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[bookmark: _Toc179734067][bookmark: _Toc336517764]	 INTRODUCTION 
[bookmark: _Toc336517765]  Product Overview
[bookmark: _Toc336517766]  Product Description
The S-NPP Microwave Sounder-based TC Products algorithm provides estimates of tropical cyclone intensity and surface wind radii for 34-, 50-, and 64-kt wind thresholds.  Intensity and structure estimates are calculated from a combination of ATMS-based temperature and moisture soundings, the hydrostatic relationship, and statistics.  
[bookmark: _Toc336517767]  Product Requirements
The S-NPP Microwave Sounder-based TC Products required from this algorithm are;

Intensity estimates for every active tropical cyclone for which all input data is available.  Intensity estimates will be provided in terms of 1) the maximum sustained surface wind (Vmax) in knots and 2) the minimum sea level pressure (MSLP) in hPa.

Surface wind radii estimates for every active tropical cyclone for which all input data is available.  Surface wind radii estimates will be provided for the radius of 34-kt, 50-kt, and 64-kt winds for the NE, NW, SE, and SW tropical cyclone quadrants in units of nautical miles.  

Two-dimensional (2-D) balanced winds at standard pressure levels for the local TC environment for every active tropical cyclone for which all input data is available.  2-D balanced wind fields for a 6 x 6 degree domain centered on each active TC will be provided in units of knots at p = 1000, 850, 700, 500, 400, 300, 250, 200, 150, and 100 hPa.

Intensity and surface wind radii estimates are required in text format consistent with the Automated Tropical Cyclone Forecast (ATCF) system.   The format required for the ATCF f-decks is described at http://www.nrlmry.navy.mil/atcf_web/docs/database/new/newfdeck.txt.  Using this format, a single line of text is generated for each active TC at each run time.  An example of this format (for a similar AMSU sounder-based product) is included below:

IO, 91, 201305052327,  30, AMSU,         IP,  ,  580N,  7654E,      , 1,  33, 2, 1004, 2, MEAS,    ,     ,     ,     ,     ,     ,  ,  ,  ,  , 2,   0,    , A,  CIRA, JAK,  ,    ,       ,   ,     ,     , 1004,    , NOAA15,    ,     ,     ,     ,     ,     ,     ,     ,     ,     ,  ,  ,  ,  ,  ,  ,  ,  , 2, storm center extrapolated from t=-12 and t=0 adeck

2-D balanced winds are required in image format.  One image will be generated for each active tropical cyclone at each standard pressure level.

Product latency should be the same as the current AMSU sounder-based products, which are available approximately 3 hours after synoptic time or sooner, depending on the time of the last S-NPP pass of the TC.
[bookmark: _Toc336517768]  Satellite Instrument Description
Temperature and moisture soundings are obtained from the Advanced Technology Microwave Sounder (ATMS) on S-NPP.  The ATMS is a cross-track scanner with a swath width of 2300 km and a spot size of approximately 1.5 km.  The S-NPP ATMS has 22 channels that provide sounding observations needed to retrieve profiles of atmospheric temperature and moisture for weather and climate monitoring purposes.  These 22 channels are divided into two groups: a low-frequency (23 to 57 GHz) group, and a high-frequency (88 to 183 GHz) group. The low frequency channels, 1 through 15, are primarily for temperature soundings and the high-frequency channels, 16 through 22, are primarily for humidity soundings (water vapor profiling).  ATMS combines all channels of the preceding AMSU-A1, AMSU-A2, and AMSU-B sensors and has improved spatial coverage (i.e., no gaps between swaths) over AMSU.



