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ABSTRACT

SARAL—the Satellite withARgos andALtiKa—is the first satellite radar altimetry mission to fly a Ka-band

instrument (AltiKa). Ocean backscatter measurements in the Ka band suffer larger signal attenuation due to

water vapor and atmospheric liquid water than those from Ku-band altimeters. An attenuation algorithm is

provided, based on radar propagation theory, which is a function of atmospheric pressure, temperature,

water vapor, and liquid water content. Because of the nature of the air–sea interactions between wind and

surface gravity waves, the shorter wavelength Ka-band backscatter exhibits a different relationship with

wind speed than at Ku band, particularly at moderate to high wind speeds. This paper presents a new one-

dimensional wind speed model, as a function of backscatter only, and a two-dimensional model, as a function

of backscatter and significant wave height, tuned toAltiKa’s backscatter measurements. The performance of

these newKa-band altimeter wind speedmodels is assessed through validation with independent ocean buoy

wind speeds. The results indicate wind measurement accuracy comparable to that observed at Ku band with

only slightly elevated noise in the wind estimates.

1. Introduction

SARAL—the Satellite with ARgos and ALtiKa—is

a cooperative mission between the Indian Space Re-

search Organization (ISRO) and Centre National d’�Etudes

Spatiales (CNES). The satellite was launched from Satish

Dhawan Space Centre at 1231 UTC 25 February 2013

into a 35-day repeat orbit with a 99.858 inclination. The
payload includes AltiKa, the first Ka-band radar altim-

eter to be flown in space, operating at 35.75GHz, and

a two-channel microwave radiometer operating at 23.8

and 37.0GHz. The primary frequency for previous

satellite radar altimeters has been at Ku band: 13.5–

13.8GHz. There are several advantages for Ka-band

altimetry: smaller antenna, reduced sensitivity to iono-

spheric path delay, and higher along-track spatial reso-

lution with lower range noise. However, there is one

serious drawback: increased sensitivity to water vapor

and liquid water in the atmosphere. At Ka band there is

more attenuation of the radar signal from moisture than

at Ku band, with the potential for significant data loss in

rainy areas.

Sea surface height is the primary measurement from

AltiKa, but estimates of ocean surface wind speed rep-

resent an important secondary measurement for oper-

ational maritime monitoring. Although altimeters do

not provide wind direction (like scatterometers), their
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wind speed estimates are an invaluable tool that is used

for atmospheric model verification. This requires that

attenuation effects are properly accounted for, and that

an accurate wind speed model is used to estimate wind

speed from backscatter.

The SARAL project began providing data within

a few weeks of launch. Although the data quality was

quite good, there were two significant issues requiring

attention: 1) an estimate of backscatter attenuation due

to the atmosphere was not yet provided, and 2) wind

speeds were calculated using a wind speedmodel designed

for Ku band. Because of the lack of attenuation correc-

tions, the Ka-band backscatter is underestimated by

1 dB on average, with larger errors in rainy regions.

Since there are no plans for an absolute backscatter

calibration, once the attenuation effects have been cor-

rected, the values are suitable for determination of wind

speed. In section 2 we provide algorithms to compute the

attenuation using atmospheric model inputs.

Using a Ku-band wind speed model with Ka-band

backscatter results in large and systematic errors in

global wind speed estimates. Abdalla (2014) provides

one method to obtain reasonable wind speeds from

AltiKa by modifying the backscatter values so the ex-

isting Ku-band wind speedmodel can be used. In section

3 we develop another approach, where the backscatter

data are corrected for atmospheric attenuation but are

unaltered otherwise. A new wind speed model is de-

veloped, using the same formalism, with coefficients

tuned to AltiKa’s backscatter. In section 4 we develop

a two-dimensional model where wind speed is a function

of backscatter and significant wave height (SWH). The

final section assesses the performance of these one- and

two-dimensional wind speed models using ocean buoy

data and then summarizes our results.

2. A physically based attenuationmodel at Ka band

Atmospheric attenuation of the radar signal is more

pronounced at Ka band than at Ku band. Consideration

must be given to three components: attenuation due to

oxygen molecules (dry atmosphere), water vapor mol-

ecules (wet atmosphere), and water droplets/rain (cloud

liquid water).

