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ABSTRACT 

We propose a Doppler calibration scheme that effectively 
removes errors come from attitude anomaly and antenna 
mispointing which are generic for all SAR sensors. The 
resulting calibrated Doppler signal of the entire ENVISAT 
ASAR ScanSAR data for one repeat cycle (35 days) showed 
well-balanced inter-swath measurements and largely reduced 
uncertainty without relying on bias correction using land 
reference. Sea ice drift in the Fram Strait was derived using 
both the offset-tracking and the Doppler estimation. An inter-
comparison of the time-averaged velocities showed overall 
high consistency with RMSE of 0.15 m/s. 

Index Terms— Synthetic aperture radar, Doppler, sea ice, 
velocity estimation, ENVISAT ASAR 

 
1. INTRODUCTION 

SAR Doppler is a unique application that can extract 
instantaneous velocity field at no extra cost in all kinds of 
existing SAR system. The applications were mainly ocean 
wind and/or surface current retrieval [1] and ground moving 
target indication [2], and recently the Doppler measurements 
were tested for retrieving sea ice drift field [3,6].  

The main challenges for extending Doppler application to 
sea ice motion are the low speed of the sea ice drift, which 
ranges 2-23 cm/s in the Fram Strait [4], and several 
uncertainties in the Doppler estimation procedure. Regarding 
the former issue, the measurement precision must be higher 
than the expected Doppler shift caused by the target’s motion 
along the line-of-sight (LOS) direction. In terms of Doppler 
frequency, an error of 1 Hz would translate to an error in the 
ground velocity of 5.6 cm/s at 30° incidence angle using 
ENVISAT ASAR system, thus the accuracy of the absolute 
Doppler should be better than 2 Hz to capture the ice drift 
moving in a moderate speed. However, it should be noted that 
the instantaneous speed can be higher than the known 
averaged speed considering typical non-linearity of the sea 
ice drift. The latter issue is related to the system and 
processing related calibration. Previous study was only able 
to suppress the measurement uncertainty down to 5 Hz [3,5], 
which is not enough for sea ice application. If possible, the 
Doppler processor must be calibrated precisely so that the 
uncertainty does not exceed the lower limit for sea ice 
application (i.e., 2 Hz). Recent study in [6] demonstrated the 

first quantitative comparison between ice drift derived from 
the Doppler shift and image pair with a short time lag of 25 
minutes, however, the tested image was only a single scene 
and the applied Doppler calibration was not generic, thus the 
results cannot be generalized. 

In this study, we examine an extensive set of ENVISAT 
ASAR ScanSAR data to improve the Doppler calibration, and 
then evaluate the feasibility of extending Doppler 
measurement for retrieving sea ice motion field with 
combined use of the image offset-tracking based drift 
estimation [7]. 

 
2. DOPPLER CALIBRATION 

The Doppler centroid shift measurement from any SAR 
sensor must be calibrated for non-geophysical biases. We 
follow the approach described in [5] with several 
improvements that make the calibration more precise. The 
raw Doppler centroid can be modelled as follows: 

 
𝑓"# = 𝑓%&'( + 𝑓&( + 𝑓%&'*                     (1) 

 
where 𝑓%&'( is the geometric Doppler which is related to the 
relative motion between the SAR antenna and the rotating 
Earth surface, 𝑓&( is the electronic mispointing originated by 
misalignment and failure of antenna transmit/receive module, 
and 𝑓%&'* is the geophysical Doppler induced by true motion 
of the target. The raw Doppler centroid, 𝑓"#, was calculated 
using NORUT GSAR processor which supports full azimuth 
band SAR focusing and side-band correction [8]. Doppler 
calibration is a procedure that eliminates non-geophysical 
terms, 𝑓%&'( and 𝑓&(, from 𝑓"#. 

For establishing and validating calibration parameters, we 
collected the entire ENVISAT ASAR ScanSAR mode data 
acquired for one full repeat cycle (35 days) from January 1 to 
February 4, 2010. The number of processed strips were 1328 
for HH polarization.  
2.1. Geometric Doppler 

The geometric Doppler can be calculated by solving the 
range-Doppler equations as described in [9]. For ENVISAT 
ASAR, key parameters like yaw and pitch steering law, 
orbital state vectors, and attitude vectors are available with 
high precision so that the uncertainty is expected to be 
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sufficiently low. However, even small amount of antenna 
misalignment along satellite body axes can make a significant 
Doppler offset as reported in [10]. Considering any 
unexpected/untracked attitude anomalies along the orbits 
during the mission, this misalignment contribution must be 
estimated from the data by comparing estimated Doppler 
centroid with predicted Doppler centroid over land coverage. 
This can be done by removing the linear trend and offset from 
the residual Doppler after subtracting the initial geometric 
Doppler computed without considering any misalignment 
angles. The derived misalignment was 0.209° and 0.026° in 
yaw and pitch angle, respectively. These numbers are similar 
to the those in [10], which are 0.21° and 0.02°. 

