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Abstract: The impact of large atmospheric attenuation events on data quality and availability is a critical1

aspect for future altimetry missions based on Ka-band altimetry. The SARAL/AltiKa mission and its2

Ka-band nadir altimeter offer a unique opportunity to assess this impact. Previous publications (Tournadre et3

al. 2009, 2015) already analyzed the impact of rain on the waveforms at Ka-band and proposed a definition4

of an elaborate rain flag. This notion tends to give a simpler black and white view of the atmospheric5

attenuation when the effect on the altimeter measurement is intense. But in practice, there is continuum6

of measurements that may be partially distorted or corrupted by rain events. The present study proposes a7

wider point of view , the ACECAL approach providing statistics on rain cells occurrences as well as their8

amplitude and their size, as guidelines for future Ka-band missions concerning the impact of the atmosphere.9

At global scale, 1 % of the measurements are affected by an attenuation larger than 23 dB and 10 % of the10

atmospheric attenuation events have a size larger than 40 km. This study demonstrates that the data quality11

and availability over some regions of particular interest for oceanography as Gulf Stream, North Pacific12

and Brazil currents could be affected compared to global statistics. It also opens some perspectives on the13

benefits that the community could be drawn from the systematic distribution of the rain cells parameters as14

secondary products of altimetry missions.15

Keywords: rain cells; atmospheric attenuation; microwave radar; Ka-band; altimetry;16

1. Precipitation and atmospheric attenuation in the context of altimetry missions17

Satellite altimetry missions measure the sea surface height (SSH) at a global scale and an18

increasing accuracy since 1992 [1]. The altimeter signal is traditionally emitted in the Ku-band at19

around 13.5 GHz as used by Topex (13.6 GHz) and Poseidon (13.65 GHz) altimeters [2] up to20

the latest Jason-3 (13.6 GHz) and Sentinel-3 (13.575 GHz) series [3].21

The attenuation of microwave radar pulse depends on the moist air refractivity index,22

characterized by the pressure, the temperature, the water vapor, the cloud liquid water content23

and the rain rate. When the attenuation is too large, the shape of the waveform measured by a24

classical nadir altimeter is too far from the theoretical Brown model and the retracking algorithm25

fails to estimate the geophysical parameters: the range, the surface wave height (SWH), the26

backscattering coefficient (σ0) from which the wind speed is computed, and the slope of the27

trailing edge related to the altimeter mispointing angle. But even with lower distortions, the error28

on these parameters could be unacceptable with respect to the budget error.29

Atmospheric attenuation (∆σ0) at Ku-band has been specifically characterized since the very30

beginning of the spatial altimetry era. Ku-band being mostly affected by rain, early papers [4,5]31

are dedicated to characterized the impact of rain on the Topex/Poseidon observations. Rain flag32

and even rain rate are estimated from the difference between altimeter backscattering coefficients33

at the main Ku-band and the secondary C-band. Later on, the parameterization of the Ku/C σ034

relation is updated for Jason-1 and the Ku/S σ0 relation for Envisat [6,7]. Validation against35

Tropical Rainfall Measuring Mission (TRMM) observations shown better performances using the36
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Tournadre relation [8]. The different studies agree on a proportion of measurements affected by37

rain of between 1% and 5% of the total number of observations of ocean.38

The CNES/ISRO SARAL/AltiKa mission launched in 2013 was the first attempt for an39

altimetry mission to use a central frequency in the Ka-band at 35.75 GHz. Using a higher40

frequency allowed to reduce the footprint of the altimeter from 15 km at Ku-band to 4 km, but41

also the range noise and the impact of the ionosphere [9]. The major counterpart in terms of SSH42

monitoring is a larger sensitivity to the water in the atmosphere: the altimeter backscattering43

coefficient atmospheric attenuation is 7 times larger at Ka-band than at Ku-band [10]. Before44

the launch of SARAL/AltiKa mission, the expected impact of rain onto altimeter waveform and45

the foreseen percentage of non-valid data have been studied, and a, innovative algorithm to flag46

the data has been developed in two successive papers by Tournadre et al. [11,12]. The authors47

analyzed the effect of cells onto altimeter measurement using empirical relation for attenuation48

and simulated waveforms. The amplitude of the rain events but also the variability over the49

altimeter footprint size both have an impact. The validation performed over actual measurements50

[13] shown the good performance of the so-called Matching Pursuit (MP) flagging algorithm51

and a better availability of the observations than expected in the pre-flight study [11] due to a52

particularly good signal-to-noise ratio of the radar altimeter.53

The role of the precipitation systems in climate models and the need for a better understand-54

ing of their geometrical and physical properties is well introduced by [14]: the framework is55

complex, especially the characterization of the rain cell size distribution as it is discussed in [15].56

