows the scatter plots of the biases for channel 6 by latitude. The bias values 

in both simulations are generally negative at this channel, as was seen in previous analysis. The 

dropsonde simulation’s mean line shows that there are larger negative values at the 15 to 20 and 
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20 to 25 degree north ranges than at higher and lower latitudes, as does the GFS simulation. At 

this channel however, both simulations have the largest negative latitudinal averages for the 15 

to 20 degree north range, not just the GFS simulation. 

 

 

 

Fig. 35. Channel 6 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the latitude for which the simulation is valid for under 

clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line 

connecting the mean values of error every 5 degrees of latitude is plotted, as well as the zero line. 

 

 

The channel 15 latitudinal scatter plots for the two simulations are plotted in Figure 36. 

These scatter plots show that there are mostly negative bias values, as previously seen for both 

simulations. Channel 15 follows the latitude trend previously seen at channels 1-5, where the 

dropsonde simulation has more negative values in the 20 to 25 degree north range and the GFS 

simulation has more negative values in the 15 to 20 degree north latitude range. 
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Fig. 36. Channel 15 scatter plot of the dropsonde simulated (left) and GFS simulated (right) error 

in brightness temperatures grouped by the latitude for which the simulation is valid for under 

clear sky (blue) and cloudy sky (red) conditions for 7, 9, 12-16 September 2004. A line 

connecting the mean values of error for every 5 degrees of latitude is plotted, as well as the zero 

line. 

 

 

In both simulations, the 15 to 20 and 20 to 25 degree north latitude bins tend to have 

either smaller positive values or larger negative values in biases, regardless of the general trend 

for a given channel. The dropsonde simulation has this dip in biases in the 20 to 25 degree north 

latitude range for all channels, except channel 6. At channel 6, the dropsonde simulation follows 

the latitude trend of the GFS simulation which is to have the dip in biases occur at the 15 to 20 

degree north latitude range. Recalling Figure 2, it becomes evident that the dropsonde 

observations at these latitudes were taken when Hurricane Ivan was either at a category 5 

intensity (20 to 25 degree north range) or intensifying from category 4 to category 5 strength (15 

to 20 degree north range). 

 

5.5 O-B Statistical Analysis 

 

The minimum and maximum brightness temperature values for the two simulations and 

the observations are shown in Table 5 by channel number. The dropsonde simulation has lower 

minimums and higher maximums than the observed brightness temperatures at channels 1, 2, and 

3. The dropsonde simulated minimum at channel 15 is higher than the minimum observed, and 

the maximum too is higher than observed. The value range of the dropsonde simulation is larger 
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than the observed range for all four of the surface channels. At channels 4 and 5, the dropsonde 

simulation minimums and maximums are higher than the AMSU-A observations. At channel 6, 

the minimum brightness temperature simulated using a dropsondes profile is slightly higher than 

observed and the maximum is slightly lower than observed. 

The GFS simulation has lower minimums and maximums than the AMSU-A 

observations at channels 1, 2, and 3. At channel 15, the other surface channel, the GFS 

simulation has higher minimums and maximums than the observations. For channels 4-6, the 

GFS simulation has higher minimums and lower maximums than observed. The dropsonde 

simulated brightness temperature minimums are lower and the maximums are higher than the 

GFS simulation at all channels simulated. 

 

 

Table 5. The minimum and maximum values of brightness temperatures (TB) for each channel, 

for the dropsonde and GFS simulations and the AMSU-A observations. Values are rounded to 

the nearest hundredth. 

 

 Ch 1 TB 

Min, 

Max (K) 

Ch 2 TB  

Min, 

Max (K) 

Ch 3 TB 

Min, 

Max (K) 

Ch 4 TB 

Min, 

Max (K) 

Ch 5 TB 

Min, 

Max (K) 

Ch 6 TB 

Min, 

Max (K) 

Ch 15 TB 

Min, 

Max (K) 

Dropsonde 

Simulation 

202.20 

330.51 

166.37 

354.91 

225.59 

314.85 

260.39 

279.54 

251.62 

265.98 

232.76 

248.89 

247.56 

310.39 

GFS 

Simulation 

204.23 

245.46 

172.13 

215.21 

230.71 

258.17 

264.12 

269.94 

251.78 

264.71 

232.78 

248.87 

250.29 

274.27 

AMSU-A 

Observation 

210.49 

276.03 

179.05 

271.96 

240.03 

268.09 

256.98 

272.59 

250.09 

264.86 

230.75 

249.52 

224.31 

274.02 

 

 

The mean, median, and mode brightness temperature for each channel has been 

calculated for both of the simulations for the entire data set. Those values are listed in Table 6. 

