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ABSTRACT 

We present validation results for the Aquarius Version 3.0 
ocean surface salinity product that has been released in June 
2014.  We focus on comparing the Aquarius salinity in the 
tropics with measurements from the ARGO drifter network, 
moored PMEL buoys and HYCOM.  The results are strati-
fied as function of surface rain rate. As the measurements 
occur at different depth below the ocean surface, this allows 
an assessment of salinity stratification within the very upper 
ocean layer and rain induced freshening effects.  We sepa-
rate the rain freshening effects from local biases in the 
Aquarius salinity that correlate with sea surface temperature 
and are likely related to uncertainties in the geophysical 
model that is used in the salinity retrieval algorithm.  We 
derive an adjustment for this SST-dependent biases and 
evaluate the performance of this bias-adjusted salinity prod-
uct.  A comparison between the standard Aquarius salinity 
product and the CAP salinity is also presented.  

Index Terms— Aquarius, Ocean Surface Salinity, 
Stratification. 

 

1. BACKGROUND 

The Aquarius L-band radiometer/scatterometer system is 
designed to provide monthly salinity maps at 150 km spatial 
scale at an accuracy of 0.2 psu [1].   

 Our study is based on the Aquarius Version 3.0 salinity 
product that has been released in June 2014.  The details of 
this products and the algorithm that is used in its retrieval 
can are described in [5], [6], [7].   

 The CONAE Microwave Radiometer (MWR) supplies 
brightness temperatures at K/Ka-band that are exactly spa-
tially and temporally collocated with the Aquarius salinity 
observations [2].  It is straightforward to adapt the UMORA 
rain retrieval algorithm [3] to retrieve rain rates from MWR.  
Together with the Aquarius salinity product, the MWR thus 
provides an invaluable tool for studying rain effects on 
ocean surface salinity [4].    

2. AQUARIUS VERSUS ARGO SALINITY 

Figure 1 shows the difference of monthly ocean surface sa-
linity averages between Aquarius and the ARGO buoy net-
work.  All Aquarius observations have been filtered for rain 

using the MWR rain rate retrievals.  The ARGO data are 
taken from the monthly 3-deg gridded ADPRC field provid-
ed by the University of Hawaii (apdrc.soest.hawaii.edu). 

 

 
Figure 1: Bias (left) and standard deviation (right) between monthly 
150 km means of ocean surface salinity from Aquarius after rain-
filtering and ARGO.      

 In many locations over the open ocean the 0.2 psu ac-
curacy requirement is met.  However, significant salty bias-
es in the Aquarius salinity when compared to ARGO are 
observed at mid-high latitudes, whereas fresh biases are 
observed throughout the tropics and subtropics.  These 
large-scale biases dominate the Aquarius V3.0 SSS error 
budget.  The fresh biases in the tropics occur even though 
the Aquarius events have been screened for rain.   

  

3. DATA SETS  

 
Table I:  Data sources for ocean surface salinity used in this study. 

 

 
Table II:  Data sources for surface rain rate used in this study. 

Table I and Table II list the data sources for salinity and rain 
rate that are used in our study and their major properties.  
The various satellites used in obtaining the rain rates have 

Ocean Surface Salinity
Data Source Aquarius 

V3.0 L2 
ARGO

(ADPRC)
HYCOM PMEL 

moored buoys

Depth few cm of 
surface

5 m ≈ 5 m 1 m

Temporal/spatial 
resolution and 
matching

100 – 150 
km

3 deg 
monthly

1/12 deg
daily

averaged within 
150 km of AQ

daily

Rain Rate
Data Source MWR

(CONAE)
WindSat F17 SSMIS TMI

Resolution 35 – 47 km 10 km 32 km 15 km

Time instance of 
AQ

1 hour 
within AQ

1 hour 
within AQ

variable
time



different equatorial crossing times relative to Aquarius.  
This allows looking at rain events that occur at different 
times relative to the Aquarius salinity measurement.  

 The time interval for our study is the 2-year period 
September 2011 – August 2013. 

4. RAIN FRESHENING EFFECTS AND 
STRATIFICATION 

Using our collocated SSS – rain rate data sets (section 3) we 
can assess both the size of rain freshening effect in the upper 
layer depending on rain intensity as well as the time scale 
during which mixing of the upper layer occurs (Figure 2). 

  

 
Figure 2: SSS difference between Aquarius and ARGO, PMEL 
buoys and HYCOM stratified by surface rain rate: Left panel = Rain 
at the Aquarius observation. Center panel = No rain at the Aquarius 
observation but within 1 hour before the Aquarius observation.  Right 
panel:  No rain at or up to 1 hour before the Aquarius observations, 
but rain 1 – 12 hour before the Aquarius observation. 

       
 Aquarius - ARGO Aquarius  - HYCOM Aquarius - PMEL 

 Standard Bias adj. Standard Bias adj. Standard Bias adj. 