Even the definition of a rain cell is subject to discussion. Within the current study, we will use the57

term "cell" for a rain field (also called rain area) that may be composed by one or several peaks of58

large attenuation, as illustrated by the Figure 2 in the same paper. The authors also found that59

most of single-peaked areas have a diameter smaller than 15 km. Illustrations of different type of60

rain cells are shown here in the Figure 2 and the Figure 3.61

The cell size distribution is mainly investigated using on ground-based radar in particular62

locations [15–18]. The use of dedicated satellite missions and instruments such as the precipita-63

tion radar (PR) and the Microwave Imager (TMI) on-board TRMM increases the geographical64

coverage, with new challenges to address, as how to fit the shape of the cells or how the swath65

truncation affects the results [14,19,20]. [21] already demonstrated that Ku-band altimetry mis-66

sions provide useful information on the distribution of cell size that confirmed the results of the67

literature but also increase the global coverage to higher latitudes than covered by TRMM.68

In the continuity of this work and considering the results for the Ka-band presented in [13],69

the present paper aims at characterizing the short-scale atmospheric attenuation variation within70

rain cells detected by the MP flag, both in terms of amplitude and size. One objective is to assess71

the impact of the atmospheric attenuation on the data availability thant remains critical for the72

future interferometric missions based on Ka-band measurements such the CNES/NASA Surface73

Water and Ocean Topography (SWOT) mission to be launched in 2022. Another one is to illustrate74

how Ka-band altimetry is particularly well-fitted to characterize rain cells, in complement to75

dedicated tropical missions.76

Based on the analysis of SARAL/AltiKa altimeter backscattering coefficient, the first part77

of this paper is dedicated to the definition of a simple detection algorithm of attenuation cells78

defined as short-scale drops of the attenuation related to the impact of rain cells. In a second part,79

the amplitude and the size of those cells are characterized and discussed in terms of occurrences80

and geographical distribution. Finally, a discussion is conducted in the conclusion on the potential81

impact on oceanography applications.82

2. Detection and characterization of rain cells83

2.1. Ka-band atmospheric attenuation84

The atmospheric attenuation (hereafter reffered as ∆σ0) is the sum of a dry component85

∆σ
dry
0 depending on pressure (p) and temperature (t), a wet component ∆σwet

0 proportional to the86

total column water vapour content (TCWV), a liquid component (∆σ
liq
0 ) depending on the liquid87

water path (LWP) and a component ∆σ rain
0 proportional to the rain rate (RR).88
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[10] proposed a polynomial empirical relation of some atmospheric components to compute89

Ka-band and Ku-band attenuations from ECMWF analysis. However, this approach is limited90

for the study of short temporal and/or spatial scale attenuation events since (1) it requires an91

interpolation between two successive analysis separated by 6 hours, (2) the location of clouds92

and their associated liquid water content is not accurate as for any Numerical Weather Prediction93

(NWP) model and (3) the rain rate is not part of the analysis dataset when it is critical for Ka-band.94

The microwave radiometer (MWR) on-board the SARAL/AltiKa mission has a better spatial95

resolution (about 12 km) and provides retrieval of atmosphere-related retrievals simultaneously96

to the altimeter observations. The wet tropospheric correction retrieved from the brightness97

temperatures (TB) shows very good performance as demonstrated in [22]. Nevertheless, due98

to the coarser spatial resolution and sampling compared to the altimeter, the radiometer ∆σ099

underestimates the amplitude of the attenuation over rain cells. As illustrated by the Figure 1, the100

geographical distribution of the atmospheric attenuation retrieved by the radiometer is mainly101

driven by the distribution of the water vapor with values less than 2 dB. The Figure 2 also shows102

how strong attenuation of the σ0 (blue dots) are largely underestimated by the radiometer (brown103

solid line).104

The originality of the current approach is to take benefit from a direct measurement of the105

variation of the Ka-band altimeter backscattering coefficient, with a fine spatial resolution (about106

4 km, slightly better than the PR on-board TRMM) combined to a very fine temporal sampling107

(40 Hz). As illustrated by Figure 2, the along-track σ0 timeseries contain a fine spatial description108

of attenuation cells with a corresponding spatial sampling of about 175 m. The SARAL/AltiKa109

mission thus offers a unique opportunity to study the small-scale variation of the Ka-band ∆σ0.110

Tournadre (2006) already estimates the characteristics of rain cells from Jason-1 and Envisat111

Ku-band rain attenuation ∆σ0Ku, basically obtained from the difference between the 1 Hz Ku-112

band and C- or S- band σ0: any measurements where ∆σ0Ku is larger than 0.5 dB when LWP is113

larger than 200µm is considered under rainy conditions. The rain cell chord distribution (RCCD)114

is established from the number of consecutive measurements under rainy situations. Indeed,115

altimeters do not measure directly the diameter of the rain cell but its chord, since the altimeter116

track randomly sample the two-dimensional rain cells. [17] established a relation between the117

