CIMSS AMSU Algorithm Changes for 2007-2008

The CIMSS AMSU algorithm uses a multiple regression scheme to estimate Minimum Sea Level Pressure (MSLP) and Max Sustained Winds (MSW) using 3 channels from the AMSU-A instrument and 1 channel from AMSU-B.  Additional corrections are made to the estimates of MSLP to address sub-sampling using IR-based eye size information from the ADT in cases of a clear well defined eye and from TC warning agencies (obtained from ATCF) when no clear exists in the ADT.  Other ancillary data includes an estimate of environmental pressure from the TC warning agencies, again obtained from the ATCF working Best Track files.

The basic premise of the algorithm is the strong relationship between the magnitude of the TC warm core measured by AMSU-A and Tropical Cyclone (TC ) intensity.  Prior to 2007 only channels 7 and 8 from AMSU-A (roughly 250 and 150 mb respectively) were used with adjustments made to account for the location of the TC within the AMSU-A swath.  Non-linear bias corrections were made to account for sub-sampling using the ADT or ATCF eye size information.  Estimates of MSW were computed using a simple pressure-wind relationship.

Problems addressed in 2007 focused on the following:

· reducing reliance on ancillary data, especially the subjective information from the ATCF

· improving characterization of the environmental temperature used in each AMSU-A channel used for intensity estimates

· implementing a hydrometeor scattering correction algorithm developed by Major Bob Wacker

· creating separate regression scheme for MSW

· addition of a TC motion component to MSW

· improved performance of MSW estimates in higher latitudes

To develop the new regressions a set of AMSU and ground truth data pairs from 1998 -2006 was developed.  The ground truth consisted primarily of aircraft reconnaissance MSLP and coincident Best Track (BT) MSW estimates.  However because recon often does not fly into storms after re-curvature there is very little recon available for higher latitude storms.  Therefore a data mining of all available buoy and ship ground truth data was conducted to locate as many high latitude verification points as possible.  Available drift buoy archived data along with final TC reports from NHC and other agencies quoting such ground truth were used.  This resulted in 777 cases.  Due to antenna interference issues associated with AMSU-B on NOAA-15 in 1998-1999 the number of cases was reduced to 734.  AMSU data from 1998-2004 was used to develop the algorithm and the results were then tested using independent data from 2005-2006.

AMSU-A Tb Anomaly Process

AMSU-A limb-corrected brightness temperatures (Tb) were produced using NOAA-NESDIS software. Using an initial estimate of TC position the algorithm searches for the warmest Tb pixel.  The radius of the search is 1 Field of View (FOV) step around the initial FOV closest to the initial TC location.  This same search radius is used in real-time since the working Best Track errors are typically less than the search radius used by the algorithm.  Next an estimate of the surrounding environmental temperatures is done (T_env).  Prior to 2007 this was done for 4 points at 8 FOV steps away from the warmest pixel (Panel A in Figure 1).  If a T_env point falls outside the scan swath it is not used.  For 2007 the number of points used to compute the environmental temperature (T_env) was increased to 12.  The result is that each point has less overall weight and therefore a single point cannot significantly impact T_env.
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Figure 1.  Examples of AMSU-A environmental temperature evaluation.  Panel A shows 4 points used for T_env prior to 2007.  Panel B shows the new T_env calculation.  Panel C is an example of how the new method improves characterization of T_env in the case of a noisy channel (channel 8 on NOAA-16).  Panel D shows an example where a mid latitude upper level low (anomaly in far lower left corner) has captured a TC (center marked by an “x”).  In this example the previous T_env method would have resulted in a weak estimate due to T_env being too warm.

AMSU MSLP Algorithm

Estimates of TC eye size, or in the case of systems with no clear eye the RMW, were determined for every data point using a combination of recon, microwave, QuikScat or other available data.  This allowed for the determination of cases where AMSU was likely sub-sampling the TC warm core due to AMSU-A resolution.  This is the single largest source of error for the AMSU estimates.  Cases were separated into 2 bins, those where the eye size was large compared to the AMSU-A resolution and those that were small compared to the resolution and thus sub-sampled. This was done to improve the fit of the warm core magnitudes to the ground truth in the well-resolved subset.  Sub-sampled cases could then be addressed separately.