No Rain -0.14 +0.01 -0.11  +0.03 -0.11 +0.03 

Rain -0.36 -0.18 -0.35 -0.18 -0.27 -0.10 

Total -0.18 -0.03 -0.16 -0.01 -0.14 +0.01 

Table III: Salinity biases between Aquarius and ARGO, HYCOM, 
PMEL at the location of the PMEL buoys.  The values are given for 
cases without any rain, with rain and for all cases.  The left columns 
show the results for the standard Aquarius V3.0 salinity product. The 
right columns show the results after the SST dependent bias ad-
justment (section 5). 

In the left panel of Figure 2 rain is occurring at the instance 
and location of Aquarius.  A strong freshening of the Aquar-
ius salinity when compared to the other measurements is 
evident.  Most of this freshening is due to rain dilution in the 
surface layer [4], though at low wind speeds rain splashing 
effects might also play a role [8].  In the center panel there is 
no rain at the Aquarius observation but rain occurs within 1 
hour before.  There is a clear freshening effect visible that 
correlates with rain rate.  The freshening is slightly larger 
when compared to the 5 m depth measurements (ARGO, 
HYCOM) than when compared to the 1 m depth measure-
ment (PMEL).  The only explanation for this observation is 
a freshwater lensing effect that does not mix within the 1 
hour between rain and the Aquarius measurement.  When 
the time window is increased to 1 -12 hours (right panel), 

the freshening effect and its correlation with rain rate has 
ceased.  So we can conclude that on average the upper ocean 
layer between surface and 5 m depth has mixed.   

 Table III lists the total biases between Aquarius and the 
various other measurements at the location of the tropical 
PMEL array separated in cases without and with rain.  The 
values are in good qualitative and quantitative agreement 
with the results from SMOS [4].  

5. SST DEPENDENT SALINITY BIASES 

5.1 Causes of SST Dependent Biases 

All of our results presented so far indicate that the Aquarius 
V3.0 salinity exhibits fresh biases in the tropics and salty 
biases at mid-high latitudes, which are not related to rain 
freshening or stratification.  These biases correlate with sea 
surface temperature and are likely caused by small, residual 
errors in the geophysical model function that is used in the 
SSS retrieval algorithm.  The most probable candidates are: 

1. Uncertainties in the dielectric constant model [9], [10].   
A comparison of surface emissivities from various dielectric 
models at L-band shows that the brightness temperature 
differences between these models are as large as the bright-
ness temperature differences that would be caused by the 
observed SSS biases.   

2. Uncertainties in the oxygen absorption at L-band.  L-
band lies in the O2 continuum and is far from the O2 reso-
nance lines at 50 – 60 GHz, which makes the L-band atmos-
pheric absorption model prone to uncertainties [11]. 

 Another possible source for SST dependent biases is 
the surface roughness correction: For example, the SST de-
pendence of the wind induced emissivity that has been as-
sumed in [6] and [10] is likely only approximately valid.   

5.2 Bias Adjustment  

Most likely one is dealing with a combination of some or all 
of these error sources. The magnitude of the observed SSS 
biases translates into a radiometric error of the order of 0.2 
Kelvin.  On that level it is very difficult to disentangle the 
various contributions in the geophysical model function and 
adjust them individually.  It is therefore warranted to make a 
simple SST dependent post-hoc adjustment _bias adjSSS∆  to 
the retrieved SSS in order to mitigate the observed biases 
[5].  The form of this adjustment is displayed in Figure 3. In 
order to derive this curve the bias between Aquarius and 
HYCOM salinity has been regressed to SST. The values 
displayed in Figure 3 are subtracted from the standard 
Aquarius V3.0 salinity product.  The same adjustment is 
used for all three Aquarius horns.  Its form is: 

( ) 2

_ 0.0019594 1.1257 161.4934bias adj S S SSSS T T T∆ = − ⋅ + ⋅ −

where the units are Kelvin for ST  and psu for SSS∆  . 



          

 
Figure 3:  Form of the SST dependent bias adjustment of the V3.0 
Aquarius salinity.     

 In deriving the bias adjustment (Figure 3), it is im-
portant to separate the SST dependent biases from rain 
freshening effects.  The first biases are spurious and caused 
by errors in the Aquarius geophysical model function.  The 
rain freshening biases, however, are caused by stratification 
and arise because of actual salinity differences in the upper 
layer near the surface, as described in section 4.  The rain 
filtering and our stratification analysis is an essential part of 
being able to separate these two biases. 

5.3 Evaluation of Bias Adjustment 

A significant improvement in the comparison between rain 
filtered salinity of Aquarius and ARGO after including the 
SST dependent bias adjustment is evident in both in the 
global map (Figure 4) and the Hovmoeller plot (Figure 5). 