RCCD and the rain cell diameter distribution (RCDD). The mean chord of the RCCD and the mean118

diameter of the RCDD are proportional with a factor of 2
π

, assuming circular-shaped rain cells.119

This relation is useful to translate one-dimensional information as provided by SARAL/AltiKa to120

two-dimensional cases that will be encountered by the future SWOT mission, even if the actual121

shape of rain cells is more likely to be elliptical over ocean [20] or even without any particular122

shape [14]. The statistics of rain rates and cells sizes provided by [21] are mostly confirmed by123

the existing literature, but the Figure 2 shows the limits of this approach, being (1) the spatial124

resolution of the Topex and Jason-1 altimeter were coarser than for AltiKa (2) the study was125

based on 1 Hz measurements (separated by 6 km) (3) the Ku-band is seven times less sensitive to126

rain than Ka-band.127

The following section describes the new algorithm used to characterize attenuation cells128

directly from Ka-band SARAL/AltiKa altimeter from 40 Hz σ0 timeseries.129

2.2. Description of the datasets130

This study makes use of the dataset provided by the Prototype for Expertise on AltiKa131

for Coastal, Hydrology and Ice (PEACHI) initiated to deliver of a long series of research-grade132

Level-2 product notably featuring innovative retracking algorithm [23]. All the parameters defined133

below are included in this dataset which is available at the high data rate of 40 Hz and at the134

compressed data rate of 1 Hz.135

The period of interest covers the whole year 2015, from AltiKa cycle 20 (starts on the136

8th of January 2015) to cycle 30 (ends on the 28th January 2016). It corresponds to the strong137

2014-2016 El Niño event. At global scale, the precipitation over ocean is larger than the long-term138

average, in keeping with the five previous years. The increase of rainfall was particularly high in139

the Pacific Ocean over the Inter-Tropical Convergence Zone (ITCZ), western and eastern Pacific140

Ocean and over Indian Ocean. On the contrary, a strong negative rainfall anomaly was observed141
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Figure 1. Geographical distribution of the atmospheric attenuation retrieved by the radiometer on-board
SARAL/AltiKa mission (bin average over a 2°x2° grid, cycle 20 to 30).

over the seas of the Maritime Continent and a below-normal precipitation occurred in the northern142

and southern Pacific Oceans [24]. The question of the representativity of this particular year with143

respect to an average situation is difficult to answer considering the high inter-annual and spatial144

variability of the precipitation. Still, the results presented here should provide useful information145

for the future missions.146

A specificity of our approach is to base our analysis on the σ0 timeseries estimated from the147

adaptive retracking applied on 40 Hz waveforms. This new solution is relying on the Nelder-Mead148

method implemented with an exact likelihood criteria for low resolution mode measurements149

[25]. The main benefit for the current study is the capability of this retracking to provide a σ0150

less correlated to the other parameters retrieved from the waveform (range and significant wave151

height): the backscattering coefficient statistics are more representative of atmosphere and surface152

conditions.153

2.3. Definition of the ACECAL algorithm154

The Figure 2 shows a typical rain cell selected according to the criteria detailed in the155

following paragraph. On the abscissa is reported the distance from the first measurement. The156

blue dots show the 40 Hz σ0 timeseries retrieved from the adaptive retracking. The segments157

are selected based on the MP rain flag that is raised along about 40 km (see the orange dotted158

line). The variation of the σ0 can generally be explained either by surface or by atmospheric159

conditions. Since both shares a common range of spatial scales and amplitude of their impact on160

the backscattered signal, it is difficult to discriminate between the two, for instance to distinguish161

between the scattering due to large surface wave height and the attenuation due to rain [REF].162

Large-scale variation of the atmospheric attenuation is usually well captured by the retrieval163

from the radiometer observations. But the combination between an empirical approach for the164

estimation and the coarse spatial resolution of MWR observations (see the 37 GHz Tb values165

in solid violet lines) leads to a clear underestimation of the atmospheric attenuation under rainy166

conditions (brown solid line). Those events represent less than 10% of the global atmospheric167

conditions and the neural network used for the operational processing under-performs for events168

so under-populated in the learning database.169

Indeed, on top of the large-scale variation, the internal structure of the rain cell is seen170

through the Gaussian-shaped peaks with an attenuation of about 5 dB with respect to the back-171

ground. The 37 GHz Tb value of more than 220 K clearly identifies this pattern as the result172

of atmospheric conditions but the retrieved atmospheric attenuation is only of about 4 dB, only173