To compute Ka-band attenuation, we exploit algo-

rithms developed by the International Telecommuni-

cation Union (2012a,b) based on physical models of

radar propagation through the atmosphere. Specifically,

recommendation P-676 ‘‘Attenuation by Atmospheric

Gases’’ provides formulas for the dry and wet atmo-

sphere components, and recommendation P-840 ‘‘At-

tenuation due to Clouds and Fog’’ for attenuation due to

cloud liquid water.

These algorithms are functions of four two-dimensional

(surface or total atmosphere) meteorological parameters:

sea level pressure, near-surface atmospheric tempera-

ture, total precipitable water, and integrated cloud

liquid water. We utilize the National Oceanic and At-

mospheric Administration (NOAA)’s Global Forecast

System (GFS) atmospheric model for all four input

parameters.

The one-way Ka- and Ku-band dry atmosphere at-

tenuation is empirically fit with a linear function of

pressure and temperature as shown in Fig. 1a:

FIG. 1. Variations in backscatter attenuation in the Ku and Ka

bands as a function of (a) pressure and temperature and (b) water

vapor content.
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Dso
dry 5

�
0:0942 0:177p0 2 0:145t01 0:274p0t0 for Ku band

0:3102 0:593p02 0:499t0 1 0:956p0t0 for Ka band
, (1)

where

p0 5 p/1013 p5 pressure in hPa

t0 5 288:15/t t5 temperature in K
.

Although the pressure and temperature dependence of

the dry attenuation is small at Ku band, it is important at

Ka band.

The wet component of the one-way backscatter at-

tenuation is fit as a quadratic function of total precip-

itable water (w, in kgm22) as shown in Fig. 1b:

Dso
wet

5

(
1:453 1023w1 0:663 1025w2 for Ku band

7:213 1023w1 4:433 1025w2 for Ka band
.

(2)

The correction at Ka band is nearly 6 times as large as at

Ku band.

The third component is a linear function of liquid

cloud water (L, in kgm22):

Dso
rain 5

�
0:169L for Ku band

1:070L for Ka band
. (3)

This correction is about 7 times as large at Ka band as at

Ku band.

The sum of dry, wet, and liquid water attenuation

needs to be multiplied by 2 to account for the round-trip

radar path, and is added to the uncorrected backscatter.

This results in a shift of about 11 dB, equating to

a 2.6m s21 decrease in wind speed, with the greatest

effect in regions of high water vapor and cloud liquid

water (Fig. 2). The uncertainty in attenuation correction

from GFS model errors is estimated to be a few hun-

dredths of a decibel. Given the wind speed relationship

presented in the next section, this equates to uncer-

tainties of less than 0.1m s21. The attenuation correc-

tions provided by the project team’s neural network

algorithm, using the onboard radiometer, can differ

from our model estimates by several tenths of a decibel.

These differences equate to 1–2m s21 differences in

wind speed, and are highest in wet regions where this

study’s model predicts larger attenuation.

FIG. 2. Global distribution of two-way radar attenuation during cycle 1 of SARAL (14 Mar–18 Apr 2013). (left)

(top) Ascending and (bottom) descending tracks. Histograms of (right) (top) ascending and (bottom) descending

measurements.
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3. The one-dimensional wind speed model

After correcting for attenuation, we compute wind

speed as a function of backscatter via a one-dimensional

(1D) model. Abdalla (2014) provides a 1D model for

AltiKa by adjusting the backscatter values so the mode

of the probability density function agrees with typical

Ku-band histograms. In this way the 1D Ku-band model

used for the European Remote Sensing Satellite-2

(ERS-2) and the Environmental Satellite (Envisat; Abdalla

2007, 2012) can be applied without modification.

Here we take a different approach: the backscatter

values are corrected for attenuation only. The same 1D

formulation is employed, but the model coefficients are

adjusted rather than the backscatter values. The two-

branch model combines a linear segment at low back-

scatter and an exponential segment at high backscatter,

with a transition at the breakpoint sb, where the func-

tion and its first derivative are continuous. Fine-tuning is

applied to provide the final ocean surface wind speed

U10, via Eqs. (4) and (5):

Um 5

�
a2bso if so #sb

g exp(2dso) if so.sb

(4)

U10 5Um 1 1:4U0:096
m exp(20:32U1:096

m ) . (5)

