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Abstract

We validate sea surface salinity (SSS) retrieved from Aquarius instrument on SAC-D
satellite with in situ measurements by Argo floats and moored buoy arrays. We assess the
error structure of three Aquarius SSS products: the standard product processed by
Aquarius Data Processing System (ADPS) and two datasets produced at the Jet
Propulsion Laboratory (JPL): the Combined Active-Passive algorithm with and without
rain correction, CAP and CAP_RC respectively. We examine the effect of various filters
to prevent unreliable point retrievals from entering Level-3 averaging, such as land or ice
contamination, radio-frequency-interference (RFI), and cold water.

Our analyses show that Aquarius SSS agrees well with Argo in a monthly average
sense between 40°S and 40°N except in the Eastern Pacific Fresh Pool and Amazon
River outflow. Buoy data within these regions show excellent agreement with Aquarius
but have discrepancy with the Argo gridded products. Possible reasons include strong
near surface stratification and sampling problems in Argo in regions with significant
western boundary currents. We observe large root-mean-square (RMS) difference and
systematic negative bias between ADPS and Argo in the tropical Indian Ocean and along
the Southern Pacific Convergence Zone. Excluding these regions removes the suspicious
seasonal peak in the monthly RMS difference between the Aquarius SSS products and
Argo. Between 40°S and 40°N, the RMS difference for CAP is less than 0.22 PSU for all
28 months, CAP_RC has essentially met the monthly 0.2 PSU accuracy requirement,

while that for ADPS fluctuates between 0.22 and 0.3 PSU.
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1. Introduction

SSS is a critically important parameter relating the global water cycle to the
ocean circulation. As a joint venture by National Aeronautics and Space
Administration (NASA) and Comisidon Nacional de Actividades Espaciales (CONAE),
the Aquarius/SAC-D (Satelite de Application Cientificas-D) was launched in June
2011 [Lagerloef et al. 1995, 2008; Le Vine et al. 2007]. Aquarius has been in
operation since 25 August 2011, providing unprecedented combined passive/active
L-band observations. The primary objective of Aquarius is to provide SSS maps to
monitor the seasonal and interannual variations of the large-scale features of SSS
with a spatial resolution of 150 km and retrieval accuracy of 0.2 PSU globally on a
monthly average basis. Performance statistics and analyses of residual errors are
documented in publications along the course of the Aquarius calibration/validation,
algorithm improvement, and release of various versions of data [e.g. Lagerloef et al.,
2013a; Ebuchi and Abe, 2012; Ratheesh et al. 2013]. In this study, we present results
of the error assessment for three Aquarius SSS products: the standard product
based on the algorithm developed at the Remote Sensing Systems (REMSS) and
operationally processed by the Aquarius Data Processing System (ADPS), and the
two datasets retrieved at JPL: CAP and CAP_RC. We used Aquarius V2.7.1 [pre-release
of V3.0] level-2 data for all three products.

We compare each of the Aquarius SSS products with in situ measurements using
Argo (Array for Real-time Geostrophic Oceanography) [Roemmich and the Argo
Steering Team, 2009] floats in the global oceans, and the salinity reports from the moored

buoys in the global tropics [McPhaden, 1995, McPhaden et al. 1998, Bourles et al., 2008,
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Servain et al. 1998, McPhaden et al. 2009]. With comparable accuracy of 0.01-0.02 PSU
[Freitag et al., 1999; Hosoda et al., 2010], Argo floats and moored buoys are
complimentary to each other in providing ground truth. Argo floats cover open oceans
with an average sampling rate of one observation every 10 days for each 3°x3° area.
Argo is the best available source with consistent global coverage that can be used to
assess Aquarius SSS performance, however it may not be sufficient to depict processes
with rapid temporal variability. Moreover, the shallowest depth where Argo floats can
operate reliably is 5-meters below the surface, where salinity may largely differ from that
from Aquarius in regions with high near surface stratification. On the other hand, the
moored buoys provide daily salinity measurements at 1-meter depth, which provide
measurements nearer to the surface and with higher temporal sampling. However, buoy
locations are sparse and the data records at each position may be discontinuous.

In Section 2 we describe the datasets of in situ measurements and Aquarius SSS
analyzed in this study. The comparisons of Aquarius products with Argo and buoy data
are presented in Section 3 and 4 respectively. In Section 5, we present error assessment of
the Aquarius SSS on monthly basis against Argo, but with certain areas excluded as

justified by buoy comparison. Finally a summary is given in Section 6.

