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Highlights

What are the main findings?
• Demonstration of how the dual-frequency reference technique links sigma0 data from

multiple altimeter missions.
• Sigma0 values affected by both environmental factors and processing choices.
What are the implications of the main findings?
• Long-term consistency in altimeter record is achieved, enabling more robust trend

analysis of winds.
• Better calculation of wave period, sea state bias and gas transfer velocities for climate

studies is enabled.

Abstract

Radar altimeters receive radio-wave reflections from nadir and determine surface parame-
ters from the strength and shape of the return signal. Over the oceans, the strength of the
return, termed sigma0 (σ0), is strongly related to the small-scale roughness of the ocean
surface and is used to estimate near-surface wind speed. However, a number of other
factors affect σ0, and these need to be estimated and compensated for when developing
long-term consistent σ0 records spanning multiple missions. Aside from unresolved issues
of absolute calibration, there are various geophysical factors (sea surface temperature, wave
height and rain) that have an effect. The choice of the waveform retracking algorithm also
affects the σ0 values, with the four-parameter Maximum Likelihood Estimator introducing
a strong dependence on waveform-derived mispointing and the use of delay-Doppler
processing leading to apparent variation with spacecraft radial velocity. As all of these
terms have strong geographical correlations, care is required to disentangle these various
effects in order to establish a long-term consistent record. This goal will enable a better
investigation of the long-term changes in wind speed at sea.

Keywords: altimeter; calibration; sigma0; backscatter; wind; geographic correlation

1. Introduction
Spaceborne radar altimeters emit a series of radio-wave pulses and record their reflec-

tion from nadir points on the Earth’s surface. The conventional processing of the return
echo characterises the signal in terms of amplitude (signal strength), position (time de-
lay before reception) and shape. The latter term may be interpreted over the ocean as
significant wave height (Hs), satellite mispointing (ψ2) and skewness of the sea surface
distribution [1,2].

Over the Greenland and Antarctic ice caps, the shape of the return may be influ-
enced by the compactness and dampness of snow and layering within it [3–5], and in
sea-ice regions, these radar waveforms have to be individually classified to determine
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whether the reflections are from sea ice or leads within it [6]. Depending upon altime-
ter altitude and radar operating parameters, the effective surface footprint is a disc of
order 7 km across [7,8]; consequently, radar returns from rivers, small lakes and marine
coastal zones may include contributions from surfaces with significantly different reflec-
tive properties and thus produce more complicated waveforms necessitating specialist
interpretation [9,10].

This paper focuses on the amplitude of the signal, which is described by the nor-
malised backscatter coefficient, σ0 (where the superscript term emphasises that this relates
to incidence angles of 0◦), with a particular focus on factors that affect the long-term inter-
calibration of instruments. The reflectivity of a surface is characteristic of the mismatch in
impedances and the roughness of the surface at the appropriate scales. When considering
oceanic returns, virtually all the radar signal is reflected, but the angular distribution will
depend upon the degree of coherence at lengths similar to the radar wavelength. For
oblique-looking systems, such as scatterometers and synthetic aperture radars, a smooth
surface reflects radiation away from the direction of the satellite, and increasing roughness
causes more of the signal to return to the sensor.

Conversely, for nadir-viewing altimeters, a calm mirror-like surface gives a very strong
return and increasing roughness reduces the direct echo. Consequently, the σ0 values over
the ocean are often used as an indication of wind speed, with a number of heuristic
monotonic algorithms being proposed [11,12]. These are often designed or “tuned” for
individual altimeters, although a universal form between reflectivity and the geophysical
parameter of interest (wind speed) might be expected. Abdalla [13] was a keen proponent
of correcting all σ0 measurements for instrumental biases and then applying a single wind
speed algorithm (see Figure 1) to all. This is particularly a focus of long-term studies
looking into climate change [14,15] as the σ0 records from many partially overlapping
altimeters have to be stitched together. Further studies have suggested that wind speed
estimates can be improved by also including wave height as an input to the algorithm [16].

Figure 1. Wind speed algorithm advocated by Abdalla [13].

The European Space Agency has been supporting the Climate Change Initiative
(CCI) to help develop long-term consistent satellite-based datasets of Essential Climate
Variables [17] in order to address questions about the trends and long-term variability in
these key indicators of the Earth’s health. In its first phase of the Sea State CCI, the emphasis
was on the consistency of the wave height record [18]; in the second phase, wind speed and
other wave parameters are also being considered. This paper examines the many factors,
both instrumental and geophysical, affecting the long-term σ0 record, which underpins
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such studies of wind speed. It builds on the work first advocated by Quartly [19] to
use the near-constancy of dual-frequency relationships to drive down the errors in σ0 in
current altimeter datasets. Section 2 describes the data and methodology for deriving σ0,
through both retracking of waveforms and the correction for instrumental factors. Section 3
first provides a comparison of different σ0 estimates from the same altimeter and then
reviews the dual-frequency technique. Section 3 then looks at a number of factors affecting
the precision of that technique, and Section 4 shows how geographic correlations may
complicate the interpretation of individual factors. These ideas are brought together in the
discussion in Section 5, which includes illustrative applications, with a brief conclusion
provided in Section 6.

