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INTRODUCTION

The purpose of this report is to provide an up-to-date summary of the accuracy of Remote
Sensing Systems (RSS) over-ocean rain retrievals validated against well-established long-term in
situ datasets.
The scope of this report covers all satellites falling within the time period for which rain
validation data are available: 1998 to the present. This means that F08 and F10, which stopped
collecting data in 1991 and 1997, are not included in this report. This report characterizes
differences between the satellite and in situ dataset in several ways:




Differences for each satellite (Table 2)
Difference for each buoy (Figure 2, Table 3)
Differences as a function of temporal and spatial scale (Table 4)

The major conclusion of this report is that satellite and buoy rain rates agree to 3.4%,
averaged over all buoys and satellites. For monthly spatial averages, the standard deviation
between the buoy and satellite is 15.5%.

This report provides a validation for RSS Version-7 daily bytemap datasets given in Table 1.
This includes data from five satellites that are currently operating. At the time of writing, TMI is
Version-4, but this makes little difference for tropical rainfall. Data from F15 have been split
into two time periods: “normal” data from before the RADCAL beacon was activated (in 2006)
and data collected while “radcal” is activated, which continues to the present. RADCAL created
very large errors in Version-6 (Hilburn and Wentz 2008a), and a new correction approach in
Version-7 (Wentz 2013) has nearly eliminated any trace of the issue. The minor bug fix that
resulted in WindSat V7.0.1 had no effect on rain retrievals.
The rain retrieval algorithm makes primary usage of the vertical and horizontal brightness
temperature measurements at 19 GHz and 37 GHz. Due to differing antenna sizes and platform
altitudes, the different sensors and satellites have different footprint sizes (Table 1). The nonlinear relationship between attenuation and transmittance creates a dependence of the rain
rate on footprint size, known as the beamfilling effect. However, the RSS algorithm has been
designed to reduce this effect (Hilburn and Wentz 2008b). For all sensors, adjacent footprints
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are spaced so as to have significant overlap, and the bytemaps products average the retrievals
onto a 0.25-deg latitude-longitude Earth grid.
The daily bytemaps provide up to two observations per day at any given location. Since rain
has a very strong diurnal cycle over the tropical ocean, the local time-of-day is a relevant
concern. The orbit of TMI allows it to sample at all local times-of-day, while the other satellites
measure at fixed or slowly varying local times-of-day. AMSR-E has maintained a constant local
time-of-day of 1:34 AM/PM throughout its mission. WindSat has remained within minutes of
its 6:00 AM/PM time slot. The SSMI and SSMIS all have drifting times – to one degree or
another. Throughout its 15 years, F13 remained within 20 minutes of 6 AM/PM; and over its 8
years, F17 has remained within 10 minutes of 5:45 AM/PM. The other DMSP (F11, F14, F15,
F16) all drifted two hours or more during their missions.

Satellite/Sensor

Data Version

Time Period

Footprint Size
(km)

Time-of-Day
(AM/PM)

AMSRE

7

2002 – 2011

12

01:34 – 01:34

F11

7

1991 – 2000

32

05:00 – 07:33

F13

7

1995 – 2009

32

05:42 – 06:18

F14

7

1997 – 2008

32

08:24 – 04:39

F15 (normal)

7

1999 – 2005

32

09:15 – 08:14

F15 (radcal)

7

2006 – present

32

08:14 – 03:06

F16

7

2003 – present

38

07:54 – 05:05

F17

7

2006 – present

38

05:34 – 05:54

TMI

4

1997 – present

13

n/a

WindSat

7.0.1

2003 - present

10

05:58 – 06:03

VALIDATION DATA

This report validates the satellite data against in situ observations from PMEL rain gauges
on moored buoys in the tropics (McPhaden et al., 1998; Bourles et al., 2008; McPhaden et al.,
2009). Buoy data are provided by the TAO Project Office of NOAA/PMEL. The buoys are
instrumented with an R.M. Young self-siphoning, capacitance-type rain gauge, at a 3.5 m
height. Figure 1 shows that data from RAMA, TAO, TRITON, and PIRATA cover all longitudes of
the tropical oceans. This report presents results using the daily buoys, however analysis
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Table 1. Satellite data used in this report. The footprint size is given for 37 GHz. The local time-of-day is specified
for the beginning and end of the time period.
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performed using the hourly and 10-minute buoy data (Hilburn and Smith 2012) found
quantitatively similar results. We will discuss this further in another section.
Figure 1 shows the locations of the 86 buoys providing rain rate measurements, and gives a
histogram of the length of the buoy data records. The TAO and PIRATA in the East Pacific and
Atlantic have the longest measurement time periods, while TRITON and RAMA in the West
Pacific and Indian Ocean have the shortest time periods.