Another significant source of AMSU error is scattering due to hydrometeors.  The presence of significant amounts of mixed-phase hydrometeors acts to attenuate the Tb signal for the sounder channels.  This effect is most pronounced in the channels that have their weighting functions lower in the atmosphere where the presence of scatterers predominates.  When the AMSU algorithm was initially developed only channel 7 was used.  In 2002 channel 8 was added significantly improving algorithm performance since this higher altitude channel is less susceptible to hydrometeor scattering.  While channel 6 often exhibited a strong warm core signal the use of the that channel was hindered by significant attenuation due to it’s location ~350 mb.  In 2005 Major Bob Wacker working as an Air Force PhD student at CIMSS developed a scattering correction algorithm that could be used to correct the AMSU-A Tb in the presence of strong scattering.  Two channels, AMSU-A channels 2 (31.4 Ghz) and 15 (89 Ghz), are used to apply the correction.  In the presence of scattering hydrometeors AMSU-A channel 2 is strongly affected while channel 15 is not.  Channel 15 can then be used to estimate what channel 2 would be if no scattering were present.  The magnitude of the difference between the predicted channel 2 and observed channel 2 are then used to adjust the AMSU-A temperature sounding channels 4-8.  This results in a significant improvement in both the inner core warmest pixel estimation, especially in the lower channels, as well as the T_env estimation that can also be affected by intense and distant rainbands.  An example of the difference the scattering correction makes can be seen below in Figure 2. 

The sub-dataset of well-resolved cases was then used to develop regression equations for estimates of MSLP.  Only cases where the TC was located no closer than 2 FOV from the limb were used (FOV 3-28) Scattering-corrected Tb anomalies for channels 6,7, and 8 were paired with TC pressure anomalies (environmental pressure – MSLP) and a simple linear regression produced for each channel.  Figure 4 shows the strong linear relationship between TC MSLP and AMSU-A channel 7 and 8 Tb anomaly magnitude for the well-resolved cases.  While the maximum height of the TC warm core tends to occur around 250 mb this height can vary. Given two Tb anomalies of the same 

magnitude in channels 7 and 8 the anomaly in channel 8 would contribute greater to the surface pressure anomaly by virtue of it’s higher height according to hydrostatic considerations. Therefore the AMSU algorithm weights channel 7 or channel 8
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Figure 2.  Example of strong Tb attenuation due to hydrometeor scattering (left).  The center of Hurricane Isidore (2002) is located just north of the Yucatan peninsula.  The attenuation of the Tb in the inner core of the TC in channel 6 results in a very weak warm anomaly.  To the east and south near the Caiman Island intense convection reaching well into and above channel 6 is resulting in strongly depressed Tb and cold anomaly.  In the image to the right the scattering correction almost completely removes the cold anomaly resulting in improved characterization of the environmental temperature.  Near the TC core the result is improved depiction of the TC warm core in channel 6.
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Figure 3.  AMSU-A channel 6 Tb anomalies compared to TC pressure anomalies.  Yellow points are the raw AMSU-A channel 6 anomalies.  Significant scattering renders this channel nearly useless for TC intensity estimation.  With the scattering correction in place (magenta points) the channel can now be added to the suite of channels used for intensity estimation.
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Figure 4.  Relationship between TC pressure anomaly and AMSU-A Tb anomaly for all cases in which instrument resolution is not considered a significant factor.

accordingly, giving greater weight to channel 8 when the two channels are the same.  Because channel 6 has greater uncertainty it is weighted a fixed value of 0.2.  For sub-tropical systems that have a warm core anomaly shifted lower in the atmosphere, especially those systems with a cold-core low origin it may prove beneficial to weight channel 6 more.  This is being evaluated. 

Because the AMSU instrument employs a cross-track scanning strategy Tb sensed from sources near the limb have an increased optical path length.  Limb correction of the Tb’s corrects for this effect however when a TC is located near the limb there can still be a slight tendency to sub-sample the storm.  An additional predictor used to account for this is the distance of the TC from nadir.