2. Data and Methodology
2.1. Data Sources

This paper concerns the various factors, related to both geophysical conditions and
the processing chain, which affect estimates of sigma0, and how these factors may appear
to interact. Table 1 lists the various dual-frequency altimeters used in this paper, along with
the data version and their source. Many of these results could be demonstrated for any
of the dual-frequency altimeters, or for different processing versions, as there is usually
little change to the sigma0 values between different versions of the data. The majority of
plots simply use data from Jason-3, as it appears the most stable of all these high-quality
missions, but the other missions have also been analysed, giving similar results.

Table 1. Altimeter data sources and processing. (GDR is geophysical data record, and PLRM is
pseudo-low-resolution mode, because the pulse timing of the Sentinel-3 instruments did not allow
full LRM processing.)

Satellites Dates Processing Version Retracker Source

TOPEX-A 1992–1999 GDR-F LRM: MLE-3 and MLE-4 NOAA
TOPEX-B 1999–2005 GDR-F LRM: MLE-3 and MLE-4 NOAA
Jason-1 2001–2013 GDR-E LRM: MLE-4 NOAA
Jason-2 2008–2019 GDR-D LRM: MLE-3 and MLE-4 NOAA
Jason-3 2016– GDR-F LRM: MLE-3 and MLE-4 NOAA
Sentinel-3A 2016– Baseline 5 PLRM: MLE-4 and DDA: SAMOSA EUMETSAT
Sentinel-3B 2018– Baseline 5 PLRM: MLE-4 and DDA: SAMOSA EUMETSAT
Sentinel-6MF 2020– f08 and f09 LRM: numerical and DDA: SAMOSA EUMETSAT

Over the span of 30 years, there have been many evolutions in the design of altimeter
architecture and processing. The earlier instruments simply recorded the sum of many
return pulses as a function of time, known as “low-resolution mode” (LRM). Over a uni-
form surface, such as the ocean, this created a waveform (power return as a function
of time) as shown in Figure 2a. Key marine parameters are obtained by “retracking”,
i.e., fitting a simple model to the observed shape. The simplest model was MLE-3, a Maxi-
mum Likelihood Estimator fitting three parameters (range, wave height and amplitude).
Amarouche et al. [20] developed the MLE-4, which fitted a fourth parameter, termed “mis-
pointing”; this could be due to the altimeter antenna not being directed completely at nadir.
However, other environmental factors could lead to changes in the slope of this trailing
edge, so this measure, although expressed as ψ2, can have both positive and negative
values. The MLE-4 algorithm has been used to reprocess earlier missions. A more recent
innovation is the “numerical retracker” [21], which does not rely on the assumption of
Gaussian-shaped pulses inherent in the MLE-3 and MLE-4 retrackers.
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Figure 2. Schematic of radar altimeter waveforms from (a) conventional (LRM) processing and
(b) delay-Doppler processing. The increased wave height reduces the steepness of the leading edge
in both cases but is also discernible in the trailing edge in delay-Doppler processing. For LRM
processing, a mispointing of instrument boresight from nadir can flatten the slope of the trailing edge
(black dashed line). [A more detailed exposition of the effect of wave height on waveform shape is
provided in Figure 9b of [22]].

An advance in instrument design was the delay-Doppler altimeter (DDA) that
recorded information on both the time delay of the echo and its Doppler shift [23]. LRM
altimeters had an effective ground footprint that was a disc of order 7 km across, with the
width depending upon altimeter operating parameters and wave height [7,8]. The retention
and utilisation of the Doppler information (via SAR-like processing) enables the localisation
of the received signal to a thin strip on the surface, offering finer along-track resolution.
The DDA waveform shown in Figure 2b has the power concentrated in a narrower range
of waveform bins, with wave height affecting the shape of both the leading and trailing
edges. This requires a different retracking algorithm, with SAMOSA [24] being the most
commonly used. Data from these more recent instruments can also be processed to produce
LRM waveforms, with MLE-4 or alternative retrackers applied. This gives consistency with
the processing of the first instruments, but at the cost of losing the finer resolution available
through DDA processing.

Many other LRM and DDA retrackers exist. The Sea State CCI project has evaluated
the retrievals of wave height from a number of these [25]; in this paper, I aim to concentrate
on the factors that affect the consistency of σ0 measurements from the most commonly
available retrackers, rather than to develop new ones.

2.2. Definition of σ0

The power in the returned radar echo, P, could be defined as the summation of the
signal over a sufficient reception time. In practice, the reception window is finite in length,
so instead, retracking fits an expected shape to the radar waveform, and the amplitude of
that is used as an indicator of the total power. Expressed in logarithmic units, the calculation
to infer σ0 (the normalised radar cross-section of the surface) is as follows:

σ0 = 10log10(P/P0) + 30log10(h)− (α + A + κ) (1)

where P0 is the strength of the emitted pulse, A contains all the radar constants related to
antenna beamwidth and radar wavelength, α represents the attenuation in the receiver
chain, κ summarises the atmospheric absorption, and the term involving height above the
surface, h, gives the diminution of the signal due to spherical spreading. The attenuation
term, α, includes both losses in the waveguide plus deliberate fixed reductions in strength,
so that the signal reaching the detector does not exceed a hard limit but is large enough
that little precision is lost on digitisation.