METHODOLOGY

For our analysis of the daily buoy data, we use a time collocation window of 12 hours. Each
buoy is collocated with the closest 0.25-deg (25 km) bytemap pixel. Our analysis uses the
highest quality (1) and default quality (2) observations. We apply no adjustments for windinduced undercatch. As discussed by Bowman et al. (2009), the buoy rain gauge accumulations
contain noise that leads to small fluctuating positive and negative rain rate values. In the very
dry subsidence regions, more than half of the rain rate observations can be negative. In the
daily dataset, the negative values are never less than -0.55 mm/hour. While unphysical, the
negative rain rates cannot be set to zero without introducing a bias. Thus, we include all
negative rain rates in the calculations.
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Figure 1. (Top) Map of buoy locations. (Bottom) Histogram of the number of years of buoy rain rate data.
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RESULTS

Table 2 compares collocated buoy and satellite rain rates for each satellite, averaged over
all buoys and all time. The differences are all on the order of +/- 5%, with the exception of the
F15 RADCAL period. The results using hourly and 10-m buoys are within 10% of these results.
That is to say, the sign of the bias depends on the particular buoys used. It should be noted
that each of these buoy datasets contain a different subset of buoys with different time periods
– although the daily dataset is the most complete. Since each satellite covers a different time
period and will collocate with different buoys, we caution against drawing conclusions that one
satellite is higher or lower than another based solely on this type of buoy comparison. Instead,
we conclude that in a long-term mean, averaged over the tropics, the satellites and buoys are
nearly unbiased relative to each other.

To get a sense of the spatial variability in these differences, Figure 2 shows the satellite
minus buoy difference for each buoy, averaged over all satellites and time. Fig. 2A shows buoy
rain and Fig. 2B shows satellite rain. The buoys and satellite are in excellent agreement in the
Atlantic and Eastern Pacific. In the Western Pacific, the satellite tends to be higher than the
buoy, and this is also true in the Indian Ocean. Note that the sign of the satellite-buoy
difference (Fig. 2C) in this region varies from buoy-to-buoy more than anywhere else in the
tropics. This is more likely due to the short time period of record for RAMA and TRITON buoys
(Fig. 2D) than a geophysical signal. There is no clear systematic relationship between the
satellite minus buoy rain rate difference and the buoy rain rate.
Table 3 provides a detailed breakdown the buoy statistics presented in Figure 2. There are
two buoys were the satellite is more than 500 mm/year lower than the buoys, one in the Indian
Ocean at 8°S and one in the Western Pacific at 5°S. On the other hand, there are nine buoys
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Table 2. Rain rate differences for each satellite.
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Figure 2. Maps of (A) buoy rain rate, (B) satellite rain rate, (C) satellite minus buoy, and (D) number of collocations.
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were the satellite is more than 500 mm/year higher than the buoys. There are five in the
Western Pacific and four in the Indian Ocean. The two very highest, where the satellite exceeds
the buoy by more than 1000 mm/year are located in the Eastern Indian Ocean, south of the
Equator, off the coast of Sumatra.
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Table 3. Rain rate differences for each buoy sorted in ascending order. From left to right the columns are: latitude
(deg N), longitude (deg E), buoy rain rate (mm/year), number of observations, and satellite minus buoy rain rate
difference (mm/year).
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Table 3. Continued from the previous page.
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The preceding analysis characterizes the mean difference between satellite and buoy rain
rate. To characterize the variance, the spatial and temporal averaging scales must be specified.
Table 4 provides the standard deviation between satellite and buoy rain rates over a variety of
scales. To generate these statistics, the individual collocations were first averaged over
different time scales. The spatial average results additionally average over all buoys. Then the
standard deviation between these averages was computed. With no averaging whatsoever, the
standard deviation is 326.8%. With either annual averaging at one point, or averaging over the
tropics with no temporal averaging, the standard deviation is reduced to about 70%. Perhaps
the most relevant number for climate science are the monthly spatial averages, which have a
standard deviation of 15.5%. Averaging over all time and space, a standard deviation cannot be
calculated, and instead the value 3.4% represents the overall mean difference between these
two datasets.
Table 4. Rain rate standard deviation as a function of spatial and temporal averaging scale. Standard deviation is
converted to percent using the combined buoy and satellite mean rain rate over all observations of 1450 mm/year.

DISCUSSION
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The overall mean difference between RSS V7 rain retrievals and the unadjusted buoy rain
measurements is 3.4%, where the satellite has a higher value. On monthly averages over the
tropics, the standard deviation between satellite and buoy is 15.5%. Of the 86 buoys used in
this comparison, 11 have absolute differences exceeding 500 mm/year. The differences are
greatest in the Indian Ocean and Western Pacific. These areas also have the shortest buoy
records, and it will interesting to see if these large differences persist as the buoy data records
increase in length.
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