Another source of AMSU intensity estimate error is the difference in position between the TC center and the AMSU-A FOV position used for the estimate.  With an optimal resolution of 48 km at nadir the AMSU instrument is a far coarser instrument than traditional IR/vis channel instruments.  As such the chances a TC center will be perfectly aligned with an AMSU-A FOV footprint are slim.  At best a strong TC with a large eye may be centered near the FOV footprint center resulting in minimal estimate error.  At worst an intense TC with a very small eye of < 10 km may fall directly between the AMSU-A FOV footprint centers.  In this situation the TC would be “bracketed” by two adjacent FOV’s.  If the TC position were known with an uncertainty of < 30 km a correction could be applied.   However objective estimates of position rarely have this type of certainty.  ADT estimates in the case of clear eye scenes may provide the accuracy needed and this option is being explored.  In the absence of an accurate position, information concerning the TC/AMSU-A geometry can be obtained from the higher resolution AMSU-B 89 Ghz channel.  This moisture channel is used routinely to depict the TC convective structure.  The resolution is three times that of AMSU-A with a nadir value of 16 km.  Once the warmest AMSU-A FOV is located the corresponding AMSU-B 89 Ghz Tb’s for all AMSU-B pixels within the AMSU-A FOV are averaged.  Due to the shape of the AMSU-A antenna pattern however the AMSU-B 89 Ghz pixels must be convolved to fit the AMSU-A pattern.  The AMSU-B pixel closest to the AMSU-A FOV center is given the most weight.  The convolved 89 Ghz Tb parameter (Tb89) acts as a proxy for the TC/AMSU-A position offset and can then be used to correct estimates that are “bracketed”.  Only TC’s with channel 7 warm core magnitudes of > 1K where paired with the Tb89 parameter.  Figure 5 shows the relationship between the AMSU MSLP estimate error using Tb anomalies from channels 6-8 (along with the FOV correction) and the AMSU-B 89 Ghz signal (Tb89). The inclusion of the Tb89 term 

in the AMSU MSLP regression equations reduces the reliance on eye size information to 
address sub-sampling.

[image: image5..pict]Figure 5.  AMSU MSLP estimate error for all a cases where the AMSU-A channel 7 Tb anomaly is > 1.0 K matched to the average AMSU-B 89 Ghz Tb within the AMSU-A FOV.
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Figure 6.  Examples of the relationship between the AMSU-A FOV location, TC center and the AMSU-B 89 Ghz signal.  The yellow circle represents the AMSU-A FOV scan spot.  Panel A indicates the possible scenario where the TC eye is large compared to the AMSU-A FOV.  Only warm 89 Ghz Tb’s are located within the FOV and thus there is little to no correction applied to the estimate.  Panel B indicates a scenario where the AMSU-A FOV position is offset from the true TC center placing the FOV within the eyewall.  Cold 89 GHz Tb within the FOV indicate this “bracket” geometry and a significant correction is applied.  Panel C shows a scenario where the AMSU-A FOV location is coincident with the true TC center however the eye is small compared to the AMSU-A FOV resulting in a cold 89 Ghz Tb signal and required correction.  Panel D represents the worst possible geometry.  In this scenario (Iris 2001) the TC core is so small that even the higher resolution AMSU-B can not resolve the intense convection near the core resulting in a relatively warm Tb signal.  In addition the AMSU-A FOV is not collocated with the true TC center and is instead located within the moat region resulting in significant sub-sampling that cannot be corrected sufficiently using the 89 Ghz signal.

AMSU MSLP algorithm predictors:

Tb6


Tb anomaly magnitude for channel 6

Tb7


Tb anomaly magnitude for channel 7

Tb8


Tb anomaly magnitude for channel 8

ABS_FOV

Distance from nadir in FOV steps

Tb89


Convolved AMSU-B 89 Ghz signal for AMSU-A FOV




(used when channel 7 Tb anomaly > 1 K)

The above predictors are used to estimate the TC pressure anomaly, which is then subtracted from the environmental pressure to get the initial MSLP estimate.