Some of these terms are known with high precision; e.g., the altimeter’s distance from
the surface is known to within a few parts in 108 [26]. Also, the atmospheric attenuation
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due to water vapour and liquid water is estimated from synoptic radiometer measurements,
agreeing with that from atmospheric reanalyses to within 0.01 dB [27]. Terms such as P0 and
α are determined on the ground pre-launch but may subsequently change as a result of use
or degradation due to long exposure to hard radiation. Consequently, most altimeters have
included an internal calibration loop whereby a much attenuated version of the emitted
signal is fed directly into the receiver chain. This has revealed reductions in emitted power
of order 1 dB over a few years (e.g., Figure 5 of Quartly et al. [28]). These calibrations
are fed into the processing chain to mitigate the reduced intensity of the emitted pulses.
However, such procedures do not account for deterioration of the antenna dish, losses in
any waveguide or uncertainty in the values of the attenuators used; thus, it is beneficial to
have some methodology for assessing the corrected σ0 values.

2.3. Recalibration of Altimeter σ0 Values

There have been great uncertainties in the absolute calibration of σ0, with the mean
Ku-band value for Envisat being 11.1 dB, whilst that for Jason-1 was 13.9 dB, although they
both operated at the same time. This relates to complexities in the actual definition, limited
knowledge of the absolute power of the emitted pulse and the diminution of the signal
provided by the antenna, waveguides and internal electronics. It has proven difficult to
make fiducial reference measurements of sufficient accuracy, with a series of calibrations
for Envisat exhibiting variability with apparent steps of up to 0.2 dB [29], which is far larger
than that needed for determination of long-term trends in wind speed. There is also marked
degradation in the emitted power during the many years of operation, with uncertainty
about the inferred corrections.

Thus, there is a need for a robust independent means of monitoring any changes in σ0

calibration. The intention of this work is to develop a data-driven method for producing
consistent σ0 values spanning multiple decades by quantifying the various factors affecting
σ0 estimates.

3. Results
In the first part of the Section 3, I investigate how the choice of a retracker affects

the estimates of σ0 by comparing simultaneous estimates from alternative retracking
approaches. In the subsequent parts, I build on the concept of “constant reference surfaces”
proposed by Quartly [19], which can be used to compare sigma0 data that do not overlap
in time and space, enabling assessment of potential σ0 drift in an instrument, and also to
intercompare data from different dual-frequency altimeters.

3.1. Comparison of Retrackers

Jason-3 records average LRM waveforms every 0.05 s, which are transmitted to ground
receiving stations and subsequently processed using both MLE-3 and MLE-4 retrackers. For
many purposes, scientists use the 1 Hz values obtained by averaging these parameters in
groups of 20. Although this does reduce variability, there are still significant differences in
the σ0 estimates from the two retrackers. The mean difference between the two (Figure 3c) is
close to zero but varies with conditions, being ∼0.02 dB for σ0

Ku values < 15 dB but rising to
∼0.2 dB in the very calm (and rare) conditions when σ0

Ku exceeds 18 dB. There is, however,
significant variation in the mean, with the standard deviation (s.d.) of their difference
being ∼0.15 dB over most conditions but rising markedly in those extra-calm conditions.
A significant part of this variability is on very short spatial scales. The exercise was repeated,
with all data averaged over nine consecutive records. The scatter is reduced to about 40%,
which is close to the value of 1/3 expected if all the variation between MLE-3 and MLE-4
estimates was random and totally uncorrelated.
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Figure 3. Comparison of 1 Hz Ku-band σ0 values from different processing options for the same
satellite. Left-hand side shows MLE-4 values compared with MLE-3 for Jason-3 altimeter; right-
hand side shows comparison of delay-Doppler values against against PLRM for Sentinel-3A, using
approximately 2 months of data for each. (a,b) Histograms of the reference value, with dashed lines
marking the 5th and 95th percentiles. (c) Central red line shows mean difference between MLE-4 and
MLE-3 estimates with outer ones showing ±2 s.d. (d) As for (c) but showing delay-Doppler relative
to PLRM. (e,f) Fractional reduction of scatter upon applying a 9-point running mean. The green lines
show 1/3, which is the expected value if all 1 Hz differences were totally uncorrelated. All processing
used 0.1 dB wide bins.

A similar approach is applied to the MLE-4 and DDA estimates of σ0 from Sentinel-3A.
[The histograms of σ0 data for Jason-3 and Sentinel-3A (Figure 3a,b) differ markedly, due
to their different implementations]. There is greater variation in the mean difference of the
DDA and PLRM estimates, ranging from +0.05 dB at σ0

Ku< 8 dB to −0.05 dB for σ0
Ku > 13 dB.

The variability, indicated by the scatter of differences, is again small (s.d. is ∼0.15 dB)
where the majority of data lie, but increases markedly for both very high and very low σ0.
Application of a nine-point smoother prior to comparison shows much less reduction in
the s.d. (Figure 3f), indicating that there are factor(s) affecting the DDA-PLRM difference
that are coherent over at least tens of kilometres.

These comparisons do not show that one estimate is better than the others, but that
there are differences associated with the processing choice. In much of the subsequent
analysis, I concentrate on the estimates of LRM retracking by MLE-3 or MLE-4, as that
is pertinent to all instruments, and the difference between MLE-3 and MLE-4 almost
disappears upon averaging many observations.

