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Introduction 

The goals of this project were to learn the theory and approaches behind data collection 

by the Microwave Temperature Profiler (MTP) and to use data collected by this instrument  

during hurricane Erin on 10 September 2001 to look for gravity waves.  These data were 

collected as a part of the Fourth Convection and Moisture Experiment (CAMEX-4) which was 

based out of the Jacksonville National Air Station in Florida and is available to the public at the 

CAMEX-4 website1.  The MTP is a passive microwave remote sensor which was constructed by 

the Jet Propulsion Laboratory (JPL) to fly on the high-altitude NASA ER-2 Aircraft and measure 

air temperature versus altitude2.   

 A wave disturbance created by the action of gravity on density variations in a stratified 

atmosphere is a gravity wave.  Although these waves occur on mesoscale levels with horizontal 

wavelengths of about 10 to 1000s of km, they have dramatic effects on global scale circulation.  

An important mechanism for transporting vertical momentum and energy in the atmosphere, 

gravity waves are a key to understanding large scale circulation patterns as well as regional 

weather development.  Momentum forcing and diffusive mixing terms are derived from gravity 

wave motions and are important parameters in regional and global climate models.  Gravity 

waves that are orographically generated are easy to understand and parameterize because 

topography and elevations are well-known, however, gravity waves generated from convection 

or wind shear are much more difficult to parameterize and scientific understanding of their 

behavior is still quite incomplete8.  Observations of these types of waves by remote sensing can 

lead to better understanding of their behavior and improve the understanding and modeling of 

gravity waves from convection.  Data collected by the MTP of hurricane Erin during the 
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CAMEX-4 project gives a perfect opportunity to look at gravity waves with convection as a 

source. 

There are two different approaches that could be used with the MTP data in searching for 

gravity waves.  An averaging approach could be utilized to subtract out mean background 

temperatures and reveal temperature perturbations4.  Wave behavior is revealed in these 

temperature perturbations by oscillating hot and cold regions.  A second approach involves the 

use of both temperature and pressure data to obtain potential temperature.  Potential temperature 

surface cross sections become streamlines which reveal motion of waves that are present in the 

data5.  Wave amplitudes are easily seen in these types of plots.   

 In this paper a brief description of the instrument and the theory behind data retrieval is 

given for the MTP.  The time and location of the data collection is described along with the 

methodology used to find gravity waves within the data.  Potential temperature and temperature 

perturbation cross-sections retrieved from MTP data are presented and discussed.  A model of 

what the propagation of a gravity wave should look like in the MTP derived temperature 

perturbation data is explored and compared to measurements.   Finally, conclusions and ideas for 

future work are presented. 

 

Microwave Temperature Profiler (MTP) 

The MTP is a passive microwave radiometer built by the Jet Propulsion Laboratory (JPL) 

and flown on the NASA ER-2 to measure profiles of air temperature versus altitude.  A 

measurement of microwave emissions from oxygen molecules within the lines of sight of the 

sensor at 56.66 and 58.80 GHz is taken for 15 different levels at altitudes between 10 and 30 km 

every 14 seconds or 2.9 km along the flight path.  Air temperature profiles are inferred from 

brightness temperature measurements at these 15 different levels. 

The MTP (shown in figure 1) has three main components.  These are the sensor unit, a 

horn antenna and the data unit.  The data unit has a microprocessor which controls the scanning 

mirror, takes readings of radiome ter output and records this data along with other ancillary 

information on a cassette tape recorder.  The data unit is connected to the aircraft via cables 

which allow for electric power to reach the MTP and for time code, aircraft altitude, pitch, roll, 

latitude, longitude, and pressure readings to reach the data unit from the ER-2 data-navigation 

system.  
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Figure 1.  An unmounted Microwave Temperature Profiler (MTP) shown with antenna, scanning mirror and 
calibration target visible. 

 
The sensor unit is a microwave radiometer with two channels at 56.66 and 58.80 GHz.  