All available data from AltiKa cycle 3, 23 May–27 June

2013, were analyzed. Data from cycles 0–2 were used to

assess the quality of the model fit. Non-ocean data and

records with the ice flag set were discarded. Any records

with range standard deviation (SD) above 0.25m or SWH

SD above 1m were also rejected. Coincident European

Centre for Medium-Range Weather Forecasts (ECMWF)

wind speeds were fit as a function of attenuation-corrected

backscatter as described in Abdalla (2007, 2012). The

distribution of data points in backscatter/wind speed

space is shown in Fig. 3a, overlaid by a solid line showing

the 1D wind speed model given by Eqs. (4) and (5) with

a5 34:2 b5 2:48 sb5 11:4

g5 720 d5 0:42
(6)

As expected from theory, the value of 2.48 for b is no-

tably smaller for Ka band than the value of 3.6 for Ku

band. The Abdalla (2007, 2012) Ku-band model is

shown by the dashed line in Fig. 3a. This difference in

slope is the reason that wind speeds currently in the

product are unusable: the RMS error is around 13m s21,

which is 1.7 times the mean wind speed.

Figure 3b provides a scatterplot of the relationship

between the 1D model wind speeds (y axis) and the

ECMWF model wind speeds (x axis) for all of cycles

0–3. The scatterplot shows significant variability with

a standard deviation of differences (SDD) of 1.41m s21

and a scatter index (defined as the SDD normalized by

the mean ECMWF wind speed) of 18.0%. By compari-

son, the Jason-2 Ku-band wind speed model exhibits an

SDD of 1.16m s21 and a scatter index of 14.4%.

Figures 4a and 4b show the regional variations in bias

and SDD, respectively, of the differences between the 1D

model and ECMWF wind speeds. Bias values are within

62ms21 globally, with larger biases in the Southern

Ocean, where ECMWF winds are less accurate due to

fewer observations. The SDD values are less than 2ms21

over most of the global ocean, with a tendency toward

higher values in wet regions.

4. The two-dimensional wind speed model

The one-dimensional model is a significant improve-

ment over the wind speeds provided in the AltiKa

products, with a slight improvement over the model

proposed by Abdalla (2014). However, the scatter in

altimeter versus ECMWF wind speeds, and previous

experience with Ku-band data, suggests that a two-

dimensional (2D) model as a function of backscatter

and SWH should provide further improvement. The

Jason missions adopted a 2D wind speed model

(Gourrion et al. 2002; Collard 2005) to provide wind

speed in their products. SWH as a second variable in the

model serves as a proxy for long-wave roughness (un-

related to local winds). Although backscatter and SWH

do not unambiguously distinguish between wind waves

and long-period swell (Gourrion et al. 2002), we assess

potential gains at Ka band from a 2D model.

ECMWF wind speeds for all Interim Geophysical

DataRecord (IGDR) data inAltiKa cycles 0–3, 12March

to 27 June 2013, were binned in backscatter–SWH space

as seen in Fig. 5a. While at low backscatter there is sig-

nificant variation from moderate to high wind speeds

as a function of SWH, at higher backscatter this de-

pendency is less apparent.

The population density of 1-Hz data points within

each grid cell is shown in Fig. 5b. When the number of

points per cell is low, variations in the mean values

grow large, typically near the perimeter. To provide

a complete grid beyond the region of high data density,

we combine the 2D estimates in Fig. 5a with the 1D

model, Eqs. (4)–(6), in Fig. 5c. The final ‘‘hybrid’’

model, Fig. 5d, is achieved by Gaussian smoothing the

residuals between the 2D and 1D models, weighted by

the population density in each cell, and adding back the

1Dmodel. This method is similar to the construction of

hybrid sea-state bias models with wind speed, rather
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FIG. 3. Scatterplot of ECMWFwind speed (a) against AltiKa backscatter coefficient

after attenuation correction and (b) againstAltiKawind speed as determined by the 1D

model over the whole globe for SARAL repeat cycles 0–3. Solid line in (a) is for Eqs.

(4)–(6). Color bar units are the number of observations per grid point on a logarithmic

scale. The3 symbols are themean y values given x values, while thes symbols are vice

versa. The Ku-band model from Abdalla (2012) is shown by the dashed line in (a).
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than sea surface height, as the dependent variable

(Vandemark et al. 2002; Scharroo and Lillibridge

2005).