For channels 1-3, both the dropsonde and GFS simulations were cooler on average than the 

observation in terms of mean, median, and mode. For all the other channels simulated, both 

simulations were warmer than the observations in all measures of average. The dropsonde 
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simulation had a warmer average than the GFS simulation, regardless of which measure was 

used, for channels 1, 3, and 4. The dropsonde simulation was warmer than the GFS simulation 

for channels 2 and 15 in terms of mean and median, but not mode. At channels 5 and 6, the 

dropsonde simulation is cooler than the GFS simulation in terms of mean and median, but 

warmer by mode.  

 

 

Table 6. The mean, median, and mode values of brightness temperatures (TB) for each channel, 

for the dropsonde and GFS simulations and the AMSU-A observations. Values are rounded to 

the nearest hundredth. 

 

 Ch 1 TB 

Mean, 

Median, 

Mode 

(K) 

Ch 2 TB 

Mean, 

Median, 

Mode 

(K) 

Ch 3 TB 

Mean, 

Median, 

Mode 

(K) 

Ch 4 TB 

Mean, 

Median, 

Mode 

(K) 

Ch 5 TB 

Mean, 

Median, 

Mode 

(K) 

Ch 6 TB 

Mean, 

Median, 

Mode 

(K) 

Ch 15 TB 

Mean, 

Median, 

Mode 

(K) 

Dropsonde 

Simulation 

235.85 

229.54 

226.65 
 

209.31 

198.62 

166.37 
 

250.66 

247.09 

232.95 
 

267.93 

267.42 

269.03 
 

260.69 

260.69 

264.45 
 

243.45 

243.51 

243.51 
 

266.99 

265.39 

247.56 
 

GFS 

Simulation 

225.97 

227.44 

217.22 
 

191.83 

192.84 

172.13 
 

244.12 

244.55 

230.71 
 

267.42 

266.95 

265.94 
 

260.93 

261.29 

256.26 
 

243.54 

243.74 

237.05 
 

263.85 

264.87 

250.29 
 

AMSU-A 

Observation 

257.09 

260.91 

254.88 
 

245.45 

252.02 

248.57 
 

261.58 

263.39 

259.21 
 

263.94 

263.76 

260.57 
 

256.62 

257.04 

251.20 
 

241.41 

241.21 

234.48 
 

252.33 

254.03 

245.79 
 

 

 

Table 7 lists the mean and median model errors for all sky conditions. Both model 

simulations demonstrate positive values for channels 1-3, and negative values for channels 4-6 

and 15. For all of the lower channels where the bias was positive, the error magnitude was 

smaller for the dropsonde simulation than for the GFS simulation. This means that at these 

surface sensitive channels, using in situ observations for the atmospheric profiles improved 

simulation over using model data. The simulations of channels 5 and 6 were also improved by 

using dropsonde profiles as input, which is seen by the smaller magnitude in the mean and 

median error values at these channels. The GFS simulation outperformed the dropsonde 
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simulation at channel 4 in terms of mean error value, although not by the median value. At 

channel 15, the GFS had lower mean and median error magnitudes than the dropsonde 

simulation. 

 

 

Table 7. The mean and median values of brightness temperature errors for each channel, for the 

dropsonde (top, O-Bsonde) and GFS (bottom, O-BGFS) simulations calculated for all points where 

data was available for both the simulation and the observation. Values are rounded to the nearest 

hundredth. 

 

 Ch 1  

Mean, 

Median 

(K) 

Ch 2 

Mean, 

Median 

(K) 

Ch 3 

Mean, 

Median 

(K) 

Ch 4 

Mean, 

Median 

(K) 

Ch 5 

Mean, 

Median 

(K) 

Ch 6 

Mean, 

Median 

(K) 

Ch 15 

Mean, 

Median 

(K) 

O-Bsonde 21.24 

23.41 

 
 

36.14 

42.07 

 
 

10.92 

11.71 

 
 

-3.99 

-3.40 

 
 

-4.07 

-4.24 

 
 

-2.04 

-2.17 

 
 

-14.66 

-12.79 

 
 

O-BGFS 31.12 

32.70 

 
 

53.61 

57.87 

 
 