The horn antenna and scanning mirror collect microwave emissions through a special window 

with minimal losses.   The antenna pattern has a full-width beam width of 7.5°.  When the MTP 

is turned on from the cockpit it automatically begins a series of 14 second observing cycles.  The 

MTP records radiometer output for both channels for a sequence of 10 sky viewing angles 

between -50° and 60° and ends each sequence with a calibration measurement of a target that is 

part of the sensor assembly.  Each cycle produces 20 brightness temperatures which are 

converted to air temperature profiles versus altitude by a linear retrieval algorithm. 

The power entering the horn is linearly proportional to brightness temperature because 

the wavelength being observed is in the microwave region and the longwave limit of the Planck 

equation can be taken.  This is known as the Rayleigh-Jeans approximation and makes intensity 

proportional to brightness temperature.  The measured brightness temperature in turn is a 

weighted average of the physical temperature along the viewing direction.  The equation used by 

the MTP scientists to describe the brightness temperature measured by the sensor is : 
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where TB is brightness temperature in Kelvin,  ka is the range and density dependent oxygen 

absorption coefficient, Tphys is the oxygen molecule physical temperature in Kelvin, and t is the 

total optical depth along the path 0 to r defined as 
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where K is the extinction coefficient for the oxygen molecule at each range.  Keep in mind that 

all measurements are at the two microwave frequencies 56.66 and 58.80 GHz and it is around 

these frequencies that oxygen molecules absorb due to a magnetic dipole.   The profile of O2 is 

well-known in the atmosphere so the absorption and extinction coefficients are not unknown 

quantities in these equations.  The brightness temperature is measured, so the physical 

temperature is the only unkown. 

 The weighting function in equation (1) is  

)1)(( τ
α

−−= erkW       (3). 

 The distance at which the weighting function is 1/e is referred to as the “applicable” 

range and the brightness temperature is equal to the physical temperature at this “applicable” 

distance.  The corresponding altitude at which each air temperature is measured is a function of 

the aircraft altitude, the angle of observation and the “applicable” range.    Altitude locations for 

each temperature measurement is given by 

)sin(/1 θeac AAA +=       (4), 

where A is the altitude of air whose temperature is being measured, Aac is the aircraft altitude, 

A1/e is the “applicable” range and ? is the viewing angle of the sensor.  Some altitudes for 

channel 1 and 2 overlap, so although 20 measurements are made, only 15 independent altitude 

temperatures are actually retrieved5. 

Calibration of the MTP is done in in-flight by viewing a target with known physical 

temperature and high microwave emissivity so that the brightness temperature can be equated to 

the physical temperature.  A known amount of microwave energy is reflected off of the target for 

calibration.  The target is kept at a known temperature that is similar to the environmental 

temperature.  MTP data has also been validated using in-situ measurements of the outside air 

temperature by the Meteorological Measurement System (MMS) which also flies on the ER-22.  

The temperature profile accuracy is reported to be less than 1 K up to 1.5 km above the aircraft 

and 1 km below the aircraft, < 2 K at 1.5 – 4.2 km above and 1 – 4 km below, and < 3 K at 4.2 – 
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6 km above and 2.8 – 4 km below9.  It could be assumed that this error is transferable to 

measurements of temperature alone if the altitude measurements are assumed to be accurate with 

a negligible error.  The error increases as the distance from the aircraft increases.  It is believed 

that this is a residual effect of the weighting function methodology used in temperature retrieval 

and can have a significant effect on temperature perturbation retrievals4.  This effect is explored 

later in this paper. 

 

ER-2 Flight Path Over Hurricane Erin 

 For this project data collected during the ER-2 over-flight of hurricane Erin on 2001 

September 10 will be discussed.  In particular, the out-bound and in-bound legs to and from the 

hurricane’s center will be looked at.  These are the 1st and 7th legs shown in Figure 2.  Leg 1 

begins at the Jacksonville National Air Station—30.299N, 81.672W—and continues to 33.861N, 

66.202W.  Leg 7 begins at 35.670N, 68.692W, and ends at the Jacksonville National Air Station.  

