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Abstract 21 

The RapidScat scatterometer was built as a low cost follow-on to the QuikSCAT mission.  It 22 

flew on the International Space Station (ISS) and provided data from 3 October 2014 to 20 23 

August 2016 and provided surface wind vectors retrieved from surface roughness estimates taken 24 

at multiple azimuth angles.  These measurements were unique to the historical scatterometer 25 

record in that the ISS flies in a low inclination, non-sun-synchronous orbit.  Scatterometry-26 

derived wind vectors have been routinely assimilated in both forward processing and reanalysis 27 

systems run at the Global Modeling and Assimilation Office (GMAO).  As the RapidScat 28 

retrievals were made available in near-real-time, they were assimilated in the forward processing 29 

system, and the methods to assimilate and evaluate these retrievals are described.  Time series of 30 

data statistics are presented first for the near-real-time data assimilated in GMAO forward 31 

processing.  Second, the full data products provided by the RapidScat team are compared 32 

passively to the MERRA-2 reanalysis.  Both sets of results show that the root mean squared 33 

(RMS) difference of the observations and the GMAO model background fields increased over 34 

the course of the data record.  Furthermore, the observations and the backgrounds are shown to 35 

be biased for both the zonal and meridional wind components. The retrievals are shown to have 36 

had a net forecast error reduction via the forecast sensitivity observation impact (FSOI) metric, 37 

which is a quantification of 24 hour forecast error reduction, though the impact became neutral 38 

as the signal to noise ratio of the instrument decreased over its lifespan. 39 

 40 

 41 

 42 
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1.  Introduction 43 

Spaceborne scatterometers provide unique ocean surface wind information globally.  However, 44 

since scatterometers have historically flown in sun synchronous orbits, there are still temporal 45 

data gaps that exist via this sampling strategy.   Data assimilation can be used to compensate for 46 

the irregularity of the scatterometer record as well as to incorporate conventional observations 47 

from ships and buoys, which themselves are irregularly spaced.  This results in the generation of 48 

global surface wind fields which are regularly spaced both temporally and spatially.  The 49 

scatterometer-derived ocean vector winds are complementary to the conventional observing 50 

network, and the utility of these observations in data assimilation is applicable both in terms of 51 

forecasting (Yu and Mcpherson 1984, Atlas et al. 2001, Bi et al. 2011, Liu et al. 2017) and 52 

reanalysis (Goswami and Sengupta 2003, Dee et al. 2011a,b).  53 

 54 

A scatterometer determines surface roughness from a measured radar backscatter cross section.  55 

As surface roughness is a function of near-surface wind speed, a near-surface wind vector can be 56 

determined by measuring the same point from multiple azimuth angles.  The RapidScat 57 

instrument was flown by NASA onboard the International Space Station (ISS, Cooley 2013) as 58 

an extension of the NASA scatterometry data record.  Scatterometry from space was first 59 

demonstrated via the RADSCAT component of the S-193 payload of the Earth Resources 60 

Experiment Package on Skylab (Krishen 1975) in the mid-1970s, and follow on missions 61 

included the SeaSat-A satellite Scatterometer (Jones et al. 1982), the NASA Scatterometer 62 

(NSCAT, Liu et al. 1998), and the SeaWinds instruments onboard QuikSCAT and ADEOS-2 63 

(Wu et al. 1994, Graf et al. 1998).  Additionally, ESA (Quilfen and Bentamy 1994), 64 
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The purpose of this study is to summarize the RapidScat mission in the context of GMAO 87 

systems in two ways.  First, the performance of the RapidScat measurements assimilated in near-88 

real-time in GMAO FP is assessed.  Second, multiple data products available from the RapidScat 89 

team are considered in comparison to MERRA-2 with the goal of documenting the character of 90 

the data in preparation for future reanalyses performed at the GMAO. 91 

 92 

2.  Mission and Data 93 

RapidScat was launched on 20 September 2014 onboard the SpaceX Commercial Resupply-4 94 

mission and mounted to the Columbus laboratory of the ISS.  The ISS orbits at an inclination of 95 

51.6° at a height ranging from 330 to 435 km in a non-sun synchronous orbit.  ISS is novel in 96 

that it provides scatterometer ocean vector winds in a unique orbit, particularly due to its 97 

inclination, compared to traditional earth-observing orbits, most of which are in sun synchronous 98 

polar orbits or geostationary orbits.  However, earth remote sensing is not its primary objective.  99 

This leads to a number of challenges that are fairly unique to these wind retrievals, including the 100 

periodic orbit boost maneuvers needed to compensate for drag-induced descents and station 101 

attitude maneuvers fundamentally varying the instrument viewing geometry (Cooley 2013).   102 

 103 

The instrument is a pencil beam scatterometer operating in the Ku-band at a frequency of 13.4 104 

GHz.  The instrument sweeps in a circular motion, measuring the backscatter cross section of the 105 

surface at a given point from multiple azimuths.  This backscatter cross section is a function of 106 

surface roughness, which is highly correlated to wind speed and direction.  With multiple 107 





