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ABSTRACT
The Rapid Scatterometer (RapidScat) was built as a low-cost follow-on to the QuikSCAT mission. It flew
on the International Space Station (ISS) and provided data from 3 October 2014 to 20 August 2016. These
data allowed for the retrieval of surface wind vectors derived from surface roughness estimates measured
from multiple coincident azimuth angles. These measurements were unique to the historical scatterometer
record in that the ISS flies in a low inclination, non-sun-synchronous orbit. Scatterometry-derived wind
vectors have been routinely assimilated in both forward processing and reanalysis systems run at the Global
Modeling and Assimilation Office (GMAO). As the RapidScat retrievals were made available in near–real
time, they were assimilated in the forward processing system, and the methods to assimilate and evaluate
these retrievals are described. Time series of data statistics are presented first for the near-real-time data
assimilated in GMAO forward processing. Second, the full data products provided by the RapidScat team are
compared passively to the MERRA-2 reanalysis. Both sets of results show that the root-mean-square (RMS)
difference of the observations and the GMAO model background fields increased over the course of the data
record. Furthermore, the observations and the backgrounds are shown to be biased for both the zonal and
meridional wind components. The retrievals are shown to have had a net forecast error reduction via the forecast
sensitivity observation impact (FSOI) metric, which is a quantification of 24-h forecast error reduction, though
the impact became neutral as the signal-to-noise ratio of the instrument decreased over its lifespan.

1. Introduction
Spaceborne scatterometers provide unique ocean
surface wind information globally. However, because scatterometers have historically flown in sun-synchronous orbits, there are still temporal data gaps that exist via this
sampling strategy. Data assimilation can be used to compensate for the irregularity of the scatterometer record, as
well as to incorporate conventional observations from ships
and buoys, which themselves are irregularly spaced. This
results in the generation of global surface wind fields that
are regularly spaced both temporally and spatially. The
scatterometer-derived ocean vector winds are complementary to the conventional observing network, and the
utility of these observations in data assimilation is applicable both in terms of forecasting (Yu and Mcpherson 1984;
Atlas et al. 2001; Bi et al. 2011; Liu et al. 2018) and reanalysis
(Goswami and Sengupta 2003; Dee et al. 2011a,b).
Corresponding author: Will McCarty, will.mccarty@nasa.gov

A scatterometer determines surface roughness from a
measured radar backscatter cross section. As surface
roughness is a function of near-surface wind speed, a
near-surface wind vector can be determined by measuring the same point from multiple azimuth angles. The
Rapid Scatterometer (RapidScat) instrument was flown
by NASA on board the International Space Station
(ISS; Cooley 2013) as an extension of the NASA scatterometry data record. Scatterometry from space was
first demonstrated via the radiometer scatterometer
(RADSCAT) component of the S-193 payload of the
Earth Resources Experiment Package on Skylab
(Krishen 1975) in the mid-1970s, and follow-on missions
included the Seasat scatterometer (Jones et al. 1982),
the NASA scatterometer (NSCAT; Liu et al. 1998), and
the SeaWinds instruments on board QuikSCAT and the
Advanced Earth Observing Satellite-2 (ADEOS-2; Wu
et al. 1994; Graf et al. 1998). Additionally, ESA (Quilfen
and Bentamy 1994), EUMETSAT (Figa-Saldaña et al.
2002), and the Indian Space Research Organisation
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(ISRO; Kumar et al. 2013) have all flown scatterometers
in space.
RapidScat data were made available in near–real time
and were assimilated in the forward processing (FP)
system at NASA Goddard Space Flight Center’s Global
Modeling and Assimilation Office (GMAO). Based on
the Goddard Earth Observing System (GEOS) atmospheric data assimilation system (ADAS; Rienecker
et al. 2008), this system runs routinely in near–real time
with four 6-h assimilation cycles centered upon 0000,
0600, 1200, and 1800 UTC. Additionally, two mediumrange forecasts are routinely integrated from the 0000
and 1200 UTC analyses for 10 and 5 days, respectively.
GMAO FP is used by a number of NASA science teams
and field campaigns for mission and decision support.
RapidScat observations were assimilated as near-surface
wind vectors, defined by their zonal and meridional components, in FP beginning at 1200 UTC 12 May 2015.
Also produced at the GMAO is the Modern-Era
Retrospective Analysis for Research and Applications,
version 2 (MERRA-2; Gelaro et al. 2017), reanalysis.
Wind vectors determined via scatterometry were assimilated in the reanalysis. The MERRA-2 scatterometry record begins with the ESA European Remote
Sensing (ERS) scatterometer on 5 Aug 1991 and continues through today with the ERS-2, QuikSCAT, and
EUMETSAT MetOp Advanced Scatterometer (ASCAT)
records (McCarty et al. 2016). RapidScat was not used in
MERRA-2, as development had frozen prior to the launch
and implementation of the instrument.
The purpose of this study is to summarize the RapidScat
mission in the context of GMAO systems in two ways.
First, the performance of the RapidScat measurements
assimilated in near–real time in GMAO FP is assessed.
Second, multiple data products available from the
RapidScat team are considered in comparison to
MERRA-2, with the goal of documenting the character
of the data in preparation for future reanalyses performed at the GMAO.