[bookmark: _Toc179734073][bookmark: _Toc336517769][bookmark: Definitions][bookmark: _Toc355675090][bookmark: _Toc413235792][bookmark: _Toc353846072][bookmark: _Toc413235622]	ALGORITHM DESCRIPTION
[bookmark: _Toc336517770]  Processing Outline
S-NPP Microwave Sounder-based TC Products will run within NDE.  As such, processing will be controlled by the NDE Product Generation Manager (PGM).  At each run time and for each basin (Atlantic, N. E. Pacific, N. W. Pacific, N. Indian Ocean, and Southern Hemisphere) the PGM will search the a-decks for entries for currently active tropical cyclones.  For each basin with an active TC, a working directory will be created.  The PGM them copies all necessary input data, ancillary data, static data, and product scripts and executables into each basin working directory and creates a list of all of these files (PCF).  The main script, MIRS_TC.sh will then be initiated in each basin working directory, processing follows as:

1. Runs ShortTermTrack (Fortran)
a. Pulls current and -12 h tropical cyclone position, translation speed and direction, intensity, and radius of maximum winds from a-decks
b. Creates one temporary file per active TC (e.g., al012012.inp)
2. Loops over each active TC input file
a. Runs afdeck (Fortran)
i. Reformats TC location data from .inp file for use in main Fortran routine (oparet)
ii. Creates temporary file, COORDINATES
b. Runs Mkconfig (Shell script)
i. Creates config file for pulling MIRS satellite data, query_config
c. Runs satecenter (Fortran)
i. Finds lat/lon of swath center at closest approach to active TC 
ii. Creates temporary file, TIMES
d. Combines COORDINATES and TIMES into main input file for oparet, COORTIMES
e. Runs oparet (Fortran)
i. Main algorithm Fortran routine (see chart below)
ii. Reads input files, estimates TC intensity and wind radii
iii. Generates all product output files and writes output file names to processing status file (PSF)

Once processing is complete, processing will be checked for errors, output files listed in the PSF will be distributed, and working directories will be eliminated.

[bookmark: _Toc336517771]  Algorithm Input 
Position and intensity of all active tropical cyclones
Source: ATCF a-deck and b-deck files provided by NHC and JTWC
Format: Text
Latency: ASAP after synoptic time (typically 1-2 hours)
Quality: Best possible center position and intensity estimates available

Height (Z) field at p=100 hPa in vicinity of each active tropical cyclone
Source:  1-degree global GFS analyses
Format: grib1 or grib2
Latency: ASAP after synoptic time (typically ~3-4 hours)
Quality: 

Temperature (T) and moisture (q) profiles in vicinity of each active tropical cyclone
Source: MIRS ATMS soundings
Format: netCDF
Latency: ASAP after pass in vicinity of active tropical cyclones (typically ~3 hours)
Quality: 
[bookmark: _Toc336517772]  Theoretical Description
The scientific processes used by the S-NPP Microwave Sounder-based TC Products algorithm are shown in the following schematic.

[image: ]
Figure 2-1.Theoretical algorithm schematic.
[bookmark: _Toc336517773]  Physical Description
Radiance measurements from the ATMS instrument are processed by the Microwave Integrated Retrieval System (MIRS) to produce the atmospheric profiles of temperature and moisture necessary to generate the wind retrievals.  The ATMS is a passive microwave sensor which measures radiances in 22 channels ranging from 23 to 183 GHz.  These frequencies allow for the profiling of both the troposphere and the stratosphere in both clear and cloudy conditions.  The footprint at nadir ranges from 16 km to 75 km over the 2200 km wide swath.  The MIRS is a 1DVAR retrieval scheme, and is NESDIS’ upgrade to the regression-based Microwave Surface and Precipitation Products System.  MIRS validation statistics are not available yet for the ATMS, but using the AMSU, temperature biases with respect to radiosonde measurements are under 1 K.  The standard deviation of the temperature differences are around 3 K at low levels and around 2 K in the free atmosphere.  Moisture retrieval bias and standard deviation are often measured as a percentage of reference water vapor amounts.  Again, using the AMSU instrument and validating against radiosonde measurements, typical biases range from 0.5 to 7% in the lower troposphere and around 20% in the upper troposphere; typical standard deviations are 20 to 65% in the lower troposphere and around 80% in the upper troposphere.

[bookmark: _Toc336517774]  Mathematical Description
The creation of the wind field from the temperature field derived from satellite measurements is a two-step process.  It is first necessary to create a height field from the temperature field.  From the height field two wind fields are derived. The first is the horizontal winds on the output pressure levels (xy-winds), the second is the horizontal winds in a radial-azimuth projection (rz-winds).  Although the principle is the same, the details of the computation differ for the generation of the xy-winds and the rz-winds.