7 
 

a. Data and Methodology 130 

RapidScat data were made available in near-real-time via the RapidScat team.  Level 2B surface 131 

wind retrievals were acquired via FTP in NetCDF4 format, and the data were acquired with local 132 

cutoff of 6 hr 25 min relative to each six hour assimilation cycle.  That is, all data made available 133 

by JPL at 0625 UTC for the 0000 UTC window, which ranges from 2100 to 0300 UTC, would 134 

be transferred from JPL to the GMAO and processed as described in this section.  In the event of 135 

delayed data processing, the observations would exceed the latency requirements required for the 136 

GEOS FP system and would not be considered. 137 

 138 

Once acquired from the provider, the data underwent three stages of preprocessing.  First, 139 

retrievals with a quality flag greater than zero were discarded, constraining the procedure to 140 

consider only observations passing all quality checks.  These quality checks are described in 141 

detail in NASA (2016) and screen the observations that are inadequate for trustworthy retrieval 142 

due to a number of factors.  These include: inadequate sampling, contamination due to non-liquid 143 

water surface types, contamination due to precipitation, and wind speeds that exceed low and 144 

high wind speed thresholds of 3 ms-1 and 30 ms-1, respectively.  Second, the observations were 145 

aggregated to a 0.5° x 0.5° latitude/longitude grid via averaging in a procedure referred to as 146 

superobbing.  During this, geolocation was averaged in addition to the zonal and meridional 147 

wind components so that the processed locations were weighted towards the raw data locations.  148 

This is performed with the aim of producing observations that are more representative of the grid 149 

spacing of the analysis procedure.   Third, the observations were written as BUFR files following 150 

the NCEP Prep format generally used for conventional observation types.  In writing the data, 151 
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777 

Figure 4 �± Ranking of observation classes by the mean FSOI per analysis for the given periods.  778 

The observation classes are shaded relative to their FSOI per analysis.  Observation classes are 779 

connected from period to period by gray lines, with the exception of RapidScat, which is 780 

connected by red lines.  Radiance observations are denoted by (R).  Observation classes are 781 

described in Appendix A. 782 

 783 

 784 
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 797 

Figure 6 �± The daily background departure mean relative to MERRA-2 of the zonal (top) and 798 

meridional (bottom) winds for the v1.1 (green), v1.2 (red), v1.3 (blue), and clim_v1.0 (black) 799 

datasets.  The values are smoothed using a 60 day Hann window. 800 

 801 

 802 

 803 

 804 
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 806 

Figure 7 - The daily background departure RMS relative to MERRA-2 of the zonal (top) and 807 

meridional (bottom) winds for the v1.1 (green), v1.2 (red), v1.3 (blue), and clim_v1.0 (black) 808 

datasets.  The values are smoothed using a 60 day Hann window. 809 

 810 

 811 

 812 
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bias.  By the end of the v1.1 data record, these data were not consistent with the other versions, 373 

which exhibit more intra-dataset agreement.  The meridional wind component shows less bias 374 

relative to the MERRA-2 backgrounds than the zonal component.  The mean meridional wind 375 

background departures of the four data records is shown in Table 3.  The meridional component 376 

does show a seasonal cycle in the mean departures that is not seen in the zonal component.   377 

 378 

The observations show a continual increase in variance, as is illustrated by the background 379 

departure RMS shown in Figure 7.  Again, a 60-day Hann window is used to filter the statistics.  380 

The RMS of the background departure for the zonal and meridional wind components for all four 381 

data records are shown in Table 3.  For the clim_v1.0 retrievals, the RMS of the zonal 382 

(meridional) component background departure increased by 13.2% (17.5%) from the beginning 383 

to the end of the data stream.  Specifically, the zonal (meridional) departure RMS was 1.74 384 

(1.94) ms-1 for the period of 1 Nov 2014 to 31 Jan 2015.  It increased to 1.97 (2.28) ms-1 for the 385 

period of 1 June 2016 to 18 Aug 2016.  The increasing variances over the time series quantify 386 

the degradation of the observing system known to be due to the change in SNR state addressed in 387 

Section 2.   388 

 389 

The RMS of these data are fundamentally different than the data considered in section 3b.  To 390 

compare the GMAO FP and clim_v1.0 data, Figure 8 shows a scatter plot of RapidScat 391 

background departure daily RMS for both wind components for matching dates.  The mean 392 

difference between the zonal GMAO FP daily RMS and the clim_v1.0 daily RMS was  393 

-0.03 ms-1.  Due to the increase of outliers in the GMAO FP stream, the median difference 394 
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increase in variance, and thus degradation of retrieval quality, over the course of the data record.  417 

The cause of these degradations are understood and relate to the signal to noise ratio of the 418 

instrument.  In terms of forecast impact, the RapidScat data showed, via the FSOI metric, that the 419 

observations were acting to reduce the 24 hour forecast error until February 2016.  At that point, 420 

the change to the Low SNR 3 state corresponded to a change in the FSOI characteristic and a 421 

further increase in RMS.   422 

 423 

The change in specified observation error used in the assimilation on 21 October 2015 was 424 

suboptimal.  At the time, there was a decision to fit the data more strongly, though this action 425 

was contrary to the subsequent degradation of the data over time.  This was illustrated with the 426 

increasing RMS over the lifespan of the instrument.  It would have been appropriate to increase, 427 

rather than reduce, the observation error, but the increase in RMS was difficult to assess in the 428 

near-real-time monitoring of GMAO FP.  For future reanalysis efforts, the proper approach will 429 

be to dynamically prescribe an observation error that aims to keep the ratio of the background 430 

departure variance to the prescribed observation error variance near-constant over time.  431 