2. Mission and data
RapidScat was launched on 20 September 2014 on
board the SpaceX Commercial Resupply-4 mission and
mounted to the Columbus laboratory of the ISS. The ISS
orbits at an inclination of 51.68 at a height ranging from
330 to 435 km in a non-sun-synchronous orbit. ISS is
novel in that it provides scatterometer ocean vector
winds in a unique orbit, particularly due to its inclination, compared to traditional Earth observing orbits, most of which are in sun-synchronous polar orbits
or geostationary orbits. However, Earth remote sensing
is not its primary objective. This leads to a number of
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challenges that are fairly unique to these wind retrievals,
including the periodic orbit boost maneuvers needed to
compensate for drag-induced descents and station attitude maneuvers fundamentally varying the instrument
viewing geometry (Cooley 2013).
The instrument is a pencil-beam scatterometer operating in the Ku-band at a frequency of 13.4 GHz. The instrument sweeps in a circular motion, measuring the
backscatter cross section of the surface at a given point
from multiple azimuths. This backscatter cross section is a
function of surface roughness, which is highly correlated to
wind speed and direction. With multiple measurements
from varying azimuths, the surface roughness can then be
used to retrieve a surface wind vector.
RapidScat was a quick and low-cost follow-on to the
SeaWinds instrument on board the QuikSCAT and
ADEOS-2 satellites. The instrument was assembled
from flight-capable hardware used as test and spare
parts from the QuikSCAT mission at the NASA Jet
Propulsion Laboratory (JPL). A primary change in design required the use of a 0.75-m antenna, a reduction
from the 1.0-m antenna used on QuikSCAT. This was
necessary to fit launch vehicle and ISS size constraints,
though it is noted that the smaller antenna is measuring
at approximately half the altitude of the QuikSCAT
mission. Because of the similarity to SeaWinds, the
ground processing software for QuikSCAT was used
with modifications for the ISS implementation (NASA
2016). This includes the wind retrieval algorithm, which
is an extension of that used for SeaWinds and is described in Fore et al. (2014).
The instrument provided data from 3 October 2014 to
20 August 2016. Fundamental to the quality of the
RapidScat retrievals was a degradation of the instrument’s
signal-to-noise ratio (SNR) over the life of the instrument.
The instrument team characterized the degradation into
five categories: high SNR, which was the nominal operation, and four low SNR states. These low SNR states were
not permanent, as the instrument did shift among the five
SNR states. The time periods for these SNR states are
shown in Table 1.

3. Evaluation of near-real-time assimilation
a. Data and methodology
RapidScat data were made available in near–real time
via the RapidScat team. Level 2B surface wind retrievals
were acquired via FTP in NetCDF4 format, and the data
were acquired with local cutoff of 6 h 25 min relative to
each 6-h assimilation cycle. That is, all data made
available by JPL at 0625 UTC for the 0000 UTC window, which ranges from 2100 to 0300 UTC, would be
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TABLE 1. Time periods corresponding to the various signal-tonoise states over the RapidScat record.
SNR state

Dates

High SNR

3 Oct 2014–15 Aug 2015
18 Sep–6 Oct 2015
8–10 Feb 2016
19 Aug–18 Sep 2015
6–7 Oct 2015
30–31 Mar 2016
7 Oct 2015–8 Feb 2016
10–11 Feb 2016
11 Feb–29 Mar 2016
1–2 Jul 2016
1 Apr–1 Jul 2016
3 Jul–20 Aug 2016

Low SNR 1

Low SNR 2
Low SNR 3
Low SNR 4
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transferred from JPL to the GMAO and processed as
described in this section. In the event of delayed data
processing, the observations would exceed the latency
requirements required for the GEOS FP system and
would not be considered.
Once acquired from the provider, the data underwent
three stages of preprocessing. First, retrievals with a
quality flag greater than zero were discarded, constraining the procedure to consider only observations
passing all quality checks. These quality checks are described in detail in NASA (2016), and they screen the
observations that are inadequate for trustworthy retrieval due to a number of factors. These factors include
inadequate sampling, contamination due to nonliquid
water surface types, contamination due to precipitation,
and wind speeds that exceed low and high wind speed
thresholds of 3 m s21 and 30 m s21, respectively. Second,
the observations were aggregated to a 0.58 3 0.58
latitude–longitude grid via averaging in a procedure
referred to as superobbing. During this, geolocation was
averaged, in addition to the zonal and meridional wind
components, so that the processed locations were weighted
toward the raw data locations. This is performed with the
aim of producing observations that are more representative of the grid spacing of the analysis procedure. Third, the
observations were written as BUFR files following the
NCEP Prep format generally used for conventional observation types. In writing the data, the same data identifiers were used from previous QuikSCAT data, as there is
no overlap and thus, no conflict.
The preprocessed RapidScat data were assimilated in
the GEOS ADAS version 5.13.1. The GEOS ADAS
consists of the GEOS atmospheric model (Rienecker
et al. 2008; Molod et al. 2015), the Gridpoint Statistical
Interpolation analysis system (GSI; Wu et al. 2002;
Kleist et al. 2009) meteorological assimilation routine,
and the Goddard Aerosol Assimilation System (GAAS;
Buchard et al. 2017; Randles et al. 2017) aerosol analysis