2. Data

2.1. Argo floats

The Argo project provides in situ salinity profiles over the global ocean through the
deployment of over 3000 free-drifting profiling floats that measure salinity and

temperature from near the surface to 2000 dbar [Roemmich and the ARGO team, 2009].
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This study uses both individual Argo float data and monthly gridded fields for evaluation.
We obtain the quality controlled individual Argo data collocated with Aquarius point
observations within 75 km and 4.5 days from the Aquarius Validation Data System
(AVDS) operated by Earth and Space Research (ESR). The spatial and temporal
collocation criteria were chosen to gather all ARGO floats within Aquarius footprint
(~100 km) in the 7-day orbit repeat cycle [Lagerloef et al., 2013a].

Monthly gridded Argo data generated from float observations through optimal
interpolation (OI) are obtained from two sources. The first set is from the Asia-Pacific
Data-Research Center (APDRC) of the International Pacific Research Center (IPRC) at

the University of Hawaii (available from http://apdrc.soest.hawaii.edu). The second is

available from the Japan Agency for Marine-Earth Science and Technology (JAMSTEC)

(available from http://www.jamstec.g0.jp/ARGO) [Hosoda et al., 2010]. In contrast to the

APDRC, which is solely composed of Argo data, JAMSTEC combines data from ARGO
floats, Triangle Trans-Ocean Buoy Network (TRITON), and available conductivity-
temperature-depth (CTD) casts. In this study, we will focus on APDRC monthly gridded
ARGO data, for the convenience of identifying error sources. We will use the OI error
estimations, which are available in JAMSTEC dataset but not in APDRC, to confirm and

explain some regional discrepancies observed between Argo Ol and Aquarius.

2.2. Moored buoys
Time series of daily salinity are collected at mooring stations from the global tropical
moored buoy array which includes the Tropical Atmosphere Ocean (TAO)/TRITON

array in the Pacific [McPhaden, 1995, McPhaden et al. 1998], the Pilot Research Moored
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Array in the Tropical Atlantic (PIRATA) array [Servain et al., 1998, Bourles et al., 2008],
and the Research Moored Array for Africa-Asian-Australian Monsoon Analysis and
Prediction (RAMA) in the Indian Ocean [McPhaden et al., 2009]. The TAO Project
Office of the National Oceanic and Atmospheric Administration (NOAA) and the Pacific
Marine Environmental Laboratory (PMEL) provide near-real-time daily-averaged surface

and subsurface data from moorings (available at www.pmel.noaa.gov/tao). The salinity

sensors maintained at each buoy provide internally recorded temperature and
conductivity data at 10-minute intervals, which are used to compute hourly averaged
salinity with accuracy of 0.02 PSU [Freitag et al., 1999]. At most array sites, the vertical
profiles consists of measurements in the top 100 to 200 meters, but the depths at which
salinity measurements are available varies with location. In this study, we only consider

the highest and default quality control values, as provided in the data product.

2.3. Aquarius SSS

The standard Aquarius SSS product is based on the algorithm developed by REMSS
[Meissner and Wentz, 2014], operationally processed by ADPS and distributed by the
Physical Oceanography Distributed Active Archive Center (PODAAC). Also available
at PODAAC are the research datasets produced JPL, the CAP and CAP_RC products
[Yueh and Chaubell, 2012; Yueh et al., 2013 and 2014]. The CAP algorithm retrieves the
salinity, wind speed, and direction simultaneously by minimizing the sum of the squared
differences between observations and model predictions. The CAP retrieval software can
be easily modified to account for additional geophysical quantities such as rain [7ang et

al., 2013, 2014] and significant wave height [ Yueh et al., 2014]. SSS retrieval under rainy
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conditions is challenging because the effects of surface freshening associated with rain
fresh water inputs and rain-induced surface roughness are mixed in the radiometric
signatures. Moreover, there are no extensive measurements of salinity in the upper few
centimeters that can be used to effectively separate these effects in radiometric signatures.
The current Geophysical Model Function (GMF) for ADPS and CAP were developed
using rain-free data. Applying the rain-free GMF to SSS retrieval under rainy conditions
is equivalent to attributing rain-induced signature completely to surface freshening and
ignoring its roughness effect, resulting in erroneously low salinity in the satellite retrieval.
Based on analyses of Aquarius L-band radar/radiometer signals under rainy conditions,
Tang et al. [2013] developed a rain correction scheme for GMF calibrated using salinity
from the HYbrid Coordinate Ocean Model (HYCOM) [Chassignet et al., 2009] as a
reference. The uncertainty associated with using HYCOM SSS as reference for rain
correction model is discussed in Tang et al. [2014]. In this study, two sets of SSS are
retrieved in parallel with JPL CAP processing system, using GMF with and without rain
correction (referred as CAP_RC and CAP respectively). The ancillary surface rain rate
data used for rain correction is from Special Sensor Microwave Imager/Sounder
(SSMLI/S) F17 [Wentz, 1997; Wentz and Spencer, 1998] and the polarimetric microwave
radiometer WindSAT [Gaiser et al., 2004], collocated within one hour in time and 12.5
km in distance from the center of Aquarius footprints. No rain correction is performed if
neither SSMI/I or WindSAT met with collocation criteria, which excludes about 20% of
the Level 2 data blocks. CAP and CAP_RC are identical when the matchup rain rate is

Zero or missing.



