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Abstract—This paper compares surface precipitation rates
retrieved for the United States Great Plains (USGP) during the
summer of 2004 using the Advanced Microwave Sounding Unit
(AMSU) aboard the United States NOAA-15 and -16 satellites
with similar precipitation products produced by AMSR-E
aboard the NASA Aqua satellite, SSM/I aboard the United States
DMSP F-13, -14, and -15 satellites, TMI aboard the NASA
TRMM satellite, and a doppler radar product (NOWRAD) of
the Weather Services International Corporation (WSI). AMSU
surface precipitation rates were retrieved using neural network
algorithms trained with either a cloud-resolving MM5 physical
model for 106 global storms (the AMSU/MM5 algorithm), or
summer NEXRAD radar data for the USGP (the AMSU/NR
algorithm). Observed correlation coefficients between log10(X +
0.01) for NOWRAD surface precipitation rates X (mm/h) at 0.25degree resolution and those for other sensors were, in declining
order, 0.82, 0.79, 0.78, 0.71, and 0.68 for TMI, SSM/I,
AMSU/NR, AMSR-E, and AMSU/MM5, respectively. Higher
correlation coefficients were obtained when TMI was regarded
as truth: 0.86, 0.83, 0.82, 0.80, and 0.78 for SSM/I, AMSU/NR,
NOWRAD, AMSU/MM5, and AMSR-E, respectively. Other
sensor comparisons include false alarm statistics for all pairs of
sensors, rms and mean differences with respect to NOWRAD,
precipitation-rate distribution functions, and observed
correlations
between
NOWRAD
and
AMSU/MM5
precipitation and hydrometeor water path retrievals.
Index Terms—AMSU, AMSR-E, comparison, estimation,
NOWRAD, NWP, precipitation, radiative transfer, TMI.

I. INTRODUCTION

M

ANY polar orbiting passive microwave sensors are now
operational. Merging precipitation rates retrieved from
these sensors can improve temporal sampling and accuracy.
Because these instruments differ in their spatial resolution,
accuracy, and sensitivity to various precipitation types and
rates, the relative performance of the sensors to be merged
needs to be understood first. This paper compares surface
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precipitation rates retrieved from the passive microwave
sensors AMSU [1]-[2], TMI [3], SSM/I [3], and AMSR-E [4]
with a surface precipitation rate product, called NOWRAD
[5], that is produced and marketed by Weather Services
International Corporation (WSI) using observations from the
Weather Surveillance Radar-1988 Doppler (WSR-88D)
systems of the Next-Generation Weather Radar (NEXRAD)
program. The comparison is performed in summer for land
surfaces within the United States Great Plains (USGP)
between 0000 UTC June 1, 2004 and 2300 UTC August 31,
2004, and within each distinct 15-minute period.
AMSU surface precipitation rates were retrieved using a
neural network algorithm trained using either the MM5
physical model or NEXRAD radar data. As discussed later,
the first set of neural networks, designated AMSU/MM5, was
trained using precipitation predicted by a cloud-resolving
version of the numerical weather prediction model MM5 for a
global set of 106 storms [1], and the corresponding AMSU
radiances computed using a variation of the radiative transfer
model TBSCAT and a wavelength-dependent model for
scattering by icy hydrometeors characterized by F(λ) [6]. The
second set of neural networks, designated AMSU/NR, was
trained using NOWRAD surface precipitation rate estimates
and radiances observed within the same 15-minute period by
AMSU for storms over the United States Great Plains during
the summer of 2004 [1].
Section 2 describes the data sets used in the paper,
including: NOWRAD, AMSU/MM5, AMSU/NR, TMI,
SSM/I, and AMSR-E, and defines the experiments. Section 3
presents the comparisons, analyzes and discusses the results,
and Section 4 summarizes and concludes the paper.
II. DATA SETS USED FOR COMPARISON
A. NOWRAD
NOWRAD is a radar image product generated by WSI
Corporation using observations from NEXRAD [5]. This
continuously available data set provides 15-minute
cumulative rainfall estimates over the continental United
States on a 2-km grid with a precision of 0.254 mm; the
maximum allowed 15-minute cumulative rainfall is ~20 mm.
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B. AMSU/MM5
AMSU is a cross-track scanning passive microwave
radiometer on the operational NOAA-15, -16, -17, and -18
satellites. The data used in this paper were from NOAA-15
and -16. The AMSU/MM5 algorithm [1]-[2] employs neural
networks trained using a statistical ensemble of global
precipitation and simulated observations for 106 global
storms predicted by the MM5/TBSCAT/F(λ) model [6]. This
statistical ensemble of predicted radiances is a subset of the
ensemble that has been shown to be consistent with those
observed by AMSU-A and B aboard NOAA-15, -16, and -17
satellites over 122 global storms [6]-[7].
C. AMSU/NR
The AMSU/NR data set was retrieved from AMSU
observations using the same AMSU/MM5 algorithm [1]-[2],
except that the neural network was trained instead with
AMSU observations and coincident NOWRAD surface
precipitation rates observed over USGP from 0000 UTC June
1, 2004 to 2300 UTC August 31, 2004, as described in
Section II-A. The radar estimates were first convolved with a
Gaussian having a FWHP width of 0.15 degrees in
longitude/latitude. The training was based on a subsampled
grid representing 17 percent of all USGP summer AMSU
data. The AMSU brightness temperatures were generally
matched to the nearest NOWRAD data field within ~±7
minutes.
Since the training data was limited to the
Midwestern United States, the conclusions could be
regionally limited. This data set reveals how sensitive
retrieval results can be to the surface precipitation rate
ground-truth used to train neural networks.
D. SSM/I
SSM/I is a conically scanning passive microwave
radiometer aboard United States DMSP satellites. The data
set used in this study is the Goddard Profiling Algorithm
(GPROF) 6.0 Quarter-Degree Gridded Orbit-by-Orbit
Precipitation Data Set, containing most of the data for SSM/I
instruments aboard the DMSP F-13, -14, and -15 satellites.
The data is on a 0.25-degree grid and is available from NASA
GSFC DAAC at: http://disc.gsfc.nasa.gov/data/datapool/
TRMM_DP/01_Data_Products/06_Ancillary/02_GPROF6/in
dex.html. The land portion of the algorithm is equivalent to
the TMI profiling algorithm version 6 [3] with some
modification to account for the lack of the lowest TMI
frequency and the substantially reduced spatial resolution.
E. TMI
TMI is a conically scanning passive microwave radiometer
aboard the TRMM satellite. The data set used in this study is
the TMI Level-2 Hydrometeor Profile Product (2A12 product
in TRMM nomenclature). The data is on a 5.1-km grid and is
available
from
NASA
GSFC
DAAC
at:
http://disc.sci.gsfc.nasa.gov/data/datapool/TRMM/01_Data_P
roducts/01_Orbital/05_Tmi_Prof_2A_12/. The land portion
of this data set is produced using the version-6 TMI profiling
algorithm [3]. The algorithm was calibrated using co-located
TMI and TRMM PR observations over Africa and South
America during October and November, 2000.
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F. AMSR-E
AMSR-E is a conically scanning passive microwave
radiometer aboard the NASA Aqua satellite. The data set
used in this study is the AMSR-E/Aqua L2B Global Swath
RainRate/Type Goddard Space Flight Center (GSFC)
Profiling Algorithm V001 [4]. The data is on 5.4-km grid and
is available at: http://nsidc.org/data/amsre/order.html. The
land portion of the algorithm is nearly identical to that of the
TMI profiling algorithm, version 6 [3].