routine. This version was the first three-dimensional
ensemble–variational hybrid (Wang et al. 2013) implementation of the GSI at GMAO. The central forecast
model was run on the cubed-sphere dynamical core
(Putman and Lin 2007) at an approximate resolution of
0.258 3 0.31258 on 72 hybrid-eta levels to 0.01 hPa. The
ensemble members used in the hybrid analysis are run
using the same model, except at a reduced horizontal
resolution of 1.08 3 1.258. The GSI analysis is run on a
square latitude–longitude grid at a 0.58 3 0.6258 horizontal resolution and the same vertical coordinates as
the model. In addition to RapidScat, the system already
assimilated ASCAT surface wind vectors, as well as a
broad suite of conventional and remotely sensed observations consistent with other global operational numerical weather prediction centers. A description of the
global observing system is available in McCarty et al.
(2016) for MERRA-2, which is generally consistent with
the GEOS FP system during the study period.
Beyond the superobbing performed in preprocessing,
the observations were further thinned to a 100-km
global thinning mesh within the assimilation system.
This thinning was consistent with the implementation of
ASCAT in the GEOS system. Preimplementation testing found the additional thinning mesh to be slightly
beneficial. As the observations are thinned beyond the
grid spacing of the analysis procedure, this procedure
effectively acts to smooth the information content of the
observations. The observations were assimilated with
a specified observation error of 3.5 m s21 prior to 21
October 2015 and 2.5 m s21 thereafter. This change coincided with a reduction of the specified observation
error for a number of different observation types and
was the result of internal testing, with the aim of increasing observation weight of the observations in order
to correct systematic model biases. The only additional
quality control performed was a gross check of the background departure, defined as the difference between the
observation and the background field interpolated to the
point of the observation. By construction within the GSI,
this check is also a function of the observation error—
defined as 1.4 times the specified observation error
for RapidScat. This value was determined in preimplementation testing. This parameter was not adjusted when the prescribed RapidScat observation error
was changed. As a result, observations with a background departure magnitude greater than 4.9 (3.5) m s21
were excluded prior to (after) 21 October 2015.

b. Summary of performance in GMAO forward
processing
Routine assimilation of RapidScat observations began
with the 1200 UTC assimilation cycle on 6 May 2015 and
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FIG. 1. The mean (blue) and RMS (red) of the background departure for assimilated observations for the (top) zonal and (bottom) meridional wind components from the GMAO FP
system. Also shown are the assimilated observation counts (gray). The vertical dotted line
represents 21 Oct 2015, which corresponds to the change of the specified observation error and
gross check magnitude described in section 3a.

continued through the 1800 UTC cycle on 19 August
2016. The background departure bias and RMS for both
wind components, as well as the assimilated observation
counts, are shown in Fig. 1. The near-real-time data
stream, which was sensitive to data downlink delays,
resulted in inconsistencies and gaps in the observation
counts. The RMS for both components, as well as the
assimilated observation counts, change corresponding
to the observation error and gross check change that
occurred on 21 October 2015. The average assimilated
observation count per cycle from 6 May to 20 October
2015 was 4714 observations per analysis, but the latency
limitations of the data stream caused this count to vary,
particularly early in the FP data record. For the period
of 15 July–1 September 2015, the average assimilated
observation count per cycle was 6712, which was more
representative of the optimal count for the 6 May–20
October 2015 period. The assimilated background departure RMS for 6 May–20 October 2015 was 1.43
(1.55) m s21 for the zonal (meridional) wind components. The mean assimilated background departure
over this period for the zonal (meridional) wind
was 20.22 (0.15) m s21.
With the observation error and gross check changes,
more outlying observations in terms of background departure were rejected. This resulted in fewer assimilated observations and a reduced RMS. The average