3.2. Constant Reference Surface

For many satellite sensors, useful monitoring and intercalibration may be achieved
through comparison of data across regions that are constant in their properties or vary
in a well-monitored way. For example, parts of the Amazon Forest are used as reference
areas for microwave radiometers [30] and scatterometers [31]. For altimeters, deserts were
considered almost unchanging, although the backscatter properties varied regionally due
to changes in surface roughness, soil moisture and grain size [32]. Li et al. [33] identified
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a small section of the Taklamakan Desert in China that exhibited repeatability of σ0 mea-
surements to within ∼0.3 dB, but the aim in this current paper is to achieve an accuracy
much better than that. However, the variation in σ0 with wind speed means that no
oceanic site offers this constancy, and even the global mean value cannot be considered
unchanging, because the wind field varies both seasonally and interannually, so that a
procedure to maintain a fixed mean value of σ0 would negate the potential to detect global
climate change. Land surfaces, such as deserts or tropical rain forests, are also subject to
slight seasonal and interannual variability. Instead, we focus on the constancy of the joint
observations at both the Ku-band and C-band, as illustrated in Figure 4.

An increase in wind speed enhances the roughness at all scales (Figure 4b) and thus
reduces the σ0 values, but not equally. Consequently, the difference in σ0 values at the
Ku- and C-band has a peak, which corresponds to conditions of about 6 ms−1 (Figure 4c).
Comparison of a pair of higher frequencies (shorter radar wavelengths), e.g., the Ku- and
Ka-band, leads to a peak in σ0 difference at a gentler wind speed, and comparison of lower
frequencies moves the peak to a higher wind speed, as shown by Figure 7b of Quartly [34].

Figure 4. The correspondence of the σ0 values at two different radar frequencies. (a) Histogram of
backscatter measurements at the C-band. (b) Simultaneous backscatter measurements at the C-band
and Ku-band, with very calm conditions (low wind speeds) producing high values of σ0

Ku and σ0
C

and increasing wind speeds lowering both measures. (c) Difference in σ0 values as a function of the
backscatter at the C-band, with the solid red line showing the mean relationship and the dashed ones
indicating ±2 s.d. in 0.1 dB wide bins. Rain, which attenuates the Ku-band signal [35], will lead to a
small number of points below the mean curve [36]. [All plots are for global data from Jason-3 during
cycles 33–38].

An illustration of this constancy is provided by comparing the dual-frequency backscat-
ter statistics of two very different regions: the North Atlantic (40°N–62°N) and the Equato-
rial Indian Ocean (10°S–10°N). The typical wind conditions in these two regions are very
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different, as evidenced by a shift of ∼1.5 dB in their median σ0
C values (Figure 5a) and a

similar change at the Ku-band. However, the relationship between the observations at
the two frequencies is very nearly the same, with the mean σ0-σ0 curves only differing by
0.1 dB (Figure 5b), with similar amounts of scatter (Figure 5c). To enable robust monitoring
of σ0 values throughout the duration of missions, and between different satellites, we now
explore the various factors that contribute to this small regional difference.

Figure 5. Constancy of the σ0-σ0 relation. (a) Histogram of σ0
C data for North Atlantic and Equatorial

Indian Oceans, using Jason-3 data from cycles 33-38. The thick vertical lines mark the median values
(14.45 dB and 15.95 dB, respectively). (b) Associated σ0-σ0 curves. (c) Scatter, i.e., standard deviation
of σ0

Ku-σ0
C values within each 0.1 dB wide bin. Thus, the two regions differ in their median values by

1.50 dB, but the peak of the σ0-σ0 relationship changes by only ∼0.1 dB

3.3. Wave Height

One factor that was identified early in studies of dual-frequency sigma0 comparisons is
significant wave height (SWH). The tight relationship generally observed between σ0

Ku and
σ0

C is due to the prevailing winds having an almost instantaneous effect on the roughness at
the scale lengths of interest. However, for the calmest wind conditions (typically <5 m s−1),
the existence of large waves (swell) modulates the wind’s ability to cause roughness,
as there is greater shelter in the troughs of the waves. This has an effect on the differential
σ0 that is roughly proportional to wave height (Figure 6). This was first observed for
TOPEX [37,38]; similar effects were noted when contrasting the σ0

Ku and σ0
S of Envisat [39].

There are also some effects associated with larger waves in high-wind conditions, but it is
less clear whether these effects are actually occurring in σ0

Ku or σ0
C.

Figure 7 shows a comparison of the σ0-σ0 curves from five different altimeters after
applying a constraint to ensure the wave height ranges are the same. The instruments
chosen are those that occupied the so-called 9.92-day “reference orbit” and between them
span over two decades of measurements. The left-hand panel shows the different curves
when the original sigma0 data from the geophysical data records (GDRs) are used, indi-
cating a marked shift in the calibrations between TOPEX and Jason, as can also be noted
from synoptic data during the TOPEX-Jason tandem phase [40]. This panel also shows
some differences between the various Jason satellites. By defining a reference mean relation
(shown by the black dotted line), the curves for all missions can be translated to show that
the shapes of the peaks are very similar. This shift defines an instrumental correction, which
will be pertinent to the particular ground processing applied, and may vary gradually with
time to compensate for instrument degradation.
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Figure 6. Variation in the σ0-σ0 curves with wave height. Different coloured lines represent different
wave heights (±0.15 m), with the lower panel (b) being a zoom of the upper panel (a) to emphasise
that there is little variation in the location of the peak for wave heights between 1.4 m and 3.2 m.

Figure 7. Comparison of the mean σ0-σ0 curves for 5 different altimeters. (Topex-A and Topex-B
were two instruments used sequentially on the TOPEX/Poseidon satellite.) (a) The curves initially
occupy very different spaces because of the different definitions used in processing, but their shapes
are broadly similar. The secondary peak in the Jason-2 curve is a processing artefact, which is
estimated and corrected for in the appendix. All curves were generated using data with Hs in
the range 1.8–2.4 m. (b) All curves shifted to co-align, demonstrating the shape of the peak is the
same (note much finer y-axis). The black dotted line provides a generic shape generated from all
adjusted missions.