 While a comparison of the left and right panels of Fig-
ure 4 and Figure 5 might suggest at the first sight that the 
rain freshening effect has been removed by the bias adjust-
ment, comparing Figure 6 with Figure 2 actually shows that 
the bias adjustment has the effect of increasing tropical SSS 
by about 0.17 psu (Table III) while leaving the slope of 
∆SSS vs rain rate nearly unchanged.  Thus, while the blue 
(fresh) areas in the tropics in Figure 4 and Figure 5 are in 
the same location as heavy rain, the monthly average bias is 
not due to active rain, but has other sources, namely the 
ones listed in section 5.1.  

 

 
Figure 4:  Bias between monthly 150 km means of ocean surface 
salinity from Aquarius after rain-filtering and ARGO: Left panel: 
Standard Aquarius V3.0 salinity.  Right panel: After including the 
SST dependent bias adjustment (Figure 3). 

 

 
Figure 5:  Hovmoeller plot of salinity difference between Aquarius 
after rain filtered and ARGO.  The x-axis denotes month starting with 
September 2011.  The y-axis denotes latitude. Right panel: After 
including the SST dependent bias adjustment (Figure 3).  

 

 
Figure 6:  Same as Figure 2 after performing the SST dependent 
bias adjustment. 

  

6. AQUARIUS V3.0 VERUS CAP SALINITY 

 

 
Figure 7: Bias (full lines) and standard deviation (dashed lines) be-
tween Aquarius and HYOCM salinity measured at 1.44 sec as func-
tion of SST.  Green: Standard Aquarius V3.0 algorithm which uses 
scatterometer (HH) and radiometer (H) wind speeds in the rough-
ness correction. Blue: Using only scatterometer (HH) wind speeds in 
the roughness correction. Red: CAP algorithm V2.5.1. 

 

 
Figure 8: Same as Figure 7 but shown as function of wind speed. 

We conclude with a brief comparison between the Aquarius 
V3.0 salinity and the JPL CAP product [12].  Both products 

Bias 

Std. Dev 

Bias 

Std. Dev 



are retrieved from different algorithms.  The differences 
concern the geophysical model function particular the sur-
face roughness correction, the correction for the reflected 
galactic radiation and also the antenna pattern correction.   

 The Aquarius instrument produces salinity measure-
ments at a time resolution of 1.44 seconds, which are rec-
orded in the Level 2 files.  When comparing Aquarius SSS 
with HYCOM or ARGO, the CAP algorithm performs con-
siderably noisier at low SST (Figure 7) and high wind 
speeds (Figure 8).  However, when comparing monthly 100 
km averages, where the noise is significantly reduced, the 
CAP algorithm (Figure 9, red line) has standard deviations 
that are about 0.02 psu smaller than the Aquarius V3.0 
standard product (Figure 9, green line).  The reason for that 
is that the CAP algorithm has tried to reduce the SST de-
pendent biases by tuning the dielectric constant model.  This 
is evident from the full red line in Figure 7.   Fine tuning of 
the dielectric model effectively serves the same purpose as 
making the SST dependent bias adjustment described in 
section 5.2, though it is only one of many possible to way to 
do this.  Figure 9 shows that after making the adjustment 
(black line) the performance of the bias adjusted Aquarius 
V3.0 salinity is about 0.05 psu smaller than that of the 
standard Aquarius salinity and about 0.03 psu smaller than 
that of the CAP product.  

 

 
Figure 9: Standard deviation of monthly 100 km averages between 
Aquarius and ARGO.  Green: Standard Aquarius V3.0 algorithm 
which uses scatterometer (HH) and radiometer (H) wind speeds in 
the roughness correction. Black: Same as green but adding the SST 
dependent bias adjustment (section 5.2). Blue: Using only scat-
terometer (HH) wind speeds in the roughness correction. Red: CAP 
algorithm V2.5.1.  

7. SUMMARY AND CONCLUSIONS 

To summarize the main points: Rain rate measurements 
from the MWR Ku-band radiometer, WindSat, SSMIS and 
TMI that have been collocated with Aquarius SSS meas-
urements allow an assessment of SSS stratification in the 
upper ocean layer after rain.  In the tropics noticeable rain 
induced fresh-water lensing can be observed at least up to 1 
hour after the rain event. 

 The standard rain-free Aquarius V3.0 salinity product 
exhibits salty biases at mid-high latitudes and fresh biases in 
the tropics and subtropics when compared to ARGO, 

HYCOM or moored PMEL buoy measurements. Those bi-
ases are not related to rain-freshening or stratification but 
likely caused by a combination of small uncertainties in the 
geophysical model that is used in the Aquarius salinity re-
trieval.  A post-hoc SST dependent adjustment improves 
those biases significantly and explains also the observed 
performance differences between Aquarius V3.0 and the 
CAP SSS product. 
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