assimilated observation count per cycle from 21 October
2015 to 19 August 2016 was 5326 observations per
analysis, and the RMS for the zonal (meridional) wind
components for this period was 1.12 (1.21) m s21. The
mean background departure over this period for the
zonal (meridional) wind was 20.21 (0.05) m s21. Following the data gap from 27 March to 5 April 2016, there
was an increase in the meridional wind bias that corresponded in a switch from the low SNR 3 to the low
SNR 4 state (Table 1). From the period of 21 October
2015 to 26 March 2016, the mean meridional wind
background departure was 0.01 m s21. This mean departure increased to 0.10 m s21 for the period of 6
April–19 August 2016. For these two per periods,
the zonal wind remained generally unchanged, with a
mean background departure of 20.24 m s21 for 21
October 2015–26 March 2016 and 20.23 m s21 for 6
April–19 August 2016.
The distribution of the departures in wind speed as a
function of the observed wind speed is shown in Fig. 2
for 1–31 June 2015 and 1–31 June 2016. The change in
the gross check of the background departure is apparent
between the two time periods, as fewer outliers in
background departure are seen in the 2016 period
compared to the 2015 period. The speed background
departure standard deviation is 1.16 (1.02) m s21 for the
2015 (2016) period, and the difference between the two
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FIG. 2. Distribution of the wind speed background departure as a function of the observed wind speed for (left)
1–31 Jun 2015 and (right) 1–31 Jun 2016. Also shown is the background departure mean of all wind speeds (black
dashed), the background departure mean as a function of wind speed (red solid), and the standard deviation, plus or
minus the speed-dependent mean, as a function of wind speed (red dashed).

periods is driven by this change in the gross check. There
is no clear signal as a function of wind speed in standard
deviation (Fig. 2, dashed red), as they are within 12.9%
(8.5%) of the total standard deviation for all wind
speeds greater than 5.0 m s21 and less than 22 m s21 for
the 2015 (2016) periods.
For both periods, the total background departure bias
(Fig. 2, black) is seen to be similar in magnitude: 0.69 and
0.74 m s21 for 2015 and 2016, respectively. Both also
show that the magnitude of the bias in background departure, relative to the total bias, increases as a function
of wind speed (Fig. 2, solid red). The difference between
the functional and total wind speed bias exceeds
1.0 m s21 at 18.0 and 21.0 m s21 for 2015 and 2016, respectively. Though the 2015 high wind speed background departure bias is higher, this is because the gross
check is larger, thus letting in more outliers that are seen
to be skewed positive.
To further assess the data quality and impact RapidScat had on the GMAO FP system, the component
RMSs of all observations, both assimilated and rejected
via the gross check, are shown in Fig. 3. In this plot, the
component RMSs are smoothed and normalized as
percent relative to the mean daily RMS of May 2015.
These normalization values are 1.78 and 1.96 m s21 for
the zonal and meridional wind components, respectively. A 60-day raised cosine, or Hann, window is
applied to the daily RMS fields of each field as a
smoothing operator. All observations are considered for
two reasons. First, the elimination of outliers was
inconsistent over the assimilation period, as the gross
check changed on 21 October 2015. Second, an increase in the variance of the background departures,

corresponding to a decrease in observation quality,
would have had a dampened signal by excluding outliers. This inclusion of rejected observations was necessary to directly and consistently assess the observation
quality over the entire data record.
The background departure RMSs for both wind components were within 3% of the May 2015 levels until
8 July 2015. From 8 July to 13 August 2015, the RMS
dropped to a low of 92.7% (91.6%) of the May 2015
levels for the zonal (meridional) components on 3 August
2015 (1 August 2015). After a data gap from 14 to
29 August 2015, the RMS jumped to 104.9% (102.6%)
of the May 2015 levels, denoting a change in the