3.4. Sea Surface Temperature

A second factor is the sea surface temperature (SST). Vandemark et al. [41] identified
that temperature had a noticeable effect on the reflectivity of sea water, with the magnitude
of the effect being greatest at high frequencies (such as the Ka-band). Figure 1 of their work
suggests that as SST changes from 0 °C to 30 °C, the reflectivity at the Ku-band increases by
3%, whereas that at the C-band decreases by 1%. Converting these (theoretical) values into
decibels, we find an expected change in differential σ0 (Ku-band minus C-band) of 0.17 dB.

To observe these relatively small changes, I focus on the height of the peak of the σ0-σ0

curve (i.e., maximum of σ0
Ku-σ0

C), using data corresponding to a wave height of 2.1 ± 0.3 m
(to mitigate any effect of wave height). Figure 8 shows the results for four different
altimeters (once they have been globally adjusted to have the same mean relationship; see
Figure 7b). The curves for these four separate instruments exhibit very similar dependence
upon SST, with a change from 0 °C to 30 °C corresponding to an observed raising of the
peak by 0.19 dB, i.e., in close agreement with Vandemark et al. [41].
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Figure 8. Maximum of the curve of σ0 difference as a function of SST, using bins of width 2 °C. Data
are shown for four independent satellites with different orbits and periods, yet the curves agree to
within 0.02 dB. (All corrections have been referenced to their value at 18 °C.)

3.5. Mispointing Angle, ψ2

As stated earlier, a waveform-derived mispointing value is part of the output of the
MLE-4 retracker. Most altimeter satellites have had an active attitude and orbit control
system (AOCS) that maintains the correct orientation, and thus variations in the slope of
the waveform trailing edge are generally small and have roughly as many negative as
positive values, although designated as the square of a variable. Indeed, Challenor and
Srokosz [42] identified that the MLE-4 algorithm could be ill-determined, with significant
cross-talk between errors in ψ2 and σ0. Their insight was borne out initially by analysis of
Jason-2 [43] but also subsequently noted for all other altimeter products using MLE-4.

Figure 9 shows the changes in the σ0-σ0 curve with different values of ψ2. Note that
due to its much broader antenna beamwidth, C-band values are only nominally affected
by true platform mispointing, and thus, the simpler and computationally faster MLE-3
algorithm is usually used for the retracking of C-band waveforms. The bias in the σ0

Ku
values scales linearly with ψ2 and is almost constant across all wind conditions. As this
is an artefact coming out of the processing chain, the scale factor relating the change in
σ0

Ku to ψ2 will depend upon the particular implementation, e.g., height of satellite and how
many waveform bins are used in the inversion. For the Sentinel-3A data shown in Figure 9,
a change in ψ2 of 0.01° equates to a bias in σ0

Ku of ∼0.1 dB.

3.6. Radial Velocity

As the high-resolution DDA processing utilises information from the Doppler shift of
the echoes to achieve its narrow footprint, there was concern that the radial component of
the satellite’s velocity might affect estimates. (The satellite’s orbit is not perfectly circular,
and the Earth is approximately an oblate spheroid with polar diameter 42 km less than
the equatorial one, so there are well-determined changes in orbital height relative to the
reference ellipsoid.) Consequently, the difference between the two Ku-band definitions of
σ0 has been investigated as a function of vertical velocity (Figure 10a). At first glance, there
appear to be marked changes with vertical velocity, but the change with σ0 is similar to that
shown in Figure 3d, and the pattern of variation within that domain is strongly influenced
by the different latitudes with which they correspond. Thus, latitudinal variations in
SST and wave height contribute to the pattern observed in Figure 10a. The anomalous
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values for low vertical velocities are due to that region encompassing data from the Arctic,
where there may be observations over sea ice that have escaped the flagging procedure.
Consequently, a constraint on latitude (ϕ) of −55◦ ≤ ϕ ≤ 65◦ is also applied.

Figure 9. Variation in σ0-σ0 curves with mispointing (specified in deg2 in the figure legend). Data are
from PLRM processing of Sentinel-3A for January 2022, with the y-axis showing the mean difference
between the Ku- and C-band values. The mispointing (ψ2) is estimated from the waveforms, and it is
the Ku-band σ0 value that is most affected by ψ2.

Figure 10. Apparent effect of Sentinel-3A’s vertical velocity. (a) Difference between the estimates of
σ0 from processing of Doppler waveforms and LRM waveforms, as a function of σ0

C and the vertical
velocity of the satellite. (b) Vertical velocity as a function of latitude for 800 orbits, showing the clear
association of velocities of ±13 ms−1 with latitudes of 40°–46°N and for ±24.5 ms−1 with 42°–36°S.
Lower values (|v| ≤ 5 ms−1) may come from 5°–21°N or from the turning latitudes of the orbit
(±81.8◦).
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4. Geographical and Temporal Correlations
The strong association between vertical velocity and latitude shown in Figure 10

provides a useful illustration of the challenges in compensating for various ancillary factors:
almost all have some strong variation with latitude and may also show seasonal variations.
The waveform-derived mispointing, ψ2, varies rapidly on short spatial scales, whereas
the true platform mispointing is usually close to zero or varies only over planetary scales.
Consequently, a high-pass filter can be used to identify the amount that the mispointing
affects the estimates of sigma0.