After removing 𝑓%&'(  from 𝑓"# , there were residual 
Doppler shifts that changes with the satellite hour angle (or 
satellite osculating true latitude). Fig. 1 shows the estimations 
and their best fit curve. The pattern is similar to the typical 
geometric Doppler itself, however the amplitude is much 
lower, and the sign is opposite. The residual Doppler shifts, 
𝑓′%&'( , can be modeled by curve fitting using a slightly 
modified version of the ENVISAT’s steering law in [11]: 

 
𝑓,%&'( = [	−7.8	 × sin(𝛾9 + 0.12) − 224.8	]									 

+	[	11.5	 × sin(2𝛾9 − 0.12) + 222.4	]      (2) 
 

where 𝛾9 is the satellite hour angle. Since the best fit curve 
followed the estimation with RMSE of 1.8 Hz, the geometric 
Doppler correction combined with the residual drift 
correction using (2) can be considered qualified for 
estimating small changes in Doppler shift at such level. 

Antenna look angle is also an important information that 
must be calculated precisely during the geometric Doppler 
computation, and is stored for retrieving Doppler mispointing 
in the next subsection. Topographic height change causes not 
only small Doppler shift but also look angle shift which is 
particularly sensitive when estimating the antenna 
mispointing from real data. For example, 1 km of height 

difference at 25° off-nadir angle induces 2.7 Hz of geometric 
Doppler and 0.13 degree of look angle.  
2.2. Electronic mispointing 

The electronic mispointing can be derived either from an 
antenna model or directly from the observed SAR data. The 
former requires several parameters that are not publicly 
available, and the error is up to 5 Hz [12], which translates to 
a velocity difference of 28 cm/s at 30°.  Considering the range 
of typical sea ice drift speed, this amount of error is too large 
for practical application.  

Since the electronic mispointing is a function of antenna 
look angle, a look-up table can be made from extensive 
Doppler measurements over land pixels by taking the mean 
Doppler anomaly corrected for the geometric Doppler (i.e. 
𝑓"# − 𝑓%&'() at each of the look angle bins. However, the 
number of samples should be large, and the geographic and 
geometric distribution should be diverse in order to make a 
reliable look-up table. Fig. 2 shows an extreme case of look 
angle changes by topographic heights in a single scene. 
Clearly the Doppler shift induced by electronic mispointing 
is not consistent at each range bin, and the shift is correlated 
with topographic height. After calculating correct look angles 
for land pixels from many strips, a look-up table for electronic 

 
Fig. 3.  Estimated Doppler frequency anomaly caused by electronic antenna 
mispointing.  
 

 
Fig. 1.  Estimated residual Doppler drift after compensating for geometric 
Doppler. Solid line represents a best-fit curve. The RMSE of the fit is 1.8 
Hz. 
 

 
Fig. 2.  An extreme case showing the correlation between topographic height 
and electronic mispointing. (a) sigma naught, (b) radar-coded topographic 
height, (c) Doppler frequency corrected for geometric Doppler.  
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mispointing can be made by taking median values of Doppler 
frequency for each look angle bins.  

Fig. 3 represents the Doppler mispointing of all five 
subswaths (SS1-SS5) for HH polarization channel. The 
overlapped area between the subswaths exist because of the 
changes in the effective antenna elevation angle for given 
topographic heights. The sigma RMSEs for each of the 
subswaths are around 8 Hz, which is lager than those from 
the antenna model-based estimations in [12]. However, the 
values reported in [12] were evaluated using a single image 
over a rainforest area where the signal-to-noise ratio is known 
to be very high, while our measurements were done over the 
entire solid earth surface with various surface types. Thus, our 
estimation can be representative for practical cases. Although 
the error levels are higher than the requirements of 2 Hz, the 
estimation errors can be reduced by ensemble averaging over 
time and space. The actual performance of the stacking 
approach will be discussed in the next section. 

 Once a look-up table is generated, it can be used to 
compensate for Doppler mispointing from any images. This 
is particularly important for images acquired over sea ice 
where typically no nearby land reference is available for bias 
correction.  

 
3. SEA ICE DRIFT ESTIMATION 

Among the collected ScanSAR strips over the Fram Strait, 
we applied the developed Doppler calibration scheme for 
image strips over the north-east Greenland Sea where the sea 
ice motions are relatively fast. Considering the acquisition 
geometry, we selected images from the ascending path only. 
From the offset-tracking based drift estimation, the range 
direction component was used for intercomparing with the 
Doppler based drift estimation results. 