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

3. Comparison with ARGO

3.1 Level 2 data validation with individual ARGO floats

First we compare Aquarius level 2 SSS data products with individual Argo float data.
AVDS routinely matches up Argo data to the closest Aquarius level 2 measurements
within 75km and with time window of #4.5 days. In this study, all Aquarius data within
75 km from the Argo location are spatially averaged. Argo data are generally sampled at
a shallowest depth of 3-5 meters from surface. Fig.1 shows the scatter plot of collocated
data from Aug. 25, 2011 to Dec. 31, 2012 with the RMS difference and bias summarized
in Table 1. We observe that the performance varies with incidence angles, with beam-1
the worst and beam-3 the best for all three Aquarius SSS products.

We also note that ADPS has smaller RMS difference than CAP or CAP_RC, with the
RMS difference of all beams combined at 0.495, 0.563 and 0.558 PSU for ADPS, CAP
and CAP_RC, respectively. Statistical significance tests suggest the differences between
these RMS difference values are significant beyond the 99% significance level. Note that
the retrievals for CAP and CAP_RC are independent from sample to sample, while the
ADPS retrievals have used the monthly SSS climatology to constrain the retrievals and
are thus correlated.

The ADPS V3.0 algorithm divides the retrieval process into multiple steps to account
for surface roughness effects. First the horizontally polarized radiometer brightness
temperature (Tgn) is used along with the radar backscatter to retrieve the surface wind
speed. This step requires the use of a monthly SSS climatology (SSSc) because Tgy is a
function of salinity; as a result the retrieved wind speed (W¢) is a function of SSSc¢. The

next step of the retrieval process uses W¢ to compute the roughness corrections to Tgy
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and vertically polarized brightness temperature (Tgy). A least-squared optimization is
then used to retrieve the salinity from the roughness-corrected Tgy and Tgy. Because W
and the resulting brightness temperature correction terms are functions of SSSc, the
ADPS SSS is also influenced by SSSc. When the measurement noise is small enough, it
can be shown through perturbation methods that the ADPS SSS is approximately a
linearly weighted sum of the SSSc and the noisy SSS estimate from the Aquarius data
itself. Because the SSSc is constant, it does not contribute to the standard deviation of the
difference with the individual Argo observations within the same month. Also because all
the ADPS retrievals from the same month (even from a different year) will contain the
same SSSc, the ADPS SSS retrievals within the same month are correlated.

The use of monthly climatology in the ADPS processing has effectively introduced a
smoothing factor to reduce the standard deviation and RMS difference of retrievals
within each month, and as a result the ADPS retrievals within a month are not
independent. Therefore the relative magnitude of RMS difference with individual floats
for each orbit pass does not indicate the relative accuracy of ADPS, CAP, and CAP_RC
because of the “effective smoothing” applied in the ADPS product. On the other hand,
since CAP or CAP_RC point-wise retrievals are independent, monthly averaging more

effectively reduces the RMS difference (Table 2).

3.2 Level 3 data validation with Argo maps
Monthly gridded SSS fields (Level 3) are created for each Aquarius product, i.e.

ADPS, CAP and CAP_RC, for comparison with monthly gridded Argo data. For each

grid point on 1°x1° grid over global oceans, all level 2 data blocks within 111 km radius
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are spatially averaged using Gaussian weighting with half-power distance of 75 km, then
temporally averaged over the month. It is noted that Aquarius Project delivers two
versions of level 3 ADPS monthly SSS: smoothed and non-smoothed. We uses our own
gridded monthly version of ADPS instead of using level 3 data available from the project
to ensure the exact same filtering and gridding procedure are used for all three products.
The results presented in this study are comparable with the non-smoothed version of
ADPS level 3 data.

As illustrated in Fig. 2 for March 2013, all three of Aquarius SSS products, ADPS,
CAP and CAP_RC, depict large-scale features of the surface salinity field over global
oceans similar to the Argo gridded product. We see features such as the high salinities
found in the subtropics of north and south Atlantic; the low salinities found in the eastern
Pacific fresh pool, in the southern tropical Indian Ocean, and under the Inter-Tropical
Convergence Zone (ITCZ) and the Southern Pacific Convergence Zone (SPCZ). Data
gaps along the coastline in the Aquarius SSS products are due to excluding Level 2 data
blocks with land or ice fraction greater than 0.001, to avoid potentially contaminated
retrievals entering Level 3. The Argo map is masked out where there is no Aquarius data.
We note that Aquarius products reveal more detailed structures than Argo in some
regions, for example, the eastern equatorial Pacific fresh pool, and the Amazon River
outflow area. This demonstrates the sampling advantage of Aquarius in capturing and
resolving high resolution and high frequency SSS variations.