The main differences between the 1D and 2D models

are at low backscatter.When both backscatter and SWH

are low, the 2D model yields significantly lower wind

speeds than the 1D model. This is likely due to a corre-

lation between SWH and backscatter during the radar

echo ‘‘retracking’’ when the waveform is corrupted in

rainy regions. More stringent editing of the original data

couldminimize this apparent artifact. At low backscatter,

but high SWH, the 2D model predicts higher wind

speeds than the 1D model. Both regimes have a low

population density and are therefore downweighted in

the final model. The 2D model presented here, which

would be implemented as a simple lookup table, is

viewed as an initial attempt. We expect further im-

provement with additional data as the mission length-

ens, and the use of scatterometer winds in lieu of

ECMWF values.

FIG. 4. Global map of (a) bias and (b) SDD between the 1D AltiKa wind speed model and ECMWF model winds.
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5. Validation and discussion

Investigations evaluating backscatter versus wind speed

(e.g., Jackson et al. 1992; Liu et al. 2000; Vandemark et al.

2004) predict that differences between Ka and Ku bands

are expected. Using optical techniques, Cox and Munk

(1954) were able to establish a relationship between

wind speed and ocean surface mean square slope (MSS).

Assuming a quasi-specular reflection backscatter is in-

versely proportional to MSS, which can be divided into

two components: one due to gravity waves and the other

due to centimeter-scale gravity–capillary waves. For a one-

dimensional wave spectrum F(k) as a function of wave-

number k,

MSS5

ð‘
0
F(k)k2 dk . (7)

Altimeter backscatter changes can be attributed to changes

across all roughness scales longer than roughly 3 times

the wavelength (about 66mm for Ku, about 24mm for

Ka), effectively limiting the wavenumber integration in

Eq. (7) (Brown 1979). Thus, the higher-frequencyKa-band

backscatter will respond to more of the small-scale wave

spectrum. Since these shorter gravity–capillary waves

are more responsive to wind, the Ka-band backscatter

will exhibit a stronger wind speed dependence—hence,

a smaller b value in Eq. (4)—than at Ku band. For low

wind speeds, the longer gravity waves contribute signifi-

cantly to the total surface roughness and theKu–Ka-band

backscatter differences are less apparent.

We assess the performance of the 1D and 2D models

via comparisons with collocated wind speeds from ocean

buoys (Bidlot et al. 2002). All collocations from cycles

FIG. 5. Results from the 2D wind speedmodel: (a) ECMWFwind speed binned as a function of backscatter and significant wave height.

(b) Number of observations per bin. (c) Binned values plotted over a background of the 1D model. (d) Hybrid solution, merging the

binned estimate with the 1D model.
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0 to 3 were analyzed. With less than 5 months of data,

and locations biased to the Northern Hemisphere,

this does not sample all possible wind–wave conditions.

AltiKa model winds (averaged over 11 s or 80 km) were

collocated with buoy winds (averaged over 5 h) for the

1D and 2D models, shown in Figs. 6a and 6b, respec-

tively. The 1D model regression lies closer to the 458

bisector, since the 2D model overestimates low winds

and underestimates high winds. Both models have al-

most the same bias, about20.4ms21, compared to buoys.

The 2D model has a slightly lower SDD of 1.46ms21

compared to 1.48ms21 for the 1D model. The Ka-band

SDD is somewhat higher than for Ku-band altimeters,

which are typically less than 1.2ms21 (e.g., Abdalla et al.

2011).

Based on these results, the 1D and 2D models are

comparable in performance. Further analysis and de-

velopment of the 2D model, primarily with collocated

scatterometer winds, could result in a model that ulti-

mately outperforms the 1D model.

These early mission results show that Ka-band al-

timetry can provide ocean surface wind speed estimates

with only moderately higher uncertainty than those

obtained from Ku-band altimeters. With additional ob-

servations, the 1D model coefficients could be refined,

but the 1D model presented here, based on one 35-day

cycle, provides robust results over the first 120 days of

AltiKa measurements. The project team has endorsed

the 1D model, and wind speed values provided in the

official products will be based on it beginning in early

2014. Regardless of whichmodel is utilized, the Ka-band

backscatter measurements need to be corrected for at-

tenuation effects. The algorithms in section 2 provide

a means to compute this correction using global weather

model grids.
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