2 dB above the estimated background. These situations are typical of a one-dimensional cut of a174

two-dimensional precipitation field. As highlighted by [26] when he defines a rain cell model175
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Figure 2. Illustration of the Attenuation Cells Caracterization Algorithm (ACECAL) algorithm applied on
two segments extracted from the pass 4 of SARAL/AltiKa cycle 20 (January 2015)

to assess its impact on altimeter waveform, a Gaussian shape for the rain-rate falloff, even if176

idealized, is well adapted for rain rates up to 50 mm.h−1 [16].177

Setting out from this premise, the core of the Attenuation CElls Characterization ALgorithm178

(ACECAL) relies on a non-linear least-square fit of the σ0 timeseries, where the fitting model179

uses a combination of a 3-degree polynomial and a pre-defined number of Gaussians. The180

implementation of this approach is performed using the LMFIT python library [27]. This181

algorithm provides an estimate of the location, the chord and the amplitude of the rain cells that182

impact the Ka-band σ0. The following paragraphs describe the pre-processing applied before the183

selection of segments where rain conditions occur, the processing that leads to the characterization184

of the attenuation cells and its limitations.185

2.3.1. Pre-processing186

Several editing criteria are applied to the measurements to select segments identified as187

under rain events conditions, before running ACECAL. The parameters in italic refers to the188

name of the fields in the PEACHI products available in NetCDF format. The selection criteria are189

summarized in Table 1.190

In order to select open ocean conditions only, the following values or thresholds are used.191

The measurement should lye over ocean (surface_type == 0), not over identified sea ice192

(ice_flag == 0 and abs(latitude) <= 60°) and at a distance larger than 50 km from193

the coast (distance_shoreline > 50 km). This latter criterium ensures that the brightness194

temperatures observed by the MWR are not impacted by the coast, which leads to an increase of195

the value that could be falsely interpreted as an increase of the precipitations. The value of σ0196

and the robustness of the rain flag are also impacted by orbit maneuvers leading to mis-pointing197

periods: the off-nadir angle of the platform should be null (off_nadir_angle_pf == 0).198

The MP rain flag is used to select the segments where rain conditions occur. To increase the199

robustness of the polynomial fit, a margin of 10 km or 15% of the segment size is added on both200

sides, respectively for a size of less or more than 100 km.201

Finally, the σ0 timeseries should obviously not be corrected from the atmospheric attenuation.202

Since it is the case in PEACHI products, the atmospheric attenuation (atmos_corr_sig0_40hz)203

is systematically subtracted to the corrected σ0 (sig0_adaptive_40hz) before the analysis.204

2.3.2. Processing205

As pointed out by Tournadre et al. 2015, the MP flag is also sensitive to bloom events,206

where the ocean surface is smooth, resulting in large σ0 values and short scale variation of the207
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Table 1: Criteria for the selection of segments impacted by rain and the selection of attenuation cells within those segments.

Pre-processing

Parameter Criteria Comment

surface_type == 0 open ocean

ice_flag == 0 no sea ice

distance_shoreline ≥ 50 km no land contamination on TB

off_nadir_angle_pf == 0 no platform maneuvers or depointing

Post-processing

Parameter Criteria Comment

trailing_edge_variation_flag_40hz == 1 MP flag raised (potential rain event)

sig0_adaptive_40hz - atmos_corr_sig0_40hz <15 db no bloom

short-scales / large-scales windows size 1.5 km / 30 km to select attenuation cells

minimum amplitude of the attenuation due to
rain cells

≥ 0.5 dB to ensure the robustness of the fit

value of 37 GHz TB at the maximum attenua-
tion

≥ 175 K to ensure the detection of rain event

off-nadir angle. The authors rely on the radiometer LWP to discriminate between actual rain208

events and surface blooms: any measurements flagged by the MP approach with LWP below209

0.1 kg/m2 are classified as bloom events. But it happens that high values of σ0, representative of210

bloom conditions, are associated to high values of 37 GHz TB, this latter being directly related to211

the radiometer LPW. It is thus chosen here to apply a maximum threshold of 15 dB directly to σ0:212

if it exceeds this limit within the selected segment, the segment is discarded. The value of the213

threshold is arbitrary but has a weak impact on the eventual robustness of the results thanks to the214

sequencing of filtering steps presenting below.215

If the segment is selected, the first step consists on determining the number of peaks and216

the index of their maximum. The peaks are isolated from a residue obtained by the difference217

between a short-scales and a large-scales median filter applied to the original σ0 timeseries. The218

small-scales filter has a window size of about 1.5 km (10 successive measurements), removing219

the small-scales noise and allowing a better location the peak maxima. The large-scale filter has a220

window size of 30 km, removing the large-scale variations of the signal. The size of this windows221

has been chosen in agreement with the global distribution of the rain cell size as established in the222

literature. Goldhirsh (1983) [28] shows that less than 10% of the cells corresponding to light rain223

rate events (2 mm.h−1) have a size larger than 30 km, less than 4% for rain rates of 5 mm.h−1.224