As noted earlier (Section 3.5), the waveform-derived mispointing is primarily an
artefact of the retracker; however, there are environmental factors that influence it. Figure 11
shows the geographical variations of ψ2 in the current release of data from Sentinel-3A. For
this instrument, the mean value of ψ2 is small and negative across all latitudes (Figure 11a);
this may indicate a slight mismatch between the expected waveform trailing edge and
that collected by this particular instrument. Note the root mean square (r.m.s.) variability
(Figure 11b) is typically a factor of twenty greater than this. Poleward of 55°S and 65°N,
the occasional presence of sea ice leads to much greater variability in ψ2 and a decrease
in the mean. Figure 11c shows that the geographical variation is not simply a function
of latitude. The greatest variability is found in regions associated with the intertropical
convergence zone (ITCZ) and the South Pacific convergence zone (SPCZ). This is because
spatial inhomogeneities in the attenuation by rain lead to greater variability in the waveform
shape. (For AltiKa, this sharp spatial variation in ψ2 was used as a means for flagging
for the presence of rain [44].) However, the ITCZ and SPCZ are also regions with often
very low winds (high σ0), and so extreme values of ψ2 may be associated with particular
wind–wave conditions (Figure 12). In this analysis, the mean value of ψ2 appears slightly
heightened for high σ0

C (low winds) and also especially for the highest waves for those
wind conditions. This may again be due to rain, because, as well as affecting ψ2, it can
broaden the leading edge of the waveform, leading to spurious high wave height estimates.

Figure 11. Geographical variation in ψ2 (in deg2) using PLRM data from Sentinel-3A during January
2022. (a) Latitudinal variation of mean value. (b) Latitudinal variation of variability (r.m.s. of
high-pass component). (c) Map of r.m.s. variability.

Finally, I revisit the anomalous 59-day periodicity in σ0 noted for satellites in the
TOPEX/Jason “reference orbit”. This effect has an amplitude of about 0.06 dB and is an alias-
ing period borne out of the satellites flying in a non-sun-synchronous orbit. Quartly [45]
hypothesised that the phenomenon might be related to the percentage of time that the
Jason spacecraft stayed in the shadow of the Earth, i.e., a modulation of the exposure to
solar irradiation. There were also regular spacecraft re-orientation manoeuvres linked to
the need to optimise the use of the solar array. Figure 13 shows an investigation of this
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phenomenon for 2020–2022, covering the period when the Sentinel-6MF spacecraft was
launched into the reference orbit to take over from Jason-3.

Figure 12. Variations in ψ2 in wind–wave space, with σ0
C acting as a proxy for wind speed (high σ0

implies low wind speed). (a) Mean of ψ2. (b) R.m.s. variability of high-pass fluctuations.

Figure 13. Portrayal of 59-day variation in σ0. As it is of small amplitude, it is shown as the difference
(σ0

Ku − σ0
C) only averaged near the peak of the σ0-σ0 curves and for 1.8 m ≤ SWH ≤ 2.4 m. (a) For

Jason-3, averaging is performed within the range of 15.05 ≤ σ0
C ≤ 15.75 dB. (b) For Sentinel-6MF,

averaging is performed within the range of 13.4 ≤ σ0
C ≤ 14.15 dB. (c) Temporal variation in the

peaks of the two σ0-σ0 curves, with that for Jason-3 shifted up by 0.25 dB for ease of comparison.
Dashed lines mark 58.77-day intervals (Sentinel-6MF only became operational towards the end of
December 2020).

The σ0-σ0 curves for the two differ in absolute position because of the calibration
issues discussed earlier. (Sentinel-6MF data for this period are from the f 08 processing;
a more recent change to f 09 brought them more in line with Jason-3 values.) For each
altimeter, data are only considered for wave height in the range [1.8 m, 2.4 m] to minimise
their effect, and averaging was performed over a narrow σ0

C range at the peak of the curve.
The 59-day periodicity is present for both instruments, which is interesting because the
spacecraft bus for Sentinel-6MF was very different from those of the Jason satellites, instead
having solar panels on two sides of a tent-like shape. However, the effect is still present,
although much reduced; this suggests that it is the aliasing of a diurnal geophysical signal.
Application of the SST correction from Figure 8 led to only a slight reduction. It is plausible
that this residual effect relates to diurnal changes in the air–sea temperature difference,
with the atmosphere having the greater diel variation.
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5. Discussion
The σ0 record from altimeters is a valuable measure of the climate, but its interpretation

requires understanding of the many factors that affect the quality of the data, with the aim
that all records can be corrected to a consistent standard. Whilst there are internal calibration
loops, an independent technique to assess any changes is essential. New retrackers and
new processing techniques (such as DDA) can offer improvements to the altimetric record,
but, to enable reliable trend analysis, measurements need to be unbiased with respect to
previous methods.

Figure 3 shows that different techniques applied to the same data led to r.m.s. dis-
crepancies of ∼0.15 dB for 1 Hz data. For many applications, “super observations” cor-
responding to averages over 50 or more kilometres are used. Much of the discrepancy
between different methods will be smoothed out, but the fact that the bias is non-zero and
varies slightly with σ0 means that long-term analysis is best achieved with a consistent
estimate of σ0 across all missions. The various tandem missions have afforded a good
intercalibration between altimeters operating in the “reference orbit” but cannot link the
sequential TOPEX-A and TOPEX-B instruments or allow for aspects of instrument drift
that are not fully monitored. The application of the dual-frequency reference technique
does provide this.