In deriving the xy-height field from the temperature field, the hydrostatic equation is integrated using the vertical temperature profiles retrieved from ATMS measurements.  This computation gives the height field at 150, 200, 250, 300, 400, 500, 600, 700, 850, 925, and 1000 mb.  For the integration, a constant lapse rate between pressure levels is assumed instead of a constant temperature between levels.  There are two options for the boundary conditions (height field at 100 mb), both of which ultimately come from the GFS analysis.  The first relies on the lowest two GFS levels to estimate the surface pressure and temperature.  The hydrostatic equation is then integrated up from the surface to 100 mb along the lateral boundaries.  The interior of the 100-mb height field is filled in by solving Laplace’s equation.  The interior height field on the pressure levels below 100 mb are filled in by integrating the hydrostatic equation down from 100 mb.  The surface pressure is also recalculated using the hydrostatic equation and the lowest pressure level.  The second boundary condition option is to use the 100-mb height field from the GFS analysis, and integrate the hydrostatic equation down to get the height fields on the remaining pressure levels, as well as the surface pressure.  

The wind field on the pressure levels is computed from the height field by assuming the flow is in linear or nonlinear balance.  For the nonlinear balance case, several options for solving the equation are available.  Currently a variational technique using u and v (as opposed to streamfunction) is employed to compute the wind field.  Whatever method is used the resulting wind field is nondivergent.  

Hydrostatic balance is also assumed in the generation of the rz winds, only in this case the height field is computed by integrating the hydrostatic equation up from the surface at the outermost radius to the uppermost vertical level, which is assumed to have a height which is independent of radius.  The heights at the remaining rz points are computed by integrating the hydrostatic equation down from the uppermost level.  After the height field has been computed, the wind field is solved by assuming gradient wind balance.

[bookmark: _Toc336517775]  Algorithm Output 
The output data products generated by the S-NPP Microwave Sounder-based TC Products include the following:

Intensity estimates for every active tropical cyclone for which all input data is available.  Intensity estimates will be provided in terms of 1) the maximum sustained surface wind (Vmax) in knots and 2) the minimum sea level pressure (MSLP) in hPa.

Surface wind radii estimates for every active tropical cyclone for which all input data is available.  Surface wind radii estimates will be provided for the radius of 34-kt, 50-kt, and 64-kt winds for the NE, NW, SE, and SW tropical cyclone quadrants in units of nautical miles.  

Two-dimensional (2-D) balanced winds at standard pressure levels for the local TC environment for every active tropical cyclone for which all input data is available.  2-D balanced wind fields for a 6 x 6 degree domain centered on each active TC will be provided in units of knots at p = 1000, 850, 700, 500, 400, 300, 250, 200, 150, and 100 hPa.

Intensity and surface wind radii estimates are supplied in a text format consistent with the Automated Tropical Cyclone Forecast (ATCF) system.   The format required for the ATCF f-decks is described at http://www.nrlmry.navy.mil/atcf_web/docs/database/new/newfdeck.txt.  Using this format, a single line of text is generated for each active TC at each run time.  An example of this format (for a similar AMSU sounder-based product) is included below:

IO, 91, 201305052327,  30, AMSU,         IP,  ,  580N,  7654E,      , 1,  33, 2, 1004, 2, MEAS,    ,     ,     ,     ,     ,     ,  ,  ,  ,  , 2,   0,    , A,  CIRA, JAK,  ,    ,       ,   ,     ,     , 1004,    , NOAA15,    ,     ,     ,     ,     ,     ,     ,     ,     ,     ,  ,  ,  ,  ,  ,  ,  ,  , 2, storm center extrapolated from t=-12 and t=0 adeck

2-D balanced winds are provided in both netCDF and image (png) format.  One netCDF file and image will be generated for each active tropical cyclone at each standard pressure level.

[bookmark: _Toc336517776]  Performance Estimates
[bookmark: _Toc336517777]  Test Data Description
For preliminary V & V, pre-operational ATMS MIRS datasets were obtained from NESDIS/StAR.  171 cases were analyzed over several months of 2012, and cases included tropical cyclones in four basins (Atlantic, E. Pacific, W. Pacific, and Indian Ocean).  After the application of a simple bias correction, mean absolute error of the sample intensity estimates is 10.2 kts, which is better than the 13.5 kt MAE for the AMSU-based product.