For Begum et al. (2009) [18], it is even less than 1% for the same rain rate. For larger rain rates,225

the maximum size is below 15 km. The sub-segments containing peaks are isolated from the226

sections where the residue is larger than 0.5 dB. If this criterion is not fulfilled, the segments227

is discarded. This limit of 0.5 dB has been selected to reinforce to distinction between surface228

and atmospheric impact on the σ0. As pointed out in the following section, this limit could be229

relaxed in future version of the ACECAL approach. Over each selected section, the position of230

the maximum is found.231

To select rainy conditions amongst the different conditions where the MP flag is raised,232

we choose here to apply a threshold on the 37 GHz TB rather than on the LWP. The retrieval233

algorithm for the LWP is depending on the σ0 and as said above, with values potentially out of234

the optimal range of validity of the neural network under rainy conditions. A threshold on the235

37 GHz TB, being more sensitive to LWP than the 23.8 GHz channel, is more straightforward236
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and independent from any retrieval algorithm, including the retracking algorithm used to estimate237

the σ0. Only the sections where the maximum of the cell corresponds to a value of the 37 GHz238

TB larger than 175 K are eventually selected (tb_ka > 175 K). This value has been established239

empirically based on the monitoring of both the 37 GHz Tb and the surface wave height and240

offers the best robustness, even if some actual cells may be not selected.241

The non-linear model is defined as the combination of a 3-degrees polynomial and a number242

of Gaussians equal to the number of selected peaks. The initial positions of the Gaussians are243

used as initial values. The fit being weakly dependent on the values of the amplitude and the244

sigma of the Gaussian, their values are fixed to respectively to -250 and 2, as recommended by the245

LMFit library. The fit is then applied to the non-filtered σ0 timeseries inside the whole segment.246

The Figure 2 shows the result of the fit as the red solid lines, the dashed black lines referring247

to the polynomial components. On these examples, the fit succeeds to reproduce the variation248

of the background and the shape of the individual peaks. The figure also illustrates how the249

ACECAL approach provides a finer description of the situation within the rainy area than the250

MP flag: the actual number of observations within the attenuation cell may be larger than the251

observations flagged by the MP approach and the inner structure is clearly not uniform. The252

location of the maximum and the width of the peaks are well estimated, with small uncertainties253

(respectively less than 0.5 dB and less than 2 km).254

The location of the minimum and the value of the minimum are computed for each Gaussian255

detected within a segment. The full width at half maximum (FWHM ≈ 2.35482σ ) and the six-σ256

full width (FW6S = 6σ ) are deduced from the standard deviation of the Gaussian σ .257

The size of the rain cell is defined by distance covered by the sum of the FW6S of each258

individual peak, accounting for overlapping if it occurs. In the cases illustrated by the middle259

and the bottom panel of Figure 3, this size is close to the size where the MP flag is raised. In260

the case illustrated by the top panel, the size of the cell is computed as the sum of the width261

each individual peak. Under this particular condition, those peaks should have been considered262

individually since they are clearly individual cells. This is a current limitation of ACECAL that263

does not include a criterion on the separability of the peaks.264

The maximum of the attenuation within a peak is defined as the difference between the265

minimum value of σ0 and the polynomial fit at the same location. Rather than focusing only on266

the absolute value of the σ0 at the maximum, this definition for the attenuation is consistent of the267

objective of the study being the impact of rain cells onto the backscattering coefficient. In the case268

of the retrieval of a 2D-field as with the SWOT mission, the distribution of rain cells will appear269

as elliptical-shaped areas with stronger attenuation over a background at a given amplitude. In270

the perspective of validation activities, it is more valuable to characterize the difference between271

the background and those areas.272

During the year 2020, 56000 rain cells are detected by the ACECAL method and, within273

these rain cells, 84500 peaks are identified.274

2.3.3. Illustrative cases and zonal distribution of occurrences275

The Figure 3 illustrates how the method succeeds to fit complex conditions and provides276

a finer level of information than given by the MP flag. The top panel shows a long segment of277

400 km, where is MP flagged is raised but the ACECAL approach detects only a limited distant278

cell, the last one lying in an area where the MP flag is actually not raised. Even when the situation279

is complexified by the presence of large rain rates (associated with 37 GHz TB values larger than280

230 K), the ACECAL approach provides a fit very close to the σ0 timeseries (see the middle and281

bottom panels). Nevertheless, the polynomial may not be optimal, and the resulting attenuation282

may be overestimated, as shown by the bottom panel.283

The percentage of 40 Hz observations flagged respectively by the MP approach and the284