Fig. 4 shows an example of the Doppler-derived 
instantaneous velocity field and its corresponding offset-
tracking-derived mean velocity field for a single image 
acquired on January 26, 2010. The SAR Doppler based 
velocity (Fig. 4(b)) was available for almost every pixels in 
the image while the offset-tracking based velocity (Fig. 4(d)) 
was available only where distinct feature/pattern exists. The 
overall velocity directions and magnitudes match well, while 
the instantaneous velocity can be different from the mean 
velocity, thus motion vectors are different locally. Note that 
the overall measurements from Doppler looks noisier. 

In order to evaluate the similarity between the two 
velocities from two different methods, time averaged data 
were compared. We selected 10 image strips over nearly the 
same area and averaged the derived velocities. Fig. 5 shows 
the averaged results for the Doppler-derived velocity and the 
offset-tracking-derived velocity. The ice-water boundary can 
be recognized from the backscattering image and the 
Doppler-derived velocity map while it is not from the offset-
tracking-derived velocity map. This indicates a potential use 
of Doppler for investigating marginal ice zone where the ice 
motion is different from typical large ice floes. The sharp 
boundaries between non-moving fast ice and drifting ice are 
clearly seen in both results. A quantitative comparison 
between the two velocity fields is shown as one-to-one scatter 
plot in the Fig. 6. The slope was 1.15, which indicates the 
instantaneous velocity was 15% faster than the mean 
velocity, however, this changes from scene to scene as the 
actual short-term motion of sea ice is highly heterogeneous. 
Intercept and RMSE are more important parameters here, 

 
Fig. 5.  Comparison of time-averaged (35 days) velocity fields from (b) SAR 
Doppler estimation and (c) offset-tracking.  
 

 
Fig. 4.  Comparison of the SAR Doppler derived instantaneous velocity and 
the offset-tracking based mean velocity. (a) backscattering intensity, (b) 
Doppler derived instantaneous velocity, (c) masked version of (b) using the 
valid points in (d) offset-tracking derived mean velocity. 
  

Fig. 6.  Scatter plot for the estimations in Fig. 5. 
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since they tell how the two genuinely different velocity are 
related. The intercept was only -0.01 m/s, which means the 
two time-averaged velocity fields have negligible difference 
in their mean. The RMSE of 0.15 m/s indicates how the two 
velocities disagree in time series. 

 
4. DISCUSSION AND CONCLUSIONS 

Because of several uncertainties in the Doppler estimation 
procedure, the resulting sea ice drift product has generally 
rather high noise and low sensitivity to the motion of sea ice. 
Nonetheless, the Doppler algorithm has a great advantage: it 
provides the range component of ice drift speed in the 
marginal ice zone and deformation zones where offset-
tracking does not work. By filling the gaps and extrapolating 
ice drift field it helps qualitative analysis and understanding 
the processes of ice/ocean/atmosphere interaction on the 
case-by-case basis. Fig. 7 illustrates the advantage of 
combining offset-tracking (shown as white arrows) with 
Doppler (shown as blue/red hue) and with auxiliary products 
(wind speed and direction is shown by wind barbs; SAR 
image is in the background). Thick dashed lines show 
boundaries of the second SAR scene taken from descending 
orbit along the sea ice flow and used for the offset-tracking. 
Blue arrow shows the North direction. 

There are two key findings that we got from this study: 
i) Doppler calibration is crucial for identifying relatively 
slow-moving geophysical phenomenon like sea ice drift. 
Considering the sensitivity of Doppler shift to actual motion 
in LOS direction, the signal uncertainty must be lower than 
2-3 Hz. The proposed calibration scheme effectively removes 
errors comes from attitude anomaly and antenna mispointing 
which are generic for all SAR sensors including Sentinel-1. 
The resulting calibrated Doppler signal showed largely 
reduced uncertainty (RMSE: 1.8 Hz for geometric Doppler 

correction; 8 Hz for electronic mispointing bias correction) 
and well-balanced inter-swath measurements. The Doppler 
calibration has an advantage in universal Doppler observation 
capability regardless land correction which has been 
considered crucial for Doppler calibration of individual 
scenes. 
ii) Despite the low signal-to-noise ratio, low efficient 
resolution and only one component of the drift vector, the 
Doppler algorithm proves to be very useful for 
complementing the offset-tracking algorithm in the MIZ and 
ice deformation zones. An approach for assimilation of the 
Doppler instantaneous velocity into mean ice drift speed is 
proposed and its efficiency is illustrated in a case study. 
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Fig. 7.  Ice drift in the Fram strait. 
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