17.46 

16.86 

 
 

-3.48 

-3.53 

 
 

-4.31 

-4.59 

 
 

-2.13 

-2.31 

 
 

-11.52 

-10.32 

 
 

 

 

 

Table 8 lists the mean and median model errors for only clear sky conditions. For the 

clear sky cases, just as in all the sky conditions, the dropsonde simulation performed better than 

the GFS simulation for channels 1-3 and 5-6, showing lower magnitudes for mean and median 

biases. At channel 4, the GFS simulation had a smaller mean error value than the dropsonde 

simulation, but not a smaller median. The GFS simulation had smaller mean and median O-B 

values than the dropsonde simulation at channel 15. There are positive biases for channels 1-3 

and negative biases for channels 4-6 and 16, as was the same general pattern seen in the 

histograms and the all sky means and medians. 

Table 9 shows the mean and median model error values for cloudy sky observation 

points. As with the mixed and clear sky cases, the error values are positive for channels 1-3 and 

negative for channels 4-6 and 15. The dropsonde simulation had lower mean and median model 

error values than the GFS simulation for channels 1-3 and 5-6. Channel 4 cloudy sky 
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observations followed the same pattern as the clear and mixed cases, where the GFS simulation 

has a smaller mean, but larger median bias magnitude than the dropsonde simulation. The GFS 

had smaller magnitudes of mean and median error than the dropsonde simulation at channel 15. 

 

 

Table 8. The mean and median values of brightness temperature errors for each channel, for the 

dropsonde (top, O-Bsonde) and GFS (bottom, O-BGFS) simulations calculated at only the clear sky 

observation points. Values are rounded to the nearest hundredth. 

 

 Ch 1  

Mean, 

Median 

(K) 

Ch 2 

Mean, 

Median  

(K) 

Ch 3 

Mean, 

Median 

(K) 

Ch 4 

Mean, 

Median 

(K) 

Ch 5 

Mean, 

Median 

(K) 

Ch 6 

Mean, 

Median 

(K) 

Ch 15 

Mean, 

Median 

(K) 

O-Bsonde 2.54 

7.46 

 
 

6.52 

12.60 

 
 

0.24 

8.11 

 
 

-3.42 

-1.06 

 
 

-2.57 

-1.42 

 
 

-2.19 

-1.95 

 
 

-10.78 

0.27 

 
 

O-BGFS 14.32 

10.10 

 
 

28.24 

22.62 

 
 

8.03 

7.57 

 
 

-2.76 

-1.89 

 
 

-2.71 

-1.77 

 
 

-2.23 

-1.99 

 
 

-6.51 

-0.67 

 
 

 

 

 

Table 9. The mean and median values of brightness temperature errors for each channel, for the 

dropsonde (top, O-Bsonde) and GFS (bottom, O-BGFS) simulations calculated at only the cloudy 

sky observation points. Values are rounded to the nearest hundredth. 

 

 Ch 1  

Mean, 

Median 

(K) 

Ch 2 

Mean, 

Median  

(K) 

Ch 3 

Mean, 

Median 

(K) 

Ch 4 

Mean, 

Median 

(K) 

Ch 5 

Mean, 

Median 

(K) 

Ch 6 

Mean, 

Median 

(K) 

Ch 15 

Mean, 

Median 

(K) 

O-Bsonde 26.00 

28.01 

 
 

43.68 

47.53 

 
 

13.64 

15.06 

 
 

-4.13 

-3.71 

 
 

-4.45 

-4.44 

 
 

-2.00 

-2.20 

 
 

-15.65 

-13.02 

 
 

O-BGFS 35.40 

35.50 

 
 

60.07 

61.10 

 
 

19.86 

20.55 

 
 

-3.66 

-3.67 

 
 

-4.72 

-4.85 

 
 

-2.10 

-2.32 

 
 

-12.80 

-10.79 
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The dropsonde simulation had brightness temperature ranges larger than the GFS 

simulation and the AMSU-A observations at channels 1-4 and 15. At channels 5 and 6, the 

AMSU-A observations had a larger range than either of the simulations. Both simulations had 

cooler average brightness temperatures than the observations at channels 1-3 and warmer 

average brightness temperatures than observed at channels 4-6, and 15. In all sky conditions, the 

mean, median, and mode biases for channels 1-3 and 5-6 were smaller for the dropsonde 

simulations than for the GFS simulations. At channels 4 and 15, the GFS simulation had lower 

mean error values than the dropsonde simulation, regardless of sky condition. 
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CHAPTER SIX 

SUMMARY AND CONCLUSIONS 

 This study used dropsonde atmospheric profiles and GFS model data as input for the 

JCSDA CRTM in order to create two sets of simulated AMSU-A brightness temperatures for 

channels of 1-6 and 15 within and around Hurricane Ivan. The simulated data sets were 

compared to the observed AMSU-A brightness temperature values and to each other. Model 

errors were calculated to assess model performance. The characteristics associated with the 

errors were also assessed by the FOV of the simulation and the latitude of the profile used. 