ACECAL method with respect to the total number of 40 Hz observations over open ocean (defined285

by the criteria of the pre-processing, see Table 1) are of the same order. The zonal variation for286

the MP flag is close to the results presented in the Figure 5 in Tournadre et al. 2015: a maximum287

of 10%s over the ITCZ, with two secondary maxima at 5% around 40°N and 40°S along the288

mid-latitude storm tracks. Only the dissymmetry between Northern and Southern hemisphere in289
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Figure 3. Examples of complex situations with multiple peaks detected by the ACECAL approach. Top: a
long segment of 400 km, where is MP flagged is raised but the ACECAL approach detects only a limited
number of individual cells, the last one lying in an area where the MP flag is actually not raised. Middle:
even when the situation is complex, the ACECAL succeeds in detecting five different peaks. Bottom: the
impact of the atmosphere is strong and probably associated to a large rain rate (large values of TB). The
ACECAL approach detects six peaks but the polynomial fit is probably not optimal.
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Figure 4. Variation with the latitude of the percentage of 40 Hz data where rain is detected by the MP
approach (dotted black line) or the ACECAL approach (solid black line) and percentage of data discarded
by the ACECAL approach due to attenuation below the minimum threshold (0.5 dB) (solid blue line) or
because de non-linear fit failed (solid orange line).

terms of climatological distribution of the precipitation in not seen here but may be due to some290

particularity of the year 2015.291

The percentage of observations detected by ACECAL is smaller by about 1%. As said292

above, the percentage of observations where the non-linear fit failed to converge is small, lower293

than 0.5%, with no particular zonal distribution. The percentage of observations initially flagged294

by the MP approach but not selected in input to ACECAL is close to 2% with a small zonal295

distribution as well. This smaller percentage is explained by the fact that the ACECAL processing296

is relying on the MP flag but apply a stringent criterium on the minimum attenuation for a cell to297

be detected. But there may be some compensation effects between peaks detected outside the298

area (larger number of flagged observations) and narrow peaks within the area (smaller number299

of flagged observations). The distinction between these two situations is not investigated further300

within the frame of the current study. Amongst the leads for further improvement of the ACECAL301

approach, it could be interesting to propose a solution that is not dependent on the MP flag and to302

assess if the lower threshold of 0.5 dB on the attenuation could be overcome.303

3. Amplitude and size of attenuation cells retrieved from SARAL/AltiKa mission304

3.1. Amplitude of attenuation cells305

The Table 2 summarizes the results discussed hereafter. The Figure 5 shows different metrics306

that characterize the relative attenuation (with respect to the fitted background) at the maximum307

of the peaks detected with ACECAL, thus corresponding to a worst-case scenario.308

The geographical distribution of the attenuation is consistent with the strongly zonal dis-309

tribution of water vapour and precipitation (Figure 5, top panel). The amplitude is four times310

larger than the attenuation computed from the radiometer (see Figure 1) or using NWP analysis311

(Figure 2 in Lillibridge 2014); it better reflects the actual impact of the rain onto the backscattering312

coefficient and consequently illustrates the benefits of the ACECAL approach. As expected, over313

dry regions where upwelling occurs, no cells are detected or with attenuation of the order of 1 dB.314

On the opposite, the maximum attenuation is larger than 8 dB along the ITCZ but also over the315
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regions impacted by the India monsoon. Other regions of particular interest for the altimetry are316

also impacted. For instance, over the Brazil current, over the South Atlantic Convergence Zone,317

the attenuation shows values larger than 8 dB.318

The zonal distribution of the amplitude (Figure 5, middle panel) shows that the averaged319

amplitude varies from 2 dB at high latitudes to about 7 dB at ITCZ, but considering the average320

plus the standard deviation, the amplitude is about 6 dB for latitudes below 40° and can reach321

14 dB in the ITCZ.322

The bottom panel of the Figure 5 displays the percentiles of the absolute value of σ0 at the323

maximum of the peaks (see the dotted black lines): for 10% of the strongest attenuation peaks, the324

sigma0 can reach values lower than -7 dB, to be compared to a value of +10 dB under clear-sky325

conditions. Now focusing on the relative attenuation (see the solid black line), the median at326

the maximum of the attenuation peaks is about 3.5 dB and 10% of the peaks have a maximum327

attenuation of 13 dB. As illustrated by the middle panel, the attenuation strongly depends on the328

latitudes and the orange and blue solid lines respectively show the attenuation at high latitude329

(above 45°) and below 10°: the 10th percentile is larger than 15 dB over the equatorial region.330

The statistics on the attenuation can be roughly translated to hourly rain rates in order to331

validate the results. The Marshall-Palmer parameterization of [29] is used for a frequency of332