FIG. 3. The monthly mean FSOI per analysis (green) and the
smoothed relative zonal (red) and meridional (blue) wind background departure RMS from GMAO FP. The daily zonal and
meridional wind RMS are normalized as a percent of the May 2015
mean daily RMS—1.78 and 1.96 m s21, respectively—and are
smoothed using a 60-day Hann smoother. Gaps in the RMS curves
correspond to periods with missing data, consistent with Fig. 1.
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observation character (Fig. 3). This gap, and the subsequent increase in RMS, corresponds to the first change
from high SNR to the low SNR 1 state. After peaking in
September 2015, the RMS stayed within 101%–104%
(101%–105%) of the May 2015 zonal (meridional) RMS
until 20 February 2016. At this point, an increase in RMS
was seen, and from 1 March 2016 to the end of the record
on 20 August 2016, the RMS was within 105%–110%
(107%–110%) of the May 2015 RMS values. The increase in RMS seen from February to April 2016 corresponds to two changes in SNR state: from low SNR 2
to low SNR 3 and from low SNR 3 to low SNR 4.
To assess the impact the RapidScat observations had
on the analysis, the monthly mean forecast sensitivity
observation impact (FSOI; Langland and Baker 2004;
Gelaro and Zhu 2009) metric per analysis is also shown
in Fig. 3. This metric represents a change in 24-h forecast
error due to the each individual observation, where
a negative (positive) value quantifies a decrease (increase) in 24-h forecast error. The forecast error is integrated across variables and quantified using a moist
energy norm (Ehrendorfer et al. 1999; Holdaway et al.
2014). The bars in this figure represent the FSOI metric
per analysis for all assimilated RapidScat observations,
computed daily for the 0000 UTC assimilation cycle
and averaged by month. For the first 3 months, the FSOI
metric indicates a net reduction in 24-h forecast error
due to the RapidScat observations. August 2015 indicates that the RapidScat observations had a net degradation on the 24-h forecasts, but this was largely driven
by one single analysis cycle initialized at 0000 UTC 11
August 2015. In this instance, a numerical instability in the
adjoint of the forecast model resulted in unrealistically
large values of FSOI for a region off the coast of eastern
South Africa. This instability was sampled by 0.3% of the
assimilated RapidScat observations and accounted for
56.5% of the total impact for the instrument for this cycle.
By excluding this single case, the August 2015 value decreases from 0.002 to 29.4 3 1026 J kg21, which is effectively neutral for the month.
Though the RMS increased in September 2015, there
was no clear change in the FSOI metric between September
2015 and February 2016. There was also no clear signal seen
with the decrease in the observation error on 20 October
2015, and more testing would be needed to directly quantify that response in terms of this metric. With the RMS
increase in late February 2016, the FSOI metric transitioned from a net reduction in forecast error to generally
neutral, as its magnitude is reduced to near zero. This indicates that the observations were being improperly handled, particularly in that the observation error was reduced
at a time when the RMS of the observations indicated a
degradation of quality.
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To further illustrate the performance of RapidScat for
the three periods of stepwise RMS increase, the FSOI
per analysis, ranked relative to all other observations, is
shown in Fig. 4. The three periods shown are for 6 May–
31 July 2015, 29 August 2015–20 February 2016, and 1
March–20 August 2016. RapidScat is shown to have
consistent performance relative to the global observing
system during the first two periods, accounting for
0.21% and 0.23% of the total FSOI per analysis. It
provided 39% and 44% of the FSOI per analysis of
ASCAT, which are the only other scatterometer data
assimilated in the GMAO FP system. RapidScat did
increase one position in rank, but this was due to the
drop of SSMIS in the second period due to the disabling
of the instrument on DMSP F18. The degradation in the
FSOI metric in the third period (Fig. 3) is also seen in the
relative ranking. The RapidScat FSOI per analysis decreased by 83% from the second period to the third
period, accounting for only 0.04% of the total FSOI
per analysis of the final period. During this period,
RapidScat was the lowest-ranking observation class.

c. Case study: 0600 UTC 28 May 2015
To further illustrate the impact of RapidScat in data
assimilation, a simple case study is presented. Tropical
Depression One-E was first reported from the National
Hurricane Center with the 0600 UTC 28 May 2015
Tropical Cyclone Vital (TCVital) observation. Its location is shown in Fig. 5. This depression would continue
to strengthen, becoming a named tropical cyclone, Andres, with the 1800 UTC TCVital report that same day
and a hurricane the following day.
During this analysis cycle, the environment surrounding the depression was measured in close proximity by both RapidScat and ASCAT. The assimilated
observations—those that pass quality control—for both
scatterometers are shown in Fig. 5 (left). ASCAT is
shown to sample only to the east of the storm, while
RapidScat samples in all directions of the storm center.
While this is, in part, fortuitous due to the orbits of each
instrument’s observing platform, the low inclination of
the ISS allows for sampling that is largely orthogonal to
the ASCAT measurements, which are measured from
highly inclined, sun-synchronous orbits.
The analyzed ps from an analysis procedure considering all observations except RapidScat is shown (Fig. 5,
left). The analyzed ps field considering all observations
including RapidScat (Fig. 5, right) is also shown. These
two analyses were performed using the same background field; therefore, any differences are explicitly,
and only, due to the inclusion or exclusion of the
RapidScat data at this instantaneous time. While the fields
are largely similar, it is seen that the closed secondary
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FIG. 4. Ranking of observation classes by the mean FSOI per analysis for the given periods.
The observation classes are shaded relative to their FSOI per analysis. Observation classes are
connected from period to period by gray lines, with the exception of RapidScat, which is
connected by red lines. Radiance observations are denoted by (R). Observation classes are
described in the appendix.