Corrections for TC Eye Size

[image: image6..pict][image: image7..pict]A simple bias correction is used to correct estimates of MSLP when sub-sampling due to instrument resolution is indicated.  Sub-sampling is determined by comparing the AMSU-A FOV cross-track resolution (48 km at to nadir to 72 km at FOV 28 and 3) used for the estimate to some measure of TC eye size.  When the CIMSS ADT determines that a clear well-defined eye is present the eye size comes from the ADT.  In the absence of information from the ADT the eye size comes from the messages issued by the TC warning centers.  For the Atlantic and Eastern Pacific this source is the TPC, if in the Central Pacific CPHC and in the remaining basins JTWC.  Use of the eye size information from the warning centers adds an amount of subjectivity to the AMSU estimates since the eye size information is determined subjectively.  Most of the corrections applied are less than about 10 mb (eye sizes of 30 km and greater).  However very small eye sizes may require an adjustment of up to 30 mb.

Figure 7.  AMSU MSLP bias correction using TC eye size compared to AMSU-A resolution.

MSW Algorithm

Estimates of the TC MSW start with the AMSU estimated pressure anomaly (del_P) magnitude.  The pressure anomaly is the single best predictor of MSW.  While the resolution of the AMSU-A instrument is too coarse to resolve the tight inner core wind gradient there is sufficient information within the inner core AMSU-A signal to adjust the initial del_P based MSW estimates.  An example of 2 storms with very different wind structures is shown below in Figure 8.

The gradient is estimated within 2 FOV of the TC. This term represents the strength of the inner core Tb gradient.  As the TC recurves into the middle latitudes the convection weakens and the warm core expands, expanding the wind field while weakening the MSW.  The goal of this new term is try and capture this change.  However the term contributes at present only a few knots to the MSW estimates.  Estimating the gradient at different annuli will likely yield better results and is being evaluated.

[image: image8..pict]
Figure 8.  An example of the evolving warm core of Hurricane Isabel in 2003 showing the expansion of the warm core as the system approaches the East Coast.  Notice the difference in the Tb gradient of the inner core region with the system exhibiting a tighter gradient in the image to the left.
Another method by which the MSW can be modified in a TC is the degree to which mixing of momentum to the surface occurs.  Greater mixing occurs in area of vigorous convection while decreased momentum transfer occurs when convection is weaker.  Some measure of convective vigor is needed to account for this process.  Again the AMSU-B 89 Ghz channel can be used to estimate cases where convection may be transferring greater momentum to the surface thus leading to stronger MSW.  Using the estimated TC center from the warmest AMSU-A pixel the AMSU-B 89 Ghz gradient is evaluated in 4 directions.  Currently only the maximum Tb gradient is used with no 
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Figure 9.  Example of decreased convective vigor in Hurricane Isabel
weight given to the distance of this gradient from the center.  Therefore it is possible for the algorithm to locate strong gradients associated with strong rain banding distant from the center while the inner core convection may have collapsed.  There is no requirement for the maximum AMSU-B 89 Ghz Tb gradient to be co-located with the maximum AMSU-A measured warm core gradient at this time.
Accounting for Storm Motion

In order to account for TC storm motion the MSW data used to develop the algorithm was TC-relative storm motion.  An estimate of the TC motion was made using the 6-hour Best Track data then 50% of that motion removed from the MSW estimates.  An estimate of the TC-relative MSW was then made using the following predictors:

Del_P

AMSU measured pressure anomaly

Lat                  Latitude

Tb_Inner
Inner core channel 7 Tb gradient within 2 FOV of the TC center

Del_Tb89
Maximum 89 Ghz Tb gradient within 128 km of the center

50% of the motion was then added back to the estimate of MSW to get a final MSW value.  Comparing this method to the previous method of simply using a pressure-wind relationship reveals improved performance of the algorithm.  For the development sample the RMSE using the simple p-w method was 11.1 knots while the new AMSU MSW method was 8.9 knots. 

Often there can be offsetting influences for the MSW as the TC accelerates into the mid-latitudes.  For example convective vigor may decrease with decreasing SST’s and the TC warm core may expand.  Both of these influences act to decease TC MSW.  However acceleration of the system may act to offset these influences keeping the MSW higher than it otherwise would be.  An example of this can be seen in Hurricane Wilma (2005) at 11 UTC on Oct 25th.  Wilma was moving at 45 knots during this time and the estimated MSW was 92 knots with an estimated MSLP of 969 mb based on nearby buoys.  The initial AMSU MSW estimate is 61 knots with an MSLP of 973 mb.  The relatively low MSW compared to the pressure is based on the latitude and the fact that the convection had significantly weakened.  Adding the motion component gives an AMSU estimate of 85 knots.  