35.75 GHz. Assuming a thickness of 6 km for the rain layer, the median attenuation for the peaks333

of 3.5 dB corresponds to a rain rate of about 1.2 mm.h−1 and the 1st percentile of 23 dB to a rain334

rate of about 8 mm.h−1. The Table 2 also contains the results assuming a 3 km thickness: [14]335

uses PR measurements with a similar spatial resolution and exhibit a double peak of the thickness336

distribution over ocean at 3 km for shallow isolated precipitation and 6 km for deep rain cells.337

Those results for SARAL/AltiKa are in agreement with [14] who reported an average rain rate338

over ocean varying between 0.4 mm.h−1 and 8 mm.h−1 with a peak at 1 mm.h−1, even if the two339

datasets cannot be directly compared: [14] provides results limited to the Tropics and averaging340

all rain conditions when the results presented here in the Table 2 are extended up to high latitudes341

but concerns the maximum attenuation within the peaks. The statistics are also in good agreement342

with the results established from Ku-band altimetry missions by [21] where the rain rate varies343

between 1.5 mm.h−1 and 10 mm.h−1 with a peak around 2 mm.h−1.344

3.2. Diameter of rain cells345

The estimation of the rain cell chord length provided by ACECAL is translated to the346

equivalent circular-shaped diameter using the relation established by [17]. The top panel of347

Figure 6 displays the geographical distribution of this diameter. The larger cells are detected at348

high latitudes associated with smaller the attenuation. As shown by the zonal distribution of the349

size (Figure 6, middle) and as highlighted by Nesbitt et al. (2006), a minimum is observed around350

±20° latitude, above the semipermanent highs associated to clear sky conditions. Nevertheless,351

the contrast between tropical regions and high latitudes is small in average: the mean diameter is352

about 20 km below the Tropics against less than 25 km for latitudes around 40°, along the storm353

track. Considering now the average plus the standard deviation, the contrast is slightly larger,354

with larger variability at higher latitudes and a diameter larger than 45 km. The bottom panel of355

Figure 6 displays the percentile of the rain cells diameter (solid lines). On the contrary to the356

previous metrics, the distribution of the diameter shown here is not impacted by any averaging.357

The median of the diameters is equal to 15 km and rain cells with diameters larger than 40 km358

represent about 10% of the population. The difference between the percentiles of the diameters359

for rain cells lying around the Tropics (solid blue line) or at higher latitudes (orange solid line) is360

small.361

The ACECAL approach also provides information on the diameter of the internal peaks.362

We chose to display the metrics for the FWHM of the peaks, which is more consistent with363

the maximum attenuation shown in Figure 5. At a global scale, the geographical distribution is364

smooth: the diameters of the peaks are larger than 6 km along the Tropics or at latitudes larger365

than 40°, with a minimum below 5 km along the semipermanent highs. As seen in the bottom366

panel of Figure 6 by the dotted lines, the median of the peak diameter is 5 km and 10% of the367

peaks have a diameter larger than 10 km.368
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Figure 5. Characteristic of the amplitude of atmospheric attenuation cells at Ka-band. Top: geographical
distribution and associated histogram. Middle: zonal distribution of the averaged amplitude (solid line) and
the average plus the standard deviation (dotted line). Bottom: the percentile of the absolute value of σ0 and
of the attenuation (SARAL/AltiKa cycles 20 to 30, year 2015)
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Figure 6. Characteristic of the atmospheric attenuation cell size at Ka-band. Top left, geographical
distribution and associated histogram. Top right, zonal distribution of the averaged size (solid red line) and
the average plus the standard deviation (solid green line). Bottom, the percentile at global scale and for
zonal selections. (SARAL/AltiKa cycles 20 to 30, year 2015)

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 September 2021                   doi:10.20944/preprints202109.0477.v1

https://doi.org/10.20944/preprints202109.0477.v1


Version September 27, 2021 submitted to Remote Sens. 13 of 16

Figure 7. Geographical distribution of peaks diameter (FWHM) within the rain cells (bin average over a
2°x2° grid, cycle 20 to 30).

Those results are also in agreement with previous studies. [14] computes a median length369

and width of respectively 20 km and 15 km over ocean over the region covered by TRMM,370

close to the median found in the present study. [19] discussed more into details the geographical371

distribution of the size of rain cells (see their Figure 8). The feature’s maximum dimension (FMD)372

is computed as twice the major axis of the ellipse that fits the rain cell: the maximum of the373

FMD is located over the ITCZ and in the subtropics. Over ocean, it varies between 10 km and374

20 km, with a minimum of about 7 km over the dry upwelling regions. Those results are slightly375

more contrasted than the distribution shows in Figure 6 but both the FMD and the mean rain area376

shows maximum along the ITCZ and at higher latitudes around 35°. Indeed, it is confirmed by377

the study of [30] who compute the distribution of precipitation system size using the Integrated378