However, additional infrastructure will be needed in the context of the current assimilation 432 

system to allow for the dynamic prescription of observation error. 433 

 434 

Furthermore, the data was seen to be biased both in a bulk sense as well as a function of wind 435 

speed.  It would have also been appropriate to screen observations at low and high wind speeds 436 

to remove observations that were essentially skewed from the proper normal distribution of 437 

background departures.  For future reanalyses, more stringent screening based on the observed 438 
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wind speed will be implemented.  Also, it may be beneficial to perform a bias correction on the 439 

observations, as the bias is not consistent with those seen for other scatterometers in MERRA-2 440 

(McCarty et al. 2016).  However, the proper implementation of a bias correction procedure for 441 

these observations requires more study.   442 

 443 

The comparison against MERRA-2 shows that the clim_v1.0 data record has the best 444 

performance in terms of bias and RMS for both wind vector components.  In future reanalysis, 445 

the use of this data stream, in conjunction with the aforementioned dynamic prescription of 446 

observation error, could result in a better use of RapidScat than was performed in GMAO FP.   447 

 448 

Perhaps more significant to the future is the effect that ocean vector winds will have on coupled 449 

assimilation systems.  Historically, near-surface observations have previously been largely 450 

constrained by boundary conditions.  As ocean-atmosphere model and analysis coupling 451 

becomes more direct over time, the observations near the interface will become fundamentally 452 

important to how the different earth component models respond to each other.  Simplistically, 453 

near-surface winds drive ocean surface evaporation, and scatterometry can help better constrain 454 

this process and the global water cycle as a result.  This also extends into other atmospheric 455 

components of an integrated earth system analysis, as the surface winds largely drive sea salt 456 

aerosol emissions (Chin et al. 2002).  These aerosols have both climatological feedbacks (Ayash 457 

et al. 2008, Ma et al. 2008) and can act as cloud condensation nuclei in the marine environment, 458 

particularly at high wind speeds (Hudson et al. 2011).  This further links the importance of 459 
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Appendix A 481 

The classes in Figure 4 consist of the following observations: 482 

Aircraft Aircraft-measured temperature and wind 483 

AIRS (R) Atmospheric Infrared Sounder (AIRS) brightness temperatures 484 

AMSU-A (R)  Advanced Sounding Microwave Unit-A (AMSU-A) antenna 485 

temperatures 486 

AMV Atmospheric Motion Vectors (AMV) derived from GOES, 487 

Himawari, and MeteoSat geostationary satellite imagery and 488 

MODIS and AVHRR polar-orbiting satellite imagery 489 

ASCAT Ocean vector wind retrievals from the EUMETSAT Advanced 490 

Scatterometer (ASCAT) 491 

ATMS (R) Advanced Technology Microwave Sounder (ATMS) antenna 492 

temperatures 493 

CrIS (R) Cross-track Infrared Sounder (CrIS) brightness temperatures 494 

Dropsonde Dropsonde-measured temperature, specific humidity, and wind  495 

GOES Sounder (R) Geostationary Operational Environmental Satellite (GOES) 496 

Sounder brightness temperatures 497 

GPS RO Global Positioning System Radio Occultation (GPS RO) 498 

measurements of bending angle 499 
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HIRS (R) High-resolution Infrared Radiation Sounder / 4 (HIRS) brightness 500 

temperatures 501 

IASI (R) Infrared Atmospheric Sounding Interferometer (IASI) brightness 502 

temperatures 503 

Land Surface Surface observations of pressure, temperature, and wind measured 504 

over land 505 

Marine Surface Surface observations of pressure, temperature, specific humidty, 506 

and wind measured over water and sea ice 507 

MHS (R) Microwave Humidity Sounder (MHS) antenna temperatures 508 

PIBAL Pilot Weather Balloon (PIBAL) derived winds 509 

Radar Winds Radar-measured winds from NEXRAD and wind profilers 510 

RAOB Rawinsonde-measured surface pressure, temperature, specific 511 

humidity, and wind  512 

RapidScat Ocean vector wind retrievals from RapidScat 513 

SEVIRI (R) Spinning Enhanced Visible and Infrared Imager (SEVIRI) 514 

brightness temperatures 515 

SSMIS (R) Special Sensor Microwave Imager/Sounder (SSMIS) brightness 516 

temperatures 517 

 518 

 519 
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 806 

Figure 7 - The daily background departure RMS relative to MERRA-2 of the zonal (top) and 807 

meridional (bottom) winds for the v1.1 (green), v1.2 (red), v1.3 (blue), and clim_v1.0 (black) 808 

datasets.  The values are smoothed using a 60 day Hann window. 809 
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