[image: ]
Figure 2-2. MAE of intensity estimates for 171 validation cases run using 2012 pre-operational ATMS MIRS data.  Both uncorrected and bias-corrected intensity estimates are shown.

For unit and system tests, data is provided from Hurricane Sandy on 27 Oct 2012 at 18z.  

[bookmark: _Toc336517778]  Sensor Effects
Sensor effects that significantly impact the accuracy of the MIRS temperature and moisture retrievals will impact the accuracy of the S-NPP Microwave Sounder-based TC Products.  For a full list of those effects, please refer to the MIRS ATBD. 
[bookmark: _Toc336517779]  Retrieval Errors
There are two sources of error in the wind retrieval program: 1) the boundary conditions and 2) errors in the temperature retrievals themselves.  Estimates of 1) can be found in the MIRS ATBD.  To estimate the impact the boundary conditions have on the computation of the wind field, the program was run with identical data using the two boundary condition options listed in Section 2.3.2 of this document.  The vector root mean square difference was then computed on the wind in the interior of the domain.  Although the results varied somewhat by pressure level, typical differences due to the different boundary conditions were 1.8 m s-1.  In order to estimate the errors in the wind field due to errors in the temperature profiles, the temperature profiles were adjusted by a random number generator with a Gaussian distribution with standard deviation of 1.5 K above 850 mb and 2.5 K below 850 mb.  The vector root mean square difference was then taken with respect to the wind field derived with the temperature profiles without the temperature adjustment.  Again the values varied by pressure level, but a typical error was 1.4 m s-1.

[bookmark: _Toc336517780]  Practical Considerations
[bookmark: _Toc336517781]  Numerical Computation Considerations
The NPP TC algorithm master script (NPP_TC.sh) executes a set of preparatory sub-programs that test and then prepare the storm track, MIRS and GFS analysis data for each active TC. The tropical cyclone wind estimation algorithm and plotting code are then executed for each active TC. These programs are:

	Step
	Sub-Program
	Description
	Time

	1
	data_pool.py
	Extracts a subset of the MIRS data
	~30s

	2
	ShortTermTrack_mirs.x
	Extracts the most recent TC track data
	~25s

	3
	afdeck.x
	Determines the latest valid TC time
	~1s

	4
	pool_query.py
	Extracts the needed variables at a given time
	~60s

	5
	satcenter.x
	Determines the MIRS data coordinates nearest the TC center
	~1s

	6
	oparet.x
	Determines the TC wind estimation fields from MIRS data
	~120s

	7
	main_read_plot_xya.py
	Plots the TC wind estimation fields
	~45s



The above approximate execution times were performed on one Intel Xeon processor at 3.07 Ghz and 6 GB of memory on Red Hat 4.1.2-54 operation system compiled with GNU gfortran 4.1.2 with optimization level 2 (-O2). Given that the number of active TCs will vary at any one time, the execution time will vary as well. Step 1 is only preformed once while steps 2-7 is performed for each storm.

The only computation intensive operations are found in the TC wind estimation algorithm (oparet). These routines are the distk, a distance determining operation and barxy, a Barnes analysis routine.
[bookmark: _Toc336517782]  Programming and Procedural Considerations
As described in section 2.6.1, the important programming and procedural aspects of the NPP TC algorithm is that a set of data testing and preparatory sub-programs are executed and then the TC wind estimation algorithm and plotting software are executed for each active TC.
[bookmark: _Toc336517783]  Quality Assessment and Diagnostics
Output product quality is assessed through annual verification of intensity and radii estimates, whereby MAE and bias are computed using Best-track intensity and radii as ground-truth.
[bookmark: _Toc336517784]  Exception Handling
The NPP TC algorithm master script and sub-programs utilize the exception codes described in sysexits.h found on most LINUX type systems. Additional error codes have been added to this set of codes as needed and can be found in the NPP_TC software distribution in the subdirectory etc/exitCodes.txt

The list of exceptions is listed below for each sub-program. These exception codes are evolving and may change in future iterations of the software. Exceptions are caught with in the master script NPP_TC.sh. Error exceptions caught from the master script and sub-programs before the active TC processing loop cause the script to exit with a non-zero status and an error entry to be logged. Error exceptions caught from the master script and sub-programs during the active TC processing loop cause a warning entry to be logged for that TC and the next TC processing beings. The master script exits with a non-zero status after the TC processing loop finishes with any master script and sub-program non-zero exits within the TC processing loop. An error message is logged for each TC causing non-zero exits.