Multi-SatellitE Retrievals for the Global precipitation measurement (IMERG) level 3 gridded379

product. Their Figure 1 shows that the median precipitation system size is large at latitude above380

40°N and 40°S. [21] also displays the geographical distribution of the slope of the RCCD. The381

corresponding mean diameter of the rain cells is consistent with the previous results over the382

ITCZ tropics with a value of about 16 km but this value drop to 4 km to 6 km at higher latitudes.383

Since the rain rate is lower at higher latitude, this difference may be due to a weakness of the384

approach based on Ku-band measurements, less sensitive to precipitations.385
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Table 2: Characteristic of rain cells retrieved by the ACECAL approach (global statistics)

Attenuation at peak maximum (Rain rate [mm.h−1] @ 6 km thickness ; 3 km thickness)

99th percentile 90th percentile median 10th percentile 1st percentile

0.5 dB (<1 ; <1) 1.0 dB (<1 ; <1) 3.5 dB (1.5 ; 2.4) 13 dB (6 ; 9) 23 dB (10 ; 16)

Rain cell diameter

99th percentile 90th percentile median 10th percentile 1st percentile

5 km 8.5 km 15 km 41 km 103 km

Peak diameter (FWHM)

99th percentile 90th percentile median 10th percentile 1st percentile

1.5 km 3 km 5 km 10 km 20 km

4. Conclusion386

The use of Ka-band for radar altimeter allows a reduction of the spatial resolution from387

about 15 km with the historical Ku-band instruments to about 4 km. But it also comes with a388

larger sensitivity to the atmospheric attenuation, especially under rainy conditions.389

As the radiometers on-board altimetry mission have a coarser spatial resolution (12 km390

for MWR on-board SARAL/AltiKa), a new approach is proposed here, based on the 40 Hz σ0391

(one point every 175 m), to characterize the impact of rain cells onto the measurements and392

anticipate the availability of the observations performed by future two-dimensional swath Ka-band393

altimeters.394

The ACECAL approach combines low-filtering and non-linear fit to retrieve the amplitude395

of the atmospheric attenuation at Ka-band, the size and the occurrences of rain cells.396

The conclusion of this work can be discussed according to two different applications.397

First, the robust characterization of rain cells can be used to draw some guidelines for the398

future altimetry missions. At global scale, the number of observations strongly impacted by399

the atmospheric attenuation should be limited, with a proportion of observations belonging to400

attenuation cells lying between 5% and 10%: this result first shown by Tournadre et al. 2015 is401

confirmed here with a different method. Then, the maximum value of attenuation above which the402

measurements are no longer valid depends on the signal-to-noise ratio specific to each instrument:403

according to this limit, the percentage of data availability for a given mission is deduced from the404

Figure 5 and applying a conservative 10% factor as the percentage of observations inside rain cells405

at global scale. The Figure 4 provides a declination of this correction factor by bands of latitudes.406

Generic conclusions can yet be drawn using the geographical distribution of the size and the407

amplitude: that some regions of particular interest for oceanography as Gulf Stream, North Pacific408

or Brazil currents could be systematically affected in terms of data availability or degraded budget409

errors. The present work could also help for two distinct aspects of the altimetry system. First, the410

distribution of size and amplitude could be used by the prototypes developed in the frame of future411

swath altimetry missions: added to the simulations of the geophysical context, it could improve412

the accuracy of the budget errors by including degraded cases caused by the atmosphere and help413

to the definition of future validation metrics to detect those atmospheric events. Secondly, as the414

limitation of the current atmospheric attenuation retrieval from radiometer measurements has415

been illustrated, a potential application of the ACECAL approach is to build a pattern index of416

atmospheric attenuation from the 40 Hz flagged measurements to be used as a learning database417

for a future empirical approach based on pattern recognition techniques.418

Secondly, this work demonstrates the capability of Ka-band radar altimeter to provide419

observations strongly consistent to the measurements provided by missions dedicated to the420

precipitations, as the precipitation radar on-board the TRMM mission. The retrieval of rain rate421

and rain cell size but also the characterization of the internal peaks, if they are distributed as422
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secondary products of altimetry missions would certainly benefit to the community, especially if423

the approach can be generalized to the future two-dimensional swath altimetry missions.424

Yet, some aspects of the ACECAL approach could be improved in order to increase its425

robustness. A first lead would be to assess if there is some interest to apply it independently426

from existing rain flags: whether ACECAL would provide more robust detections of rain events,427

minimizing the number of missing events is still to be investigated. A major step would be428

also to estimate the rain rate from the attenuation provided by this method: the accuracy of the429

computation of the relative attenuation with respect to the fitted background has to be assessed430

and the most suitable retrieval method has to be selected. Here again, the validation would benefit431

from the PEACHI dataset which also contains rain rates match-up from SSMI-S and WindSat432

missions.433
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