low at 12.58N, 108.758W is opened by the expansion of the
depression pressure field—specifically illustrated by the
1008-hPa contour. This corresponded to an increase in
curved flow in the wind field of the lowest model level.
This is illustrated by looking at the change in vorticity
between both analyses, the difference of which is plotted
in Fig. 5 (right). While no RapidScat observations are
directly present in the region of increased vorticity to the
northeast of the cyclone center, the horizontal spreading
of information from those observations via the assimilation procedure is shown to adjust the near-surface wind
and surface pressure fields.
These differences were further investigated through
forecast integration, though no noted difference in the
forecast of the storm from this single instance was seen.
Furthermore, a substantial number of case studies would
need to be performed to quantify the significance of any
perceived difference in forecast quality due to the inclusion of RapidScat data. Preimplementation experimentation testing the inclusion of RapidScat via standard
observing system experiments (OSEs) was performed
and showed no significant difference in global forecast

and analysis metrics. Both the extension to a significant
number of case studies and an assessment of the preimplementation experimentation are beyond the scope of
this study.

4. Evaluation for future reanalysis
a. Data and methodology
For this section, background departures relative to
MERRA-2 are considered. These results are all relative
to short-term forecasts that served as the background
fields in the MERRA-2 reanalysis fields, and the background departures are calculated using the GSI. The
resolution of both the background fields and the analysis
procedure is 0.58 3 0.6258 horizontally and the same vertically as the GMAO FP system described in section 3a. By
using the GSI, the mapping of the background fields to
observation space is consistent with the results shown in
the previous section. RapidScat was not assimilated in
MERRA-2, and therefore, there is no feedback from
these data from the background generated from the previous cycle.
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FIG. 5. The surface pressure analyses for 0600 UTC 28 May 2015 for (left) all observations excluding RapidScat
(black contour) and (right) all observations including RapidScat (black contours) are contoured every 2 hPa. (left)
The location, direction, and speed of observations passing all quality control procedures for RapidScat (green
barbs) and ASCAT (black barbs) are shown. (right) The positive (solid green contours) and negative difference
(dashed green contours) in lowest model level vorticity between the two analyses is contoured every 1 3 1025 s21.
Positive (negative) vorticity differences indicate that the inclusion of RapidScat has increased (decreased) the
vorticity at the lowest model level. The black circle denotes the location of the storm as reported by the National
Hurricane Center at this time.

Four versions of the Level 2B RapidScat retrievals are
available from JPL and are considered in this section.
Three versions, which exist for subsets of the data record,
are considered as v1.1, v1.2, and v1.3. Though the entire
data record for each version is shown, the data providers
state that each version is only valid until the beginning of
the subsequent version. The combination of versions is
necessary to assemble a data record that covers the full
lifespan of the instrument. A fourth version, which is a
reprocessing of the entire data record for climate studies, is
also considered and referred to as clim_v1.0. The temporal
range of these data streams are given in Table 2.
For the results shown in this system, the same preprocessing methods described in section 3a are used,
except no superobbing is performed, and no thinning
mesh is applied. That is, every observation is considered
individually, though the retrieval quality flags are still
considered, and the data are still converted to BUFR.
Furthermore, because the data are simply being compared against MERRA-2, and no assimilation is being
performed, the gross error check is not applied.

instrument. The mean zonal wind background departures
for the four data records are shown in Table 3. In November
2015, there is an increase in the magnitude of the bias in
the v1.2 and clim_v1.0 data. For the clim_v1.0 data, the
zonal mean departure increased in magnitude from
20.31 m s21 for the data record prior to 1 November 2015
to 20.36 m s21 for the data record after that date. The
v1.1 data did not show the same change in bias. By the end
of the v1.1 data record, these data were not consistent
with the other versions, which exhibit more intradataset
agreement. The meridional wind component shows less
bias relative to the MERRA-2 backgrounds than the
zonal component. The mean meridional wind background departures of the four data records are shown in
Table 3. The meridional component does show a seasonal
cycle in the mean departures that is not seen in the zonal
component.
The observations show a continual increase in variance, as illustrated by the background departure RMS
shown in Fig. 7. Again, a 60-day Hann window is used to

b. Results

TABLE 2. Temporal range of each RapidScat dataset compared to
MERRA-2.

The mean background departure time series for the
four data collections are shown in Fig. 6. These means
are smoothed using a 60-day Hann window, similar to
the results shown in Fig. 3. Relative to MERRA-2 background fields, the observations are shown to have a
zonal wind bias that increases over the lifespan of the

Version

Dates

v1.1
v1.2
v1.3
clim_v1.0

3 Oct 2014–10 Mar 2016
19 Aug 2015–20 Aug 2016
11 Feb–20 Aug 2016
3 Oct 2014–20 Aug 2016
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FIG. 6. The daily background departure mean relative to MERRA-2 of the (top) zonal and
(bottom) meridional winds for the v1.1 (green), v1.2 (red), v1.3 (blue), and clim_v1.0 (black)
datasets. The values are smoothed using a 60-day Hann window.

