ASSIMILATION OF GNSS-R DELAY-DOPPLER MAPS INTO WEATHER MODELS
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ABSTRACT

Global Navigation Satellite System Reflectometry (GNSS-R)
observations from the Cyclone Global Navigation Satellite
System (CYGNSS) mission are expected to improve numer-
ical weather prediction (NWP) models. Level 1 GNSS-R
observables, delay-Doppler maps (DDMs), contain informa-
tion that is lost in producing the Level 2 wind speed retrievals
at the specular point. DDMs could, therefore, prove to be
a better observable for data assimilation. In this study, as-
similation of GNSS-R DDMs into both global and regional
NWP models is demonstrated. In the global case, DDM as-
similation shows improvements on the European Centre for
Medium-Range Weather Forecasts (ECMWF) background
for one month of data. In the regional case, DDM assimila-
tion shows its impact on the hurricane structure and intensity.
Results using a two-dimensional variation analysis method
(VAM) are presented. A plan for an Observation System
Experiment (OSE) experiment is proposed.

Index Terms— GPS, GNSS-R, DDM, ocean wind, data
assimilation, NWP

1. INTRODUCTION

The Global Navigation Satellite System Reflectometry (GNSS-
R) technique has been shown to be an effective technique for

ocean remote sensing [1]. The Cyclone Global Naviga-

tion Satellite System (CYGNSS) constellation launched in

December 2016 provides GNSS-R measurements over the

Earth’s surface between +35° degree latitude with a short 4

hour mean revisit time and observations at the inner core of

the tropical cyclones [2].

Level la data products of the CYGNSS mission are the
delay-Doppler maps (DDMs). From these, a Level 2 prod-
uct, the surface wind speed within a 25 km resolution cell
centered at the specular point, is obtained [3, 4]. We have
recently demonstrated that the lower-level DDM product can
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be assimilated to improve a two-dimensional gridded wind
field using a forward model [5] and the Variational Analysis
Method (VAM) [6]. Assimilating the DDM would incorpo-
rate more information from the reflected signal and could po-
tentially result in improved performance.

This paper presents early results demonstrating DDM as-
similation in both a global data assimilation (DA) case and
a regional DA case. A description of the DA method is pre-
sented in section 2. Assimilation results for global case are
shown in section 3 and those for the regional case are shown
in section 4. The conclusions are stated in section 5.

2. VARIATIONAL ASSIMILATION METHOD

The DDM is produced by cross-correlating the total received
scattering power with a GNSS baseband signal model. A
well-established scattering model [1] relates the DDM to the
surface wind field within the glistening zone under certain as-
sumptions. This model has been implemented in code for
the CYGNSS end-to-end simulator [7] and adapted to a for-
ward model [5]. We have applied the 2D variational analysis
method (VAM) [6] with this forward model to assimilate a se-
ries of DDMs to improve a background wind vector field ob-
tained from a numerical weather model. VAM accomplishes
this, producing the analysis wind vector field, by minimizing
the following objective cost function J,

J(x) = Jp(z) + Jo(x) + Je(z) (1)

where J, is the background term representing the misfit be-
tween the analysis and background,

Jp(x) = Np(x — :cb)TB*l(:c — xp) 2)

J, is the DDM observation term representing the difference
between the observed DDM and the simulated DDM,

Jo(@) = Ao(h(z) — )" R™ (h(z) — y) 3)

and J. is an additional smoothness and dynamic constraint
term including Laplacian, divergence and vorticity. x, x; are
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Fig. 1. An example of the global data assimilation results shown by ECMWF background, analysis after assimilating CYGNSS
DDMs, and the increment for the time block of 7:20-7:40 UTC on 17-June-2017.
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Fig. 2. Scatter plots of the comparison of ECMWF background winds (left), analysis winds after assimilating CYGNSS DDMs
(middle) and CYGNSS Level 2 winds (right) with SCAT winds at the CYGNSS specular points for one month of data in

June-2017.

vectors of u, v components of the analysis and background.
Aps Ao are ad hoc weights to control the influence of each
term. B is the covariance matrix of the background. h(x) is
the DDM forward model [5]. y is the observed DDM and R
is the DDM observation covariance matrix.

3. GLOBAL ASSIMILATION CASE

In the global data assimilation experiment, forecasts from
the European Centre for Medium-Range Weather Forecasts
(ECMWEF) are used for the background. The observation is
CYGNSS v2.1 Level 1a DDM data (calibrated to units of
Watts at the receiver). Scatterometer (SCAT) winds from
ASCAT and OSCAT (< 1 m/s error), collocated with the
CYGNSS specular points are used for comparison. Data
assimilation was performed every 20 minutes with the back-
ground interpolated into the center of each time block, as-
suming the wind field does not change during the time. One
month of data with 663909 DDMs from 1-June-2017 to 30-
June-2017 was assimilated.