Figure 3 depicts the seasonal evolution of the difference between the Aquarius SSS
and Argo gridded products. In the tropical Pacific, the zonally orientated narrow bands of

negative values of satellite minus Argo (blue) appears in the eastern Pacific early in the
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year, expands westward, and reaches its maximum extent in October. This is associated
with the surface freshening from rainfall captured by Aquarius while missed by Argo. We
note that the negative difference pattern of CAP RC is slightly weaker than CAP,
suggesting that CAP_RC accounts part of observed surface emissivity as rain-induced
roughness while still able to reveal the surface freshening under rainy conditions [7ang et
al., 2014]. In the tropical Atlantic, the most outstanding feature is the lower salinities
observed by satellite, emerging from the Amazon River outflow region and migrating
northward along the coast as far as 20°N late in the year. There is no observable
difference between CAP and CAP_RC in this region, as expected for a non-rain related
process. In the high latitudes (poleward of 40°), all Aquarius SSS products have a
positive bias throughout the year, although this bias is much more severe for ADPS than
CAP or CAP_RC in magnitude and affected area. This is not only caused by larger
satellite measurement error in the area due to loss of the salinity signal in emissivity in
cold water, but also because of the fewer number of available samples from Argo floats
in these regions. Finally, we observe systematic negative biases in ADPS over large
areas, particularly in the southern tropical Indian Ocean and along the SPCZ.

In Figure 4 we show a scatter-plot containing in total over 220,000 pairs of Aquarius
SSS and Argo for latitudes between 40°S and 40°N using the 12 monthly average maps
in 2012. For ADPS, CAP and CAP_RC, the overall biases with respect to Argo are -
0.068, -0.023 and 0.005 PSU; and RMS differences of 0.276, 0.225 and 0.217 PSU
respectively (all different beyond 99% significance level). The region in Figure 4 with the
highest density of points (red) for CAP and CAP_RC lie along the diagonal line, while

that for ADPS is off the diagonal line, consistent with the large region of negative bias
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observed in Fig. 3. There are two groups of outliers centered on 32.5 and 35.5 PSU in
Argo data, where the Aquarius SSS is several PSU lower than Argo. While the
distribution for outliers centered on 32.5 PSU are similar between ADPS, CAP and
CAP_RC, the group centered on 35.5 PSU is much smaller for CAP & CAP_RC than
ADPS. These outliers are apparently associated with the negative difference patches
observed in the tropical oceans (Fig. 3), which may result from the combination of
satellite retrieval error and Argo float sampling, or may be due to near surface
stratification. In attempt to isolate these factors, we conduct a series of monthly data
gridding with different quality control schemes. Aquarius radiometer flags in V2.7.1
provide information on potential contamination from moon, galaxy reflection, RFI,
roughness correction convergence, and satellite operational conditions (for details see
Aquarius User Guide for Aquarius Dataset Version 3.0) [PO.DAAC, 2014]. Based on
these flags, we test various quality control schemes to filter out unreliable Level 2 data
blocks in producing Level 3 monthly maps. We identified a set of flags (so called “red”
flags) as listed in Table 2, which may be effective in enhancing the performance of Level
3 data. Fig. 4 corresponds to the gridded data produced with all “red” flags switched off,
therefore should serve as a baseline. We generated a series of gridded datasets with
individual flags switched on to gauge the effect of each one for eliminating outliers. Fig.
5 shows the scatter plot with “unacceptable ascending/descending difference” flag
switched on. It is found that although overall RMS differences reduced to 0.250, 0.212
and 0.204 for ADPS, CAP and CAP_RC, respectively, the two groups of outliers are still
there. Table 2 summarizes the bias and RMS difference with individual flags turned on,

comparing with all “red flags” on or off. It shows with certain quality control, the RMS
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difference of all Aquarius Level 3 products decreases, while flag 17 (which eliminates
pixels where the difference between measured and predicted brightness temperature
greater than 0.4 K) and flag 23 (which eliminates pixels with unacceptable
ascending/descending differences) seem to be most effective in reducing overall RMS
difference.

The RMS differences between Aquarius SSS and Argo gridded data from 40°S to
40°N are calculated for each month (Fig. 6). From September 2011 to December 2013,
the RMS differences for CAP and CAP_RC vary between 0.19 and 0.29 PSU, and for
ADPS between 0.24 and 0.32 PSU. The RMS differences for all three products seems to
have a seasonal cycle peaking in August-October, suggesting the existence of some
seasonal processes either affecting the performance of Aquarius retrieval algorithm or
interfering with the validation. Fig. 7 shows the resulting RMS differences of the monthly
data gridded with the “unacceptable ascending/descending differences” switched on. It
reduces the monthly RMS difference range to 0.18-0.26 for CAP and CAP_RC, and 0.22-

0.28 for ADPS, but the suspicious seasonal peaks remain.