Performance

1998-2004 cases are the dependent training sample.  2005-2006 cases are the independent sample.  All cases from 1998-2006 were then combined and the algorithm re-derived using the same logic and procedures.  The resulting regressions were then independently run in 2007 and those results are shown in the 2007 column.

	
	1998 - 2004
	2005 – 2006
	1998 - 2006
	2007

	Bias
	0.3
	0.3
	0
	0.4

	Absolute Error
	4.9
	5.4
	5.3
	4.0

	RMSE
	6.3
	7.9
	7.3
	6.8

	N
	470
	264
	734
	92


Table.  AMSU MSLP performance in millibars versus recon for 1998-2004 development sample, 2005-2006 independent sample, 1998-2006 combined dependent sample and 2007 independent sample.

	
	1998-2004
	2005-2006
	1998-2006
	2007

	Bias
	-0.1
	-3.9
	-2.4
	-0.6

	Absolute Error
	7.2
	8.8
	8.3
	8.7

	RMSE
	8.9
	11.2
	10.4
	11.5

	N
	470
	264
	734
	92


Table.  AMSU MSW performance in knots compared to recon-coincident MSW.

	
	AMSU

1998-2006
	Dvorak

1998-2006
	AMSU

2007
	Dvorak

2007

	Bias
	-0.1
	-2.2
	0.6
	-2.3

	Absolute Error
	5.3
	6.5
	5.0
	6.4

	RMSE
	7.3
	9.1
	6.9
	8.7

	N
	727
	727
	90
	90


Table.  AMSU MSLP performance in millibars compared to Dvorak (homogenous sample).
	
	AMSU

1998-2006
	Dvorak

1998-2006
	AMSU

2007
	Dvorak

2007

	Bias
	-0.1
	-2.1
	-0.5
	-5.3

	Absolute Error
	7.8
	7.2
	8.8
	7.9

	RMSE
	9.9
	9.5
	11.6
	10.1

	N
	727
	727
	90
	90


Table. AMSU MSW performance in knots versus Dvorak.

The CIMSS AMSU MSLP estimates routinely outperform the Dvorak estimates of MSLP.  This is because as a rule the warm core magnitude is more correlated to intensity than the IR structure.  Estimates of MSW are on par with the Dvorak estimates for the dependent 1998-2006 data however the method performed slightly worse than Dvorak for 2007.  The decreased performance in 2007 can be attributed to two long track small-cored intense hurricanes Dean and Felix.  In general the estimate were too strong for Dean including an error of 33 kts too strong on Aug 19th while Dean was undergoing an eyewall  replacement cycle (ERC).  ERC’s can be problematic when estimating TC intensity.  As the inner eye weakens the TC warm core increases in horizontal extent within the inner core.  This can result in a stronger signal sensed by AMSU sense the larger outer eye is better resolved. The changes made to the AMSU MSLP algorithm tend to offset the stronger warm core signal because the corresponding AMSU-B signal is weaker (less of the eyewall is located within the AMUS-A FOV).  Therefore the pressure estimates may remain low.  The winds, which are strongly tied to the pressure anomaly magnitude estimates, also remain strong.  In reality however when the outer eyewall becomes dominant the MSW tends to weaken.  Currently the AMSU algorithm does not handle this well.  This will continue to be an area of future work.  In the case of Felix the tiny eye of Felix resulted in the weak estimates.

Future Work 

In addition to the objective identification of MSW changes due ERC’s the MSW calculation in general can likely be improved through a better estimation of the inner core Tb gradient.  Instead of a fixed radius for the calculation of 2 FOV steps away from the center an azimuthally averaged profile of the temperature compared to recon measured wind profiles could improve MSW estimates.  Improved characterization of the momentum transport due to convective vigor matched to the location of the strongest AMUS-A Tb gradient may also yield improved estimates.

Because recon typically reaches a TC after Tropical Stom intensity has been reached the AMSU training sample suffers from a lack of storms of Tropical Depression intensity.  The dataset has been expanded to include AMSU passes for system known to be of TD intensity.  To do this the restriction that recon be available within 3 hours of the AMSU pass has been relaxed and TD cases where some form of additional data beyond the geostationary imagery such as QuikScat can corroborate the BT intensity estimates.
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