Overall, the simulations for the channels sensing higher in the atmosphere, channels 4-6, 

had the most accurate results. The simulated brightness temperature values for these channels 

averaged within 5 K of the AMSU-A observations, for both simulations. Channel 6, with its 

weighting function peaking the highest of all the channels simulated, was most accurately 

modeled and the dropsonde and GFS simulations performed nearly equally at that channel. 

The simulated brightness temperatures from both simulations were typically cooler than 

the observed brightness temperatures for channels 1-3, where positive O-B values were seen. At 

channels 4-6 and 15, both simulations were generally warmer than the AMSU-A and showed 

negative O-B values. Although channel 15 is a surface channel, with a weighting function more 

similar to channels 1-3 than 4-6, it observes a water vapor window. The sensitivity of the 

microwave radiation at the 89 GHz frequency to water vapor is what is attributed to be the cause 

of this negative bias and why it does not follow the trend of the other surface channels. 

To know with more certainty what variables are impacting the brightness temperature 

calculations at these channels, a sensitivity test would need to be conducted. The results of 

Amerault and Zou (2003) indicate, however, that the surface temperature and hydrometeor 

content have the most impact on the brightness temperature calculations at surface microwave 

channels. As there is no cloud information provided to the CRTM in these simulations, the 

hydrometeor content missing from the profiles used in simulation , this is most likely the main 

cause of bias in the results. Another interesting consequence of the lack of cloud data is that the 

simulations for surface channels (1-3) are cooler than observed and simulations of the 

atmospheric channels (4-6) are warmer than observed, which means the simulated profiles were 

more stable than the AMSU-A observations in Hurricane Ivan. 
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It was found that there are more, larger positive bias values for all simulations near the 

15
th

 FOV, or the center of the AMSU-A scan line. There also tended to be smaller positive 

values or larger negative bias values associated with the end of the scan line, at all channels 

simulated. These biases are not identified as being caused by the sensor or the simulation, but are 

consistent with the findings of Goldberg et al. (2001), who simulated AMSU-A brightness 

temperatures using OPTRAN (the same transmission model used in the CRTM) and NCEP 

analysis input, and may be attributed to limb cooling. 

The model error ranges were generally larger for the dropsonde simulation than for the 

GFS simulation. Channel 2 had the largest model error range, with the largest magnitudes in 

error values reaching around 100K. These error values are similar to those found by Amerault 

and Zou (2003) for the 85 GHz SSM/I channel. The mean and median model error magnitudes 

for channels 1-3 and 5-6 were lower for the dropsonde simulations than for the GFS simulations. 

This indicates that, at least for those channels, using an atmospheric profile based on in situ 

observations rather than a model proved beneficial to the simulation. 

One drawback of the study is that the sample size is rather small. Although Hurricane 

Ivan is one of the best observed hurricanes in terms of the number of dropsonde observations 

taken, it is still only a single storm, and only data from the NOAA Hurricane Hunters was 

obtained. In order to further investigate the utility of dropsonde observations for simulating 

brightness temperatures, this process could be repeated for more tropical cyclones. 

Overall, the CRTM simulates brightness temperatures in hurricane environments at the 

surface sensitive channels in clear sky mode with good accuracy. The CRTM output at channels 

1-3 and 5-6 were improved by the use of dropsonde data, which is more representative of the 

hurricane environment than the GFS data. If cloud data were to be included in future testing 

stages, it is likely that the simulation would improve further.  

This project is a preliminary step toward data assimilation. Future work based on this 

project includes repeating this process with data from more storms and using cloud data as 

CRTM input as mentioned above. Additionally, a sensitivity test should be performed to 

understand the causes of the biases at the channels more fully. Ultimately, this work is a step 

towards the assimilation of AMSU-A surface-sensitive observations within hurricanes into a 

hurricane forecast model.  
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