4. Comparison with moored buoys

We downloaded the time series of daily salinity measured at 1-m depth by

TAO/PIRATA/RAMA moored buoys from www.pmel.noaa.gov/tao, from Sept.1, 2011
to Dec. 31, 2013. The Aquarius SSS daily records are created using all available Level 2
data blocks within 111 km from the buoy location and averaged using Gaussian
weighting with half-power distance of 75 km (similar to the Level 3 gridding in Section

3), only if there are more than 20 data blocks collocated. The Aquarius local sampling
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interval varies by location, with at least one daily sample every 7 days in the tropics. To
be consistent with Level 3 monthly data validation (Sec. 3.2), a 30-day moving average is
applied to the time series of each product at each buoy location. The time series of Argo
at each buoy location is created in the same way from Argo matchups with Aquarius
level 2 data blocks obtained using spatial and temporal interpolation from Argo monthly
gridded data.

For example, Fig. 8 illustrates the time series at two representative locations from the
TAO [McPhaden, 1995, McPhaden et al. 1998] and RAMA [McPhaden et al, 2009]
arrays, respectively. In the western Pacific warm pool at 156°E on the Equator (Fig.8a),
the Aquarius SSS agrees very well with buoy 1-meter salinities over a period of more
than two years, including the annual/interannual variation over two seasonal cycles, as
well as the abrupt salinity changes over short periods. The biases are -0.22, -0.06 and
0.03 PSU for ADPS, CAP and CAP_RC respectively, with RMS differences of 0.25, 0.14
and 0.15. It is noted that in this region with frequent precipitation, the rain correction
eliminates the negative bias but may over correct for the rain-induced roughness resulting
in positive bias and RMS difference slightly larger than CAP. Comparison with buoys
also confirm that ADPS has systematic negative biases, consistent with previous
observations in comparison with Argo. In addition, the problem seems to become more
severe in the southern tropical Indian Ocean as shown in the time series at the RAMA
buoy located at 5°S, 95°E (Fig. 8b). Similar time series analyses are conducted on each
buoy location over the entire tropical moored buoy arrays, with results summarized in

Figs.9to 11.
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Figure 9 shows color-coded correlation coefficients between buoy 1-m salinity and
each of the Aquarius SSS products at buoy locations. Note the number of available
samples varies from site to site due to non-uniform buoy operation across the array. We
only include buoys with more than 50 collocated daily samples available during the
period in this figure. The correlation between Aquarius and buoy is more than 0.8 at the
majority of locations, with a few exceptions e.g. the Bay of Bengal (15°N, 90°E), and in
the southeastern Pacific (8°S, 110°W). Although we attempt to use the buoy data with
only the highest quality, some buoy measurements seem suspicious. For instance, an
exceptionally large discrepancies between Aquarius SSS and buoy is observed at §°S,
110°W, where the buoy showed a salinity drop of nearly 2 PSU from September 2011 to
May 2012, never recovered and ceased operations February 2013. In the meantime,
Aquarius depicted two seasonal cycles, and agreed well with Argo. Further investigation
is needed to understand whether these large discrepancies are caused by regional
processes (e.g. river runoff, ocean current) or buoy sensor failure. Overall, Fig. 9
indicates all three Aquarius SSS products are able to capture the temporal variability at
monthly or shorter time scales.

In contrast to the temporal correlation, the biases between Aquarius SSS and buoy
differ from each other between ADPS, CAP and CAP_RC (Fig. 10). Consistent with the
Argo comparison, ADPS shows negative biases as compared to buoy 1-m salinity almost
across the entire array.

The RMS differences between buoys and the Aquarius SSS over the entire tropical
moored buoy array are summarized in Fig. 11. The lowest RMS difference (about 0.1

PSU) is found in the central equatorial Pacific. We observe that CAP retrievals with rain
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correction (CAP_RC) reduce the RMS difference in some areas, such as the western
tropical Pacific and northern Atlantic Ocean. For all three Aquarius products, the RMS
differences are particularly high in the Bay of Bengal, the southeastern Indian Ocean, and
in several scattered locations in the Pacific. Further investigations are needed to find out
the reasons behind these large RMS differences, which may vary from site to site. For
example, in the Bay of Bengal, this may be due to the fact that these locations are under
great influence of river runoff, where large sampling errors are expected due to imprints
of small-scale variability on the satellite footprints [Vinogradova and Ponte, 2013]; while
at location 8°S, 110°W in the the Pacific, this may caused by un-filtered bad
measurements from the buoy before its termination, as discussed earlier in this section.
Fig. 12 illustrates the distribution of the total 107 buoys for ADPS, CAP and
CAP_RC in terms of their respective bias and RMS difference with respect to the 1-m
buoy salinity. At nearly half of locations over the buoy array, CAP_RC has a bias less
than 0.05 PSU (centered at bias bin 0.0), while the distribution for ADPS peaks at -0.2
PSU, consistent with comparisons with Argo as described in Sec. 3. CAP and CAP_RC

also show a higher population at low RMS differences (< 0.15 PSU) than ADPS.