filter the statistics. The RMS of the background departure for the zonal and meridional wind components
for all four data records are shown in Table 3. For the
clim_v1.0 retrievals, the RMS of the zonal (meridional)
component background departure increased by 13.2%
(17.5%) from the beginning to the end of the data
stream. Specifically, the zonal (meridional) departure
RMS was 1.74 (1.94) m s21 for the period of 1 November
2014–31 January 2015. It increased to 1.97 (2.28) m s21
for the period of 1 June–18 August 2016. The increasing
variances over the time series quantify the degradation
of the observing system known to be due to the change
in SNR state addressed in section 2.
The RMSs of these data are fundamentally different
than the data considered in section 3b. To compare the
GMAO FP and clim_v1.0 data, Fig. 8 shows a scatterplot
of RapidScat background departure daily RMS for both
wind components for matching dates. The mean difference between the zonal GMAO FP daily RMS and the
clim_v1.0 daily RMS was 20.03 m s21. Because of the
increase of outliers in the GMAO FP stream, the median difference between the two RMSs is more representative of the difference and was 20.05 m s21. For the
meridional component, the mean and median daily
background departure RMS difference was 20.09 and
20.11 m s21, respectively. The increase in RMS as a

function of time in Fig. 8 is consistent with Fig. 3 and
Fig. 7.
There are three key differences to these sets of
background departures—particularly in the observations themselves. First, the GMAO FP observations,
which were calculated from observations acquired via
the RapidScat near-real-time data feed, can be considered the best data available at the time of acquisition.
The clim_v1.0 data were a postmission reprocessing and
are expected to be superior. Second, the near-real-time
limitation of the GMAO FP stream can result in low
observation counts for a given day, leading to certain
daily stats being misrepresentative due to sampling issues. For these two reasons, it is expected that in some
cases, the GMAO FP wind component RMS would be
TABLE 3. Mean and RMS of departure between the v1.1, v1.2,
v1.3, and clim_v1.0 observations and the MERRA-2 background
fields for the entirety of each data record.
Mean (m s21)

RMS (m s21)

Version

Zonal

Meridional

Zonal

Meridional

v1.1
v1.2
v1.3
clim_v1.0

20.28
20.34
20.38
20.33

0.04
0.09
0.10
0.00

1.91
2.05
2.06
1.85

2.15
2.32
2.56
2.09
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FIG. 7. The daily background departure RMS relative to MERRA-2 of the (top) zonal and
(bottom) meridional winds for the v1.1 (green), v1.2 (red), v1.3 (blue), and clim_v1.0 (black)
datasets. The values are smoothed using a 60-day Hann window.

larger than the clim_v1.0 wind component RMS. Third,
there was no superobbing performed on the clim_v1.0 data
in this study, while there was superobbing on the
GMAO FP observations. Should some component of
the observation error be random, the averaging in the
superobbing procedure would reduce the variance of
that component. For this reason, it would be expected

that the GMAO FP RMS would be smaller than the
clim_v1.0 RMS.

5. Conclusions and relevance to future reanalyses
This effort quantified the RapidScat data record as it
was used in GMAO forward processing systems and as it

FIG. 8. Scatterplot of the matched daily background departure RMS for the (left) zonal and (right) meridional
wind components for those assimilated in GMAO FP and the clim_v1.0 calculated relative to MERRA-2. The
points of the scatterplot are shaded by analysis date.
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could be applied to future reanalyses. Overall, all data
records illustrated an increase in variance, and thus,
degradation of retrieval quality, over the course of the
data record. The causes of these degradations are understood and relate to the signal-to-noise ratio of the instrument. In terms of forecast impact, the RapidScat data
showed, via the FSOI metric, that the observations were
acting to reduce the 24-h forecast error until February
2016. At that point, the change to the low SNR 3 state
corresponded to a change in the FSOI characteristic and a
further increase in RMS.
The change in specified observation error used in the
assimilation on 21 October 2015 was suboptimal. At the
time, there was a decision to fit the data more strongly,
though this action was contrary to the subsequent degradation of the data over time. This was illustrated with
the increasing RMS over the lifespan of the instrument.
It would have been appropriate to increase, rather than
reduce, the observation error, but the increase in RMS
was difficult to assess in the near-real-time monitoring of
GMAO FP. For future reanalysis efforts, the proper
approach will be to dynamically prescribe an observation error that aims to keep the ratio of the background
departure variance to the prescribed observation error
variance near-constant over time. However, additional
infrastructure will be needed in the context of the current assimilation system to allow for the dynamic prescription of observation error.
Furthermore, the data were seen to be biased both in a
bulk sense and as a function of wind speed. It would have
also been appropriate to screen observations at low and
high wind speeds to remove observations that were essentially skewed from the proper normal distribution of
background departures. For future reanalyses, more
stringent screening based on the observed wind speed
will be implemented. Also, it may be beneficial to
perform a bias correction on the observations, as the
bias is not consistent with those seen for other scatterometers in MERRA-2 (McCarty et al. 2016). However,
the proper implementation of a bias correction procedure for these observations requires more study.
The comparison against MERRA-2 shows that the
clim_v1.0 data record has the best performance in terms
of bias and RMS for both wind vector components. In
future reanalysis, the use of this data stream, in conjunction with the aforementioned dynamic prescription
of observation error, could result in a better use of
RapidScat than was performed in GMAO FP.
Perhaps more significant to the future is the effect that
ocean vector winds will have on coupled assimilation
systems. Historically, near-surface observations have been
largely constrained by boundary conditions. As ocean–
atmosphere model and analysis coupling becomes more