Central to this method is that there is a tight mean relationship between nadir backscat-
ter at the Ku- and C-band. This should be a physical property that changes minimally in
time and space. Figure 5 shows that the mean curves differ by only 0.1 dB between two
very disparate regions for which the median measure differed by 1.5 dB. However, to link
non-overlapping missions to a better precision than that requires an understanding of the
physical causes of the observed difference.

Wave height was shown to have an effect on the interplay between σ0
Ku and σ0

C [37,38],
but Figure 6b shows that for a moderate range of wave heights, the effect at the peak of
the σ0-σ0 curve was minor. The other strong effect was caused by SST, with the observed
changes shown in Figure 8 for altimeters, agreeing well with that predicted from studies on
the emissivity of sea water. (Although rain can have a marked effect on σ0

Ku, it typically
affects less than 5% of data, and its effect can be mitigated by use of robust statistical
measures that discard outliers.) By focusing on wave heights in the range 1.8–2.4 m and
applying an SST correction derived from the global studies, the mean σ0-σ0 curves for the
North Atlantic and Equatorial Indian Ocean agreed to within 0.01 dB . Tran et al. [46] noted
that adjustments to σ0 to account for SST will ultimately feed through into changes in the
sea state bias correction [47,48] used to calculate accurate sea level from altimetry.

Figure 7 shows that the mean σ0-σ0 relationships for a number of dual-frequency
altimeters do have the same curve shape, albeit shifted according to the calibrations ap-
plied in their respective ground processing chains. (Note the curve for Jason-2 shows an
anomalous secondary peak; the appendix of this paper shows that this was traced to an
error in the processing chain, and that rectification removes this spurious feature).

The processing for the latest satellite to occupy the “reference orbit”, Sentinel-6MF,
has undergone a number of evolutions. The last change, from “f08” to “f09”, included
an additional bias to σ0

Ku of 0.91 dB. This adjustment is independently validated by the
dual-frequency reference technique. Figure 14 shows that the necessary translation to
co-align the two σ0-σ0 curves is 0.91 dB (to within 0.01 dB). This equates to an adjustment of
both σ0

Ku and σ0
C by 0.91 dB and was evaluated through comparison of periods two months

apart. (A total reprocessing of the Sentinel-6MF data, “g01”, is expected in late 2025.)
An improved multi-satellite sigma0 dataset should not only enable a more consistent

altimetric wind speed record, but also for other parameters that depend on sigma0, such as
wave period [49,50] and air–sea gas transfer velocities [51,52].
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Figure 14. Comparison of σ0 − σ0 curves for Sentinel-6MF from two different processing versions.
The blue curve is from cycles 107–118 processed with f08, and the green curve is for cycles 123–134
processed with f09. The dashed red line shows the blue curve shifted horizontally by 0.91 dB.

The TOPEX/Jason repeat cycle of 9.92 days contains typically 380,000 marine obser-
vations, the majority of which lie close to the peak of the σ0-σ0 curve, thus allowing a
good assessment of the σ0 calibration every cycle. The TOPEX-A instrument was known
to suffer from degradation in space, with changes in all its derived parameters, especially
wave height (see Figure 2 of Queffeulou [53]). Figure 15 shows the wind speed statistics
for a period of 5 years spanning the transition in operating instruments. Whilst there will
be changes in the wind climate with time, a step change coincident with the change in
instruments is suspicious. Using the dual-frequency technique, I obtained relative σ0 offsets
for each cycle and then applied the same wind speed algorithm as on the original TOPEX
GDRs. The result is a smoother transition, not just in the median but also the range of
conditions noted by the 25th and 75th percentiles. This is consistent with the meteorological
reanalysis interpolated to the TOPEX observation points.

Figure 15. Statistics of wind speed during each 9.92-day cycle of TOPEX data from cycle 151 (October
1996) to 330 (September 2001), noting the change in operating instrument from TOPEX-A to TOPEX-B
after cycle 235. The dark blue curves show the altimeter-derived wind speed on the GDRs using the
distributed σ0 values, whilst the light blue shows the values for the same algorithm after correction for
derived σ0 drift. The orange lines show the values from the ECMWF reanalysis at the same locations
(The 25th, 50th and 75th percentiles are calculated over the region 55°S to 60°N to avoid sea ice,
and there are gaps in the series when the Poseidon single-frequency altimeter was operating instead).

Other than wind speed, the key factors affecting sigma0 are wave height and SST.
To produce a long-term altimetric wind speed dataset independent from other satellite
sensors requires adjustment for these two factors (plus the AGC for Jason-2), so that trends
derived from altimeter winds will not be biased by long-term changes in SST or waves.
Other factors, such as waveform-derived mispointing and radial velocity, appear to be
either minor or an artefact of the processing chain or a geographical correlation with one of
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the dominant terms. These can be avoided by consistent use of a basic retracker, such
as MLE-3.