S. Error Assessment

We assess the retrieval error of the Aquarius SSS by combining evaluations with
Argo and buoy measurements. Fig. 13 shows the RMS difference with respect to Argo
calculated from 28 months of gridded data for ADPS, CAP and CAP_RC, respectively,
where the locations of the moored buoy arrays are overlaid. We are particularly

interested in two areas between 40°S and 40°N where a large discrepancy between all
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three Aquarius SSS products and Argo is observed, such as in the Atlantic Ocean near the
Amazon River outflow, and in the Eastern Pacific Fresh Pool north of the Equator. At
two of these buoy locations (the white dots in Fig. 13) within those two regions, we show
a 30-days moving average of the Aquarius SSS, buoy 1-meter salinity, and Argo, as
shown in Fig. 14.

In the Eastern Pacific Fresh Pool, the TAO buoy at 2°N, 95°W (Fig.14a) provided
measurements from Sept. 2011 to March 2012 and March to Aug. 2013. During these
periods, buoy observations agreed better with Aquarius SSS than with Argo, with RMS
differences of 0.30, 0.22, 0.22 PSU for ADPS, CAP, CAP_RC, respectively, and 0.41
PSU for Argo. It appears Argo gridded products failed to capture the magnitude of the
two freshening events in February 2012 and May 2013. Unfortunately there are no buoy
measurements available to validate the freshening peak observed by Aquarius in
February 2013. Alory et al. (2012), using ship and the Soil Moisture and Ocean Salinity
(SMOS) data, depicted the quasi-permanent presence of eastern Pacific fresh pool with
SSS lower than 33 PSU and extending westward to 95°W in April. The vertical structure
of this fresh pool along 95°W can be seen in McPhaden et al. [2008]. We check the
monthly maps of Argo OI error estimation given in JAMSTEC dataset and confirm that
in this region Argo errors are consistently small (less than 0.05 PSU) (Fig. S1). We
believe that the strong near surface stratification associated with the freshening events
caused the large discrepancy between surface (observed by Aquarius) and 5-meters
below (observed by Argo).

On the other hand, the area of large RMS difference in the western tropical Atlantic

coincides with the area where Argo floats perform worst; as confirmed by the large Argo
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OI error estimation (larger than 0.5 PSU) throughout the year (Fig. S1). This area is
influenced by the Amazon River outflow as Aquarius observed the low surface salinity
with detailed spatial features within a few weeks of mission start [Lagerloef et al., 2013].
Grodsky et al. (2012) have published a study of this region using Aquarius data on the
interaction of Hurricane Katia and the Amazon River outflow. Near the eastern edge of
this area, the PIRATA buoy [Servain et al., 1998, Bourles et al., 2008] at 8°N, 38°W
measurements are available from Sept. 2011 to Sept. 2012, and June to Sept. 2013, giving
RMSD of 0.23, 0.25, 0.25, and 0.55 for ADPS, CAP, CAP_RC and Argo, respectively.
Available buoy measurements cover important periods of the two early freshening stages
from June to Sept. in 2012, 2013, respectively, as well as the seasonal minimum salinity
in Oct. 2011 and its recovery afterwards. During these periods, buoy data agree very well
with Aquarius but shows large discrepancies with Argo (Fig.14b). It confirms that the
large RMS difference is caused by error in the monthly Argo data rather than Aquarius
SSS in this area, which is under the influence of strong western boundary currents
resulting in relatively low sampling rate by Argo floats [Roemmich and the Argo Steering
Team, 2009].

Based on the above analysis, we conclude Argo data is not appropriate to be used as
ground truth for validation in the areas where its temporal aliasing or operational depth
may result in unrealistic error assessments for Aquarius. Examples of these regions
include the area near the eastern Pacific fresh pool where near surface stratification are
strong [Alory et al., 2012, McPhaden et al., 2008]; and the area along the coast near
Amazon River outflow where Argo Ol error is large [Fig. S1]. Fig. 15 shows the monthly

time series of RMS differences with respect to Argo calculated by excluding the two
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patches of data indicated in Fig. 13. Compared with Fig. 6, which includes all grid points
between 40°S and 40°N, the monthly RMS difference with respect to Argo is greatly
improved, particularly the elimination of seasonal peaks in boreal summer. It appears that
CAP and CAP RC gain more improvement than ADPS, with RMS difference for
CAP_RC below 0.2 PSU across the board except three months of Nov. 2011, March and
April of 2013. Statistics over the entire 28 months of gridded data are summarized in
Table 3.