The length of both of theses legs is approximately 1500km and there is approximately 3.5 hours 

between the end of leg 1 and the start of leg 7.  Figure 3 shows the flight path superimposed over 

a visible satellite image of hurricane Erin provided by the National Oceanic and Atmospheric 

Administration’s (NOAA) Geostationary Operational Environmental Satellite (GOES).   
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Figure 2.  ER-2 flight path for 10 September 2001 during Hurricane Erin. 
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Figure 3.  ER-2 flight path shown over a GOES image of Hurricane Erin1. 

 
ER-2 Doppler Radar EDOP images were used in decided which legs had a greater chance 

of showing gravity wave features.  The EDOP is an active remote sensing weather radar system 

that can be used to observe the structure and dynamics of storms3.   Figure 4a shows two EDOP 

data products for a region at the northwest edge of the hurricane at approximately 36N and 66W.  

The top image shows reflectivity with red being the highest intensity and reveals convection 

across most of the entire area.  The lower image is Doppler velocity and it can be inferred from 

these images that a highly convection region with heavy precipitation is located below the 

aircraft.  Figure 4b reveals convection at approximately 34N and 66W.  Because these areas of 

convection exist at the far end of legs 1 and 7, it was decided that data from these legs have a 

chance of showing gravity waves with possible sources being at these convective regions.   
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Figure 4.  a) EDOP image at approximately 36N, 69W showing convection which is considered a potential 
gravity wave source.  b) EDOP image at approximately 34N, 66W.  Propagating waves from these sources are 

expected to be seen in the outbound and inbound legs of the aircraft flight. 
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Potential Temperature  

 Potential temperature can be used to track parcel motions and mapped potential 

temperature surfaces can be used to detect waves in the atmosphere.  Potential temperature is 

conserved over short time scales and assumes no heat gain or loss due to condensation or solar 

heating.  It is important to realize that condensation may cause errors in the results with this data 

set because precipitation is a common event within and around a hurricane.  

 Potential temperature is the temperature that an air parcel would have if it were moved 

dry adiabatically to the surface and is given by 
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=θ       (5), 

 where P and T are the measured pressure and temperature, Ps is the surface pressure, Cp is 

the heat capacity of air (1004 JK-1kg-1)and R is the universal gas constant (287 JK-1kg-1 ).  For 

this project the surface pressure was assumed to be 1013mb.  This could create some errors if the 

actual surface pressure is different and/or changes with location along the flight path. 

 After converting MTP temperature profiles to potential temperature profiles constant 

surfaces can be mapped and investigated.  Atmospheric waves reveal themselves in the cross-

sections as a combination of sinusoidal features.  Potential temperature surfaces retrieved from 

the outbound and inbound legs are shown in figures 5 and 6.  These figures show the full altitude 

range collected by the MTP.  The dark vertical lines represent areas of missing data.  As 

expected, the potential temperature surfaces exhibit complicated wave- like behavior.  Note that 

surfaces appear to flatten at altitudes further away from the average aircraft altitude of 20km.  

This may be an artifact of the methodology employed by the MTP which appears to smear out 

the resolution as the distance from the aircraft increases.   
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Figure 5.  Outbound potential temperature surfaces retreived during outbound leg. 

 

 

Figure 6.  Potential temperature surfaces retrieve d during inbound leg. 
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Figure 7.  A closer look at potential temperature surfaces revealing discernable wave activity. 

 
Zooming in on the outbound leg and looking at a smaller altitude range of 19 to 21km a 

possible wave structure is found.  Figure 7 shows this possible wave traced out in blue over the 

potential temperature cross-section.  The red line shows an average height for this wave which 

occurs at approximately 19.25km.  The amplitude of this wave is estimated to be 1.5km and the 

horizontal wavelength is estimated to be 8° in longitude, or approximately 700km.  This wave 

represents vertically oscillating air parcels and some physical arguments can be made about what 

is happening with these parcels.  Recall that in general potential temperature decreases with 

altitude, while the potential temperature of the air parcels along this wave are all the same 

because this is a constant potential temperature surface.  At point A the air parcel at this location 

is at a maximum displacement and its vertical velocity is approaching zero.  The air parcel is  

cooler than the background potential temperature and has been expanding to this point.  At point 

C the air parcel is warmer than the background and the parcel is being compressed to this point.  