direct over time, the observations near the interface will
become fundamentally important to how the different
Earth component models respond to each other. Simplistically, near-surface winds drive ocean surface evaporation, and scatterometry can help better constrain this
process and the global water cycle as a result. This also
extends into other atmospheric components of an integrated Earth system analysis, as the surface winds largely
drive sea salt aerosol emissions (Chin et al. 2002). These
aerosols have climatological feedbacks (Ayash et al. 2008;
Ma et al. 2008) and can act as cloud condensation nuclei in
the marine environment, particularly at high wind speeds
(Hudson et al. 2011). This further links the importance of
surface wind observations to the global models as they
move toward two-moment microphysical schemes
(Barahona et al. 2014).
Because of the ongoing development in data assimilation, both at the GMAO and throughout the community, it
is expected that scatterometry will play an increasingly
important role. RapidScat has the capability of providing a
reference between the QuikSCAT, ISRO OceanSat-2
Scatterometer (OSCAT), and the EUMETSAT ASCAT
records with its unique orbit. This paper shows that the
data contain inconsistencies that should be accounted for
to allow for optimal use of these data in future reanalyses.
It also shows, via the FSOI metric, that the data did provide
benefit to analysis. Ultimately, the RapidScat observations
may be of unique utility, but only if the nature of the data is
well understood and accounted for.
Acknowledgments. The development of the GEOS
ADAS, the GMAO FP system, and MERRA-2 were
funded by NASA’s Modeling, Analysis, and Prediction
program. Additionally, the implementation of RapidScat was performed and funded as part of NASA’s
contributions to the Joint Center for Satellite Data Assimilation. Computational resources were provided by
the NASA Center for Climate Simulation. This effort
benefitted from years of heritage development of the
GMAO. Explicitly, the authors thank Meta Sienkiewicz,
Edmond B. Smith, and Albert Huang, whose previous
developments to the system were directly leveraged in
this work.

APPENDIX
Observation Classes
The classes in Fig. 4 consist of the following observations. Radiance observations are denoted by (R).
Aircraft

Aircraft-measured temperature and
wind
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AIRS (R)
AMSU-A
(R)
AMV

ASCAT

ATMS (R)

CrIS (R)
Dropsonde
GOES
Sounder
(R)
GPS RO

HIRS (R)

IASI (R)

Land surface

Marine
surface
MHS (R)
Pibal
Radar winds
Raob

RapidScat
SEVIRI (R)

SSMIS (R)

MONTHLY WEATHER REVIEW

Atmospheric Infrared Sounder (AIRS)
brightness temperatures
Advanced Microwave Sounding UnitA (AMSU-A) antenna temperatures
Atmospheric motion vectors (AMVs)
derived from GOES, Himawari, and
MeteoSat geostationary satellite imagery and MODIS and AVHRR
polar-orbiting satellite imagery
Ocean vector wind retrievals from the
EUMETSAT Advanced Scatterometer
(ASCAT)
Advanced Technology Microwave
Sounder
(ATMS)
antenna
temperatures
Cross-Track Infrared Sounder (CrIS)
brightness temperatures
Dropsonde-measured temperature,
specific humidity, and wind
Geostationary Operational Environmental Satellite (GOES) sounder brightness temperatures
Global positioning system radio occultation (GPS RO) measurements
of bending angle
High Resolution Infrared Radiation Sounder/4 (HIRS/4) brightness temperatures
Infrared Atmospheric Sounding
Interferometer (IASI) brightness
temperatures
Surface observations of pressure, temperature, and wind measured over
land
Surface observations of pressure, temperature, specific humidity, and wind
measured over water and sea ice
Microwave Humidity Sounder (MHS)
antenna temperatures
Pilot balloon (pibal)-derived winds
Radar-measured winds from NEXRAD and wind profilers
Rawinsonde-measured surface pressure,
temperature, specific humidity, and
wind
Ocean vector wind retrievals from
RapidScat
Spinning Enhanced Visible and Infrared Imager (SEVIRI) brightness
temperatures
Special Sensor Microwave Imager/Sounder
(SSMIS) brightness temperatures
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