We perform the Student’s T-test on the samples of 28 months of RMS difference with
respect to Argo (Fig. 6, 7 & 15), on pairs of the Aquarius data products. Our results
indicate the RMS difference of ADPS is significantly different from that of either CAP or
CAP_RC at significance level above 99% in all cases. The significant different level
between CAP and CAP_RC is lower (~70%), which is not surprising due to the fact that
the effect of rain correction must be reduced with global averaging. In areas where
evaporation-minus-precipitation is the dominant driving force for the water cycle, e.g. in
ITCZ, Tang et al. [2014] found the difference between CAP and CAP_RC could cause

more than 10% difference in the intensity of upper ocean salinity storage tendency.

6. Summary

Three Aquarius SSS data products, ADPS, CAP and CAP_RC are validated with in-
situ measurements from Argo floats and moored buoys. Comparison of level 2 data with
individual Argo floats indicates ADPS has smaller RMS difference than CAP and
CAP_RC, likely due to the smoothing effect of monthly climatology constraints applied

in ADPS retrieval. As CAP and CAP_RC point-wise retrievals are independent, monthly
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averaging results in greater noise reduction than ADPS, as compared to Argo or moorings.
Comparison of level 3 data with Argo monthly data shows Aquarius SSS depict the
global features and seasonal evolution in tropical oceans, but with large discrepancies
observed in high latitudes, areas near Amazon River outflow, in the ITCZ such as
particularly in Eastern Pacific Fresh Pool, and SPCZ. The RMS difference obtained
between 40°S and 40°N on monthly basis shows a suspicious seasonal peak in August.
Various filtering methods are tested using radiometer flags included in ADPS level 2 files
to prevent unreliable retrievals entering monthly average, which results in smaller RMS
difference, but the seasonal variation remains. In addition, we observed systematic
negative biases in the ADPS product over large areas in southern tropical Indian Ocean
and along SPCZ.

Comparison with daily 1-meter salinity measurements from moored buoy arrays
shows Aquarius SSS correctly depicts temporal variation at time scales shorter than
monthly. Statistics over entire buoy arrays suggests that CAP_RC performs the best in
terms of its un-skewed biases and higher population at low RMS difference, while it
confirms systematic negative biases observed in the ADPS products.

Using in situ buoy measurements, we identify areas where the Argo monthly data are
not appropriate to be used for Aquarius SSS validation. By excluding the two patches in
the Eastern Pacific Fresh Pool and near the Amazon River outflow, the monthly RMS
difference with respect to Argo between 40°S and 40°N is improved for all Aquarius SSS
data products, reduced to below 0.22 PSU for CAP for all 28 months, and below 0.2 PSU
for CAP_RC except three months. We emphasize that excluding those areas in validation

is done because the monthly Argo gridded products cannot serve as ground truth for
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surface salinity due to its limited sampling and operational depth, while Aquarius SSS

should be useful for studies in those areas, as supported by available buoy measurements.
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Table 1. Bias and RMSD of Aquarius retrieved SSS (level 2) with respect to

individual Argo floats matchups from August 25, 2011 to December 31, 2012.

(PSU) Bias (Aquarius SSS — Argo) RMSD

ADPS CAP CAP RC | ADPS CAP CAP RC
All beam | -0.020 0.041 0.074 0.495 0.563 0.558
Beam-1 -0.014 0.007 0.041 0.545 0.619 0.613
Beam-2 -0.022 0.073 0.107 0.487 0.547 0.546
Beam-3 -0.023 0.042 0.074 0.454 0.523 0.512

Table 2. Bias and RMS difference of monthly gridded data between 40°N and 40°S from
Jan. — Dec., 2012.

(PSU) Bias (Aquarius SSS — Argo) RMSD
ADPS CAP CAP _RC ADPS CAP CAP _RC

All off -0.068 -0.023 0.005 0.276 0.225 0.217
Flag5 on -0.067 -0.021 0.008 0.276 0.226 0.218
Flag14 on -0.066 -0.023 0.006 0.275 0.225 0.217
Flagl7 on -0.059 -0.021 0.007 0.245 0.215 0.207
Flagl8 on -0.068 -0.023 0.005 0.276 0.225 0.217
Flagl9 on -0.066 -0.021 0.007 0.272 0.223 0.215
Flag21 on -0.069 -0.023 0.005 0.276 0.225 0.217
Flag23 on -0.052 -0.009 0.019 0.250 0.212 0.204

All on -0.045 -0.005 0.023 0.232 0.203 0.195

Note: The function of each flag is to exclude level 2 pixels associated with:

Flag5: wind speed retrieved from scatterometer HH-pol greater than 15 m/s
Flag14: roughness correction not converging

Flagl7: difference between measured and predicted Tp exceeding 0.4 K

Flagl8: sea surface temperature below 5 °C
Flag19: possible contamination from radio frequency interference
Flag21: contamination from moon or galactic reflection
Flag23: unacceptable ascending/descending difference

Table 3. RMSD, standard deviation and bias of Aquarius SSS (level 3) with respect to
monthly gridded Argo data from September 2011 to December 2013 between 40°S
to 40°N over all grid points or excluding two areas around Eastern Pacific Fresh
Pool and Amazon River Outflow as indicated in Fig. 13.