The parcel at point B has the fastest velocity as it is moving through the equilibrium temperature. 

This potential temperature analysis has revealed that there may be wave activity at 

horizontal wave-scales of approximately 700km.  The next step would be to further investigate 

this probable wave by looking at temperature perturbation cross-sections along the flight-path 

assuming horizontal wave-scales between 500 and 1000km. 
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Temperature Perturbations  

 Linear wave theory from fluid dynamics tells us that wave activity can be represented by 

perturbations in a mean field.  Temperatures retrieved by the MTP can be used to look for 

atmospheric waves.  The measured temperature is a mean temperature plus a perturbation: 

)(')()( zTzTzT +=       (6). 

Figure 8 shows the temperature profile halfway through legs 1 and 7 as measured by the 

MTP.  This is an expected profile, with the tropopause occurring between 15-16km and ~202K.  

There is an interesting dip in temperature occurring just below 20km for leg 1.  This dip moves 

upward in altitude and is warmer at leg 7.   
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Figure 8.  Temperature profile at midway point of legs 1 and 7. 
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Mean Temperature Profile
Midway Legs 1 & 7 
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Figure 9.  Mean temperature profile at midway point of legs 1 and 7. 

 
The mean or background temperature is shown in figure 9.  The background or mean 

temperature is found by using a double boxcar average across constant altitude levels.  In this 

example a smoothing parameter of 500km was used.  The mean temperature profiles should be 

the same for both legs if the atmosphere has not changed drastically.  These profiles are similar 

although they do have some differences between 18 and 22km.  This may suggest some error in 

the smoothing method. 

 

Temperature Perturbation Profile
Midway Legs 1 & 7 

0

5

10

15

20

25

30

35

-2 -1 0 1 2

Temperature [K]

A
lt

it
u

d
e 

[k
m

]

Midway Leg 1 (31.91,-75.12)
Midway Leg 7 (32.06,-76.88)

 

Figure 10.  Temperature perturbation profile at midway points of legs 1 and 7. 
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A temperature perturbation profile is found by simply subtracting the found mean 

temperature from the measured temperature as suggested by equation (6) and is shown in figure 

10.  In this figure one can see possible vertical wave structure.  It is easier to look for vertical 

wave structure if data from a full leg is looked at.  As previously discussed we are interested in 

looking for wave structures with horizontal wavelengths between 500 and 100km.  A filter that 

will only allow horizontal wave scales between 500 and 1000km is created by a differencing 

method.  The data is averaged using a smoothing parameter of 500km and is subtracted from the 

results of the data averaged with a smoothing parameter of 1000km.  Figure 11 gives a visual 

picture of how this filter works.  The data smoothed at 1000km will only show perturbations 

above 1000km.  Likewise, data smoothed at 500km will only show perturbations above 500km 

as shown in Figure 11a.  The subtraction allows for perturbations of 500-1000km to remain.   

This wave-scale filter is shown in Figure 11b.   

 

Figure 11a). Data smoothed at both 500 km and 1000 km.   11b).  If the 500 km smoothed data is subtracted 
from the 1000 km smoothed data then waves at horizontal scales of 500 - 1000 km remain in the data set and 

all other scales are filtered out. 