NPP_TC exit codes by sub-program

1. data_pool.py
64	command line usage error
75	temp failure; user is invited to retry
2. ShortTermTrack_mirs.x
64	command line usage error
101	Time error
102	Mode or Basin error
3. afdeck.x
74	input/output error
4. pool_data.py
64	command line usage error
75     	temp failure; user is invited to retry
5. satcenter.x
64       command line usage error
66       cannot open input
73       can't create (user) output file
 	74       input/output error
6. oparet.x
66       cannot open input
103	storm too far from swath center
104	NCEP analysis too old
105	Barnes analysis error
106	Itest error
107	AMSU domain top error
108	Intensity/size estimation failed
7. main_read_plot_xya.py
64	command line usage error
65 	data format error
74       input/output error
[bookmark: _Toc336517785]  Validation
Official tropical cyclone intensity and wind radii estimates are routinely documented in best track files.  Best tracks are maintained by the National Hurricane Center (Atlantic and N.E. Pacific) and the Joint Typhoon Warning Center (Indian Ocean, N.W. Pacific, and S. Hemisphere) and are typically for a given year by the March/April of the following year.  The algorithm-generated intensity and wind radii estimates should be validated against the official best track values annually


[bookmark: _Toc135457368][bookmark: _Toc135722147][bookmark: _Toc135728902][bookmark: _Toc179734074][bookmark: _Toc336517786]	 ASSUMPTIONS AND LIMITATIONS 
[bookmark: _Toc336517787]  Performance Assumptions
The performance of this product is sensitive to the timing and location of S-NPP pass.  The closer the timing of the pass is to the analysis time and the closer the center of the pass is to the center of the TC, the better the algorithm performance.  

Although microwave soundings are available even in cloudy conditions, heavy clouds, ice scattering, and rain can degrade the quality of the retrievals.  The initial assumption is that the MIRS algorithm will account for heavy clouds and ice scattering.  If necessary, however, we can implement temperature corrections for cloud liquid water and ice scattering effects as for the AMSU profiles.  With the ATMS, corrections to the moisture profiles would also be needed.  In cases of heavy rain, microwave retrievals may not be possible at all.  This lack of data is to some extent mitigated by the Barnes analysis and the dense sampling of the ATMS instrument.
[bookmark: _Toc336517788]  Potential Improvements
The code to create the wind field from soundings generated from ATMS measurements is an updated version of code which computes the wind field from soundings generated from the AMSU-A1 instrument.  There are at least three areas of the program which still contain vestiges of its AMSU heritage which will be brought into compatibility with the ATMS.  First, the manipulation of the irregularly-spaced satellite soundings to a regularly-spaced grid is performed by a Barnes analysis.  The parameters used in the Barnes analysis will need to be changed to take into account the improved sampling afforded by the ATMS.  Secondly, several options exist for correcting the temperature analysis for cloud liquid water attenuation and ice scattering.  Whether any of these are needed, or whether they have been taken care of in the MIRS algorithm, will be investigated.  Third, because the AMSU-A1 instrument does not have the moisture profiling channels, only the temperature is used in the determination of the height field from the integration of the hydrostatic equation.  With the ATMS radiances being processed by the MIRS algorithm, moisture profiles are available.  This new information will be included in the integration of the hydrostatic equation by using virtual temperature instead of temperature.  In many parts of the world, the replacement of temperature by virtual temperature would have a modest effect.  In the Tropics, however, with its abundant moisture, the impact of the use of virtual temperature will be greater.




[bookmark: _Toc178477229][bookmark: _Toc336517789]
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