(PSU) 40°S-40°N 40°S-40°N, excluding EPFP, ARO
ADPS CAP CAP RC | ADPS CAP CAP RC
RMSD 0.2833 0.2286 0.2216 0.2433 0.1932 0.1872
Std 0.2767 0.2283 0.2212 0.2383 0.1932 0.1859
Bias -0.0607 -0.0119 0.0135 -0.0494 -0.0031 0.0221
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Figure 1. Scatter plots of the Aquarius retrieved SSS ADPS (left), CAP (middle) and
CAP_RC (right) vs. Argo floats matchups from August 25,2011 to December 31,
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Figure 2. The sea surface salinity maps of ADPS, CAP, CAP_RC, and APDRC Argo for
the month of March 2013 on 1°x1° grid.
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Figure 3. The difference maps of Aquarius SSS (left to right): ADPS, CAP and CAP_RC
minus Argo for each month of 2012 (top to bottom).
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Figure 4. Scatter plots of the Aquarius retrieved SSS (from left to right): ADPS, CAP,
and CAP_RC vs. Argo, created from 12 monthly 1x1 gridded data between 40°S and

o
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Figure 5. Same as Fig. 4 with radiometer flag used to exclude additional data blocks
with “unacceptable ascending/descending difference” in gridding.
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Figure 7. Same as Fig.6 with radiometer flag (bit 23) used to exclude additional data
blocks with “unacceptable ascending/descending difference” in gridding.
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Figure 8. (b) Similar to Fig.8a, at RAMA buoy location 5°S, 95°E.

32



613
614

615
616
617

(a) ADPS Correlation

30N |
20N

10°N

e® @ O

EQ

Lotitude

10°S
20°S

30° _|

30N
20°N |

10°N

®® @ O

£Q

Latitude

10°S
20°S

30°5 |

30°N ]
20°N |

10°N

e® & O

£Q

Latitude

10°S
20°S

30°5 |

ow
Longitude

0.5 1.0

Figure 9. At locations of the global tropical moored buoy arrays, the correlation

coefficients between buoy 1-meter salinity and Aquarius derived SSS (a) ADPS, (b)
CAP, and (c) CAP_RC, based on available daily records from Sept. 1, 2011 to Dec. 31,

2013 (30 days moving average).
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Figure 10. Similar to Fig. 9, the bias of Aquarius SSS minus buoy 1-m salinity.
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Figure 11. Similar to Fig. 9, the RMS difference between Aquarius SSS buoy 1-m

salinity.
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Figure 12. Histogram of bias and RMS difference between Aquarius SSS: ADPS
(black), CAP (red), CAP_RC (green), and buoy measured salinity at 1m over all
locations of the global tropical moored buoy arrays, based on available 30-days
moving averaged daily records from Sept. 1, 2011 to Dec. 31, 2013.
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Figure 13. RMS difference between Argo and Aquarius SSS ADPS (top), CAP (middle),
CAP_RC (bottom) derived from 28 months of gridded data. Open circles are

locations of the global tropical moored buoys. White dots indicate the locations of
the time series shown in Fig. 14. The regions enclosed by solid lines are to be
excluded in the monthly RMSD calculation shown in Fig. 15.
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646  Figure 14. (a) Daily time series of 30-days moving averaged buoy 1-m salinity (black
647  circle) and Aquarius SSS ADPS (blue), CAP (red) and CAP_RC (green), and Argo
648 (cyan) at TAO buoy location of 2°N, 95°W.
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651  Figure 14. (b) Same as (a) at PIRATA buoy location of 8°N, 38°W.
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No RED flags applied, V2.7.1

RMS Difference (40S—40N, excluding EPFP and ARP) w.r.t. APDRC
0435 T ‘ T ‘ T ‘ T ‘ T | T ‘ T ‘ T ‘ T ‘ T | T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
| e ¢ ADPS i

L e o CAP i

L 7 o CAP_R( 4

P BRI Y I A VN T N A A

1 |
M J J A S OND J F M A
Time (Sept. 2011 — Dec. 2013)

652
653  Figure 15. Similar to Fig. 6, the monthly time series of RMSD w.r.t. Argo between

654  40°S and 40°N, excluding two regions in the Eastern Pacific Fresh Pool and the
655 Amazon River plume (two patches enclosed by the solid lines in Fig. 13).
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Figure S1. Monthly maps of Argo OI error estimation for year 2012 from JAMSTEC.
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