Observed DDMs can be biased as a result of inaccurate

estimation of the transmitter power, receiver antenna pattern
and representation error in the forward model. Similar to
the “track-wise” bias correction on the retrieved winds [8],
a bias correction was implemented in the DDM space be-
fore assimilating the DDMs. Since the background is a global
NWP model, it is assumed to be unbiased. Therefore, a con-
stant bias correction to the DDM power is computed for ev-
ery CYGNSS track by matching the modeled DDMs from the
background with the observed DDMs using a least square fit.

Figure 1 shows an example of the background, analysis
and increment of the 20-minute data block for 7:20-7:40 UTC
on 17-June-2017, in which the CYGNSS specular point tracks
are shown in the left subfigure as white circles. The increment
figure shows that assimilation of a track of DDMs can impact
a swath of wind field with a width of 200~250 km.

Wind speeds at the CYGNSS specular points in the back-
ground and analysis are compared quantitively with the SCAT
winds. The result is shown in Figure 2 (left and middle). The
left plot is the comparison between the background and SCAT
and the middle one is the comparison between the analysis
and SCAT. The total root-mean-square (RMS) error has de-
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Fig. 3. An example of the regional data assimilation wind field map results shown by background, analysis and increment for
Hurricane Michael for the time block of 2:00-2:20 UTC on 07-Oct-2018.
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Fig. 4. An example of the regional data assimilation wind field map results shown by background, analysis and increment for
Hurricane Michael shown by contour plots and wind barbs for the time block of 2:00-2:20 UTC on 7-Oct-2018.

creased from 1.17 m/s to 1.07 m/s as a result of assimilating
the CYGNSS DDMs. This shows the contribution of DDM
on improving model fields.

The CYGNSS level 2 wind speeds at the same specular
points are also compared to the SCAT winds. The result is
shown in Figure 2 (right). The CYGNSS Level 2 wind speeds
have an RMS error of 1.56 m/s and present a larger vari-
ance. Comparison of the middle with the right plot in Figure
2 shows the improved precision of VAM-derived wind vec-
tors and suggests that this data product may be a better source
of input for global NWP data assimilation systems. The com-
parison between assimilating CYGNSS retrieved wind speed
and DDM using the same background is expected in future
work.

As the impact of assimilating DDMs is much larger than
the scale of the specular points, the wind speed RMS error of
the background and analysis are compared to the collocated
SCAT wind speeds over a swath along the CYGNSS spec-
ular point tracks with different widths. The result is shown
in Table 1. It shows the DDM assimilation can improve the

background wind field over a swath of at least 150 km.

80-km 120-km  150-km
Background  1.18 1.19 1.20
Analysis 1.10 1.11 1.13

Table 1. Wind speed RMS error of the ECMWF background
and analysis after assimilating CYGNSS DDMs over a swath
of with different width (80, 120 and 150 km). Units in m/s.

4. REGIONAL ASSIMILATION CASE

In the regional data assimilation experiment, Hurricane
Michael during 6-8-October-2018 was selected, at a time
before the rapid intensification stage (on 9-October). It was
still classified as a tropical depression on 9-October. As a cat-
egory 4 hurricane, Michael was poorly forecast by the current
operational models, e.g., Hurricane Weather Research and
Forecasting Model (HWRF), which makes it a perfect case



to assess the impact of DDM assimilation on the hurricane
forecasts.

Following a similar approach in the previous global case,
the time period between 21:00 UTC on 6-October to 9:00
UTC on 8-October was divided into 20-minute blocks. In-
terpolated ECMWF forecasts were used for the background
and bias correction was also implemented for each CYGNSS
track. At each time block, CYGNSS DDMs were assimilated
by the VAM, producing wind vector analysis.

Figure 3 shows an example of the background, analysis
and increment of the 20-minute block from 2:00-2:20 UTC on
7-October. CYGNSS specular point tracks are shown in the
left subfigure as white circles. It can be observed that several
observations pass across the hurricane center and the wind
maximum was increased in the analysis. Figure 4 shows the
contour plots of the impact of DDM assimilation on a region
near the hurricane center at the same time. Wind directions
are shown on each subplot. The structure of the wind field
estimate was changed by the DDM observation. DDM assim-
ilation was also found to not only change the wind speed, but
also the wind direction. The wind field remained smooth and
the hurricane circulation was retained in the analysis as a re-
sult of the smoothness and dynamic constraints in the VAM
cost function.

Our next step is to compare the impact of data assimilation
on hurricane forecast through an HWRF Observation System
Experiment (OSE). Forecasts of HWRF will be verified by
the best track data.

5. CONCLUSION

We have demonstrated that data assimilation of Level 1
GNSS-R DDMs using a 2D-VAM is possible. This approach
could be more effective than assimilating the Level 2 retrieved
wind speeds. The DDM assimilation is assessed on both a
global case and a regional case. In the global case, assim-
ilating CYGNSS DDMs reduced the RMS error (using one
month of data and comparing with scatterometer winds) from
1.17 m/s to 1.07 m/s. The analysis wind speeds at the spec-
ular points also show significant improvements as compared
with CYGNSS retrieved wind speeds. In the regional case,
the impact of DDM assimilation on the hurricane intensity
and structure is presented. An OSE experiment is proposed
to verify the impact of DDM assimilation on the hurricane
forecast comparing with other types of observations.
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