 
Contour plots of temperature perturbations for legs 1 and 7 found in this manner are 

shown in figures 12 and 13.  An assumption is made that each contour plot can be considered a 

“snapshot” in time of temperature perturbations.  The ER-2 travels at approximately 200 m/s and 

the legs are approximately 1500 hours.  A leg is then covered in 2 hours.  Further investigation is 

required to determine whether or not this “snapshot” assumption is appropriate.  Because gravity 

waves are known to be long- lived it is a good estimate for this project. 
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As with the potential temperature data, the horizontal wavelengths appear to be 

approximately 700 km.  Vertical structure is more easily seen in these contour plots and the 

vertical wavelengths are approximately 6 km.  The wave is propagating upward at about 30° 

from vertical and is moving eastward.  Leg 1 and Leg 7 are separated by 3.5 hours.  In this time 

the gravity wave appears to have shifted approximately ¼ of a wavelength. 

 

Figure 12.  Temperature perturbations retrieved for the outbound leg. 

 

 

Figure 13.  Temperature perturbations retrieved for the inbound leg. 
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 It is believed that artifacts of the weighting function make it more difficult to resolve 

temperature perturbations at altitudes a distance from the aircraft altitude and a decay in signal is 

observed in figures 12 and 13.  Therefore it may be useful to model the wave seen in the data and 

attempt to quantify the limitations of perturbation resolution due to the MTP temperature 

retrieval methodology.  In this project, a simple model is created and the possible effects of loss 

of resolution with height due to the weighting function are only qualitatively looked at.   

 One way to describe a wave traveling through the atmosphere as temperature 

perturbations is 

)sin(' kxmzAT −= .     (7) 

The wavenumber m is 2p divided by the wavelength in the z-direction (vertical) and the 

wavenumber k is 2p divided by the wavelength in the x-direction (horizontal).  Here the signs of 

the terms within the sine function determine the direction of propogation and are set to match the 

observations in the MTP data presented earlier.  A is the amplitude of the wave in Kelvin.  In this 

simple model it is assumed that the wave is not losing energy as it travels (i.e. there is no 

dissipation).  Figure 14 shows a modeled wave using equation (7) and parameter values that 

approximate observations with an amplitude of -0.23 K, vertical wavelength of 6.5 km and a 

horizontal wavelength of 700 km. 

 

Figure 14.  A wave modeled after approximate observed parameters from MTP data. 
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 Next the weighting function is approximated as a simple exponential with height and is 

normalized to equal 1 at the aircraft altitude and drop off with distance away from the aircraft.   

The product of equation (7) and this exponent ial should give an image similar to actual 

observations.  This is shown in figure 15 and the similarity to the shape of observational 

temperature perturbation retrievals suggests that the MTP retrieval methodology may indeed 

have an effect on wave retrievals with distance from the aircraft altitude.  A more qualitative 

investigation may allow the determination of a correction factor for observed data when studying 

gravity wave motions in the temperature data. 

 

Figure 15.  Modeled measurements for a wave measured via MTP. 

 

Conclusions  and Future Work 

Two methods for gravity wave detection using temperature profiles retrieved by the MTP 

were explored in this project.  Potential temperature surface plots revealed horizontal 

wavelengths and allowed for physical interpretation of air parcel motions experiencing a gravity 

wave.  Temperature perturbation contour plots made it easier to view the entire structure of the 

wave as it propagates through the atmosphere.  Gravity waves with horizontal wavelengths of 

approximately 700 km and vertical wavelengths of approximately 6.5 km were found to exist 

between the Jacksonville national Air Station and an area of convection on the Northwest edge 

of Hurricane Erin on 10 September 2001. 
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Limitations of the MTP retrieval methodology on resolving temperature perturbations at 

a distance from the ER-2 aircraft altitude were explored on a qualitative level.  It was found that 

the weighting function may be responsible for the loss in resolution with distance.  Future work 

will involve a quantitative look at this effect with the hopes of deriving a correction factor that 

will allow for a clearer view of propagating gravity waves found within MTP data.  Further 

understanding of the behavior of gravity waves produced by convection—i.e. typical wave 

scales, propagation directions and dissipation rates found in the change in amplitude—can be 

explored with more investigation of waves from MTP data sets collected during convective 

events such as Hurricane Erin. 
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