6. Conclusions
There are presently large offsets between the σ0 values from different altimeter mis-

sions, as well as possible drifts in performance despite internal monitoring. To achieve
long-term consistent sigma0 records from altimeters requires great care in adjusting the
offsets between missions and in correcting for any drift. Simple biases are readily applied
between missions, but that could hide any long-term changes. Although individual papers
have shown σ0 to vary with wave height as well as wind speed, or looked at differences
between alternative retracking solutions, this paper brings together investigation of a large
number of effects in a consistent manner, identifying which factors have the greater effect
and how geographic correlations can give the appearance of other dependencies. After
mitigating the effects of the two dominant terms (wave height and SST), the near-constancy
of the σ0-σ0 relationship at the Ku- and C-band can be used to assess step changes or drifts
in σ0 values from a dual-frequency altimeter, and to determine relative offsets between
missions that did not overlap in time. This novel method for enforcing a consistency in
σ0 observations spanning multiple missions is demonstrated for both changes during a
mission lifetime and for assessing inter-mission biases. A fully consistent multi-decadal σ0

dataset could be used for climatological studies of wind speed, wave period and occurrence
of air–sea transfer of climatologically important gases.

7. Appendix: Determining Appropriate AGC Corrections for Jason-2
When standard σ0-σ0 curves were calculated for Jason-2, they were found not to have

the simple shape, with one smooth peak, noted for the other dual-frequency altimeters.
Instead, the resultant mean relationship had a secondary peak that, over the initial 8 years of
the mission, could be seen to migrate towards higher σ0 values. It was eventually surmised
that there might be a problem with the AGC corrections implemented in the Jason-2
processing. The automatic gain control (AGC) is a system of attenuators that are switched
in within the receiver chain in order to keep the amplitude of the received waveform
within acceptable bounds. In short, it aims to provide the best dynamic resolution of the
waveforms by keeping the waveform amplitude large without it saturating (reaching a
hard limit in the power summation at any of the waveform bins). Over the vast majority
of ocean returns, the returned echoes conform to the Brown-like shape [1,2], and thus, the
AGC works well and prevents waveform saturation and loss of information.

The formula for calculating σ0 is given by Equation (1), with separate estimates every
0.05 s (for Jason-2). In that time, the satellite and its nadir footprint only move 330 m, whilst
the footprint itself represents the return over a disc 7 km in diameter [7,8]. Consequently,
over most of the ocean, there will be minimal change in the area-averaged backscatter
values. However, the AGC has a fixed set of finite values and switches between these as
needed. A higher AGC setting should result in a lower received power, P.

The approach developed here examines cases where the AGC is flipping back and
forth between two neighbouring values (so there is negligible change in the true ground
conditions). If there is an actual change in the AGC setting of ∆agc + δagc, but the ground
processing assumes the nominal value of ∆agc, then the erroneous compensation will
result in the calculated σ0 changing by −δagc (see Figure 16). This can be determined by
averaging over thousands of transitions and for different cycles (periods of data). [Note
this method only finds the difference between two given AGC settings; it does not provide
absolute values for any setting. It has previously been used for Poseidon [54] and for
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examining the biases associated with changes in the gate index in the original TOPEX
processing [55]].

Figure 16. Schematic showing estimation of error in AGC corrections. For a given AGC setting,
instances are noted when the altimeter temporarily changes to a higher setting and returns (left-hand
column) or when it is at the higher setting and temporarily drops back to the ith AGC setting and
returns. The nominal difference between the two settings is ∆agc, whilst the actual difference is
∆agc + δagc. If there is no change in the underlying surface properties, there will be an associated
change in the sum of powers in the waveform bins, Σpk (or other estimate of amplitude of waveform),
by ∆agc + δagc. However, the calculated σ0 only uses the nominal change in the AGC setting, so
there will be an observed change in −δagc. Evaluation over thousands of instances enables a reliable
estimate of the error in AGC corrections, δagc.

Over the non-coastal ice-free ocean, the vast majority of Ku-band observations are
covered by 10 AGC settings (and a different set of 10 for C-band). In the analysis shown
in Figure 17, the mean δσ0 associated with each of these nine changes is determined for
four cycles spanning the Jason-2 mission. The two columns for each cycle represent the
independent results for a temporary “up transition” (left-hand side of Figure 16) and
a temporary “down transition”. There is a very high consistency between the results
for different cycles, showing that there is no appreciable degradation in the attenuators’
performance. With steps between nominal AGC values being of order 1 dB, the errors
can be seen to be of order 5%; however, the cumulative total of the errors over those nine
transitions is ~0.2 dB (for both Ku-band and C-band).

A correction is then readily implemented using a bit-wise linear interpolation between
these observed cumulative errors (Figure 18). This correction is applied to five Jason-2 cycles
a year apart, with the chosen cycles being different from those used in determining the AGC
errors. The change in the resultant σ0-σ0 curves is profound (Figure 19), with the secondary
peak being smoothly eradicated in all cases (although corresponding to different σ0

C values)
and the shape of the σ0-σ0 curves matching those of other dual-frequency altimeters.
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Figure 17. Evaluated changes associated with the main AGC settings for Jason-2 at the Ku-band and
C-band. Analysis was performed for 4 cycles spanning Jason 2’s lifetime, with separate estimations
for the two scenarios depicted in Figure 16. [Units are millibels, i.e., hundredths of a decibel. Note
that even columns have had a sign reversal applied to match the odd columns].

Figure 18. Corrections to be applied to GDR σ0 values as a function of AGC setting. (a) Ku-band.
(b) C-band. Adjustments were evaluated for discrete settings shown by blue dots but are implemented
for the whole range of AGC values (shown by black lines).

Figure 19. Plot of σ0-σ0 curves for 5 Jason-2 cycles approximately a year apart. Left-hand plot
shows curves using original σ0 data from GDRs; right-hand one shows curves after correction for
AGC errors.
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