Fig. 1. The United States Great Plains (USGP) is the region inside the solid
line.
TABLE I
NUMBERS OF VIEWS AND PRECIPITATING 0.05° PIXELS OVERLAPPING WITH
NOWRAD
Number of overlapping
Number of precipitating
Data set
15-minute periods
5-km pixels (millions)
AMSU/MM5
672
22.9
AMSU/NOWRAD
668
15.3
AMSR-E
384
2.3
SSM/I
900
5.1
TMI
425
1.6
AMSU & AMSR-E
35
0.64
AMSU & SSM/I
86
1.7
AMSU & TMI
22
0.24
AMSR-E & SSM/I
0
0
AMSR-E & TMI
10
0.017
SSM/I & TMI
23
0.041

III. EXPERIMENT DEFINITION
The surface precipitation rate comparison was made over
the United States Great Plains (USGP) illustrated in Fig. 1.
The USGP is an important well-monitored hydrological area,
and studies of its hydrological behavior are useful for
agriculture and as a testbed for hydrological models and
sensing methods. The comparison was performed only over
land. Since none of the precipitation rate retrieval algorithms
compared here work over snow or ice covered surfaces, the
time interval used for comparison was from 0000 UTC June
1, 2004 to 2300 UTC August 31, 2004. All data were
interpolated to the same 0.05° grid and binned into 15-minute
intervals bounded by 00, 15, 30, and 45 minutes. For
example, all data observed between 08:15 and 08:30 were
binned to 08:30. Table I lists the numbers of 15-minute
periods and precipitating 0.05° pixels for which NOWRAD
overlaps the various types of microwave data, where a pixel is
defined as precipitating if any instrument estimates a surface
precipitation rate greater than 0.01 mm/h. Note that the
overlap is extensive except for SSM/I vs. AMSR-E, which
were never simultaneous.

3
Since different channels and instruments have different
antenna beamwidths, the effective spatial resolution of the
instruments varies. It was found that blurring the 0.05°
NOWRAD retrievals with Gaussian filters improves its
correlation with the various precipitation rate retrievals. The
optimum filter Full Width at Half Maximum (FWHM)
depends on the retrieval algorithm and whether the correlation
coefficient is computed directly between the surface
precipitation rates, which emphasizes the higher rates and
convective events, or between the logarithms of those rates so
that accuracies at all rates are treated more equally.
Overemphasis of low rates is limited by adding 0.01 mm/h
before computing the logarithm. For all algorithms, it was
found that the precipitation rate correlation coefficient
exhibits a broad maximum for Gaussian FWHM blurring
between 0.15 and 0.4 degrees, with a maximum near 0.35
degrees, whereas using the logarithm yields an even higher
correlation coefficient that generally peaks near 0.3 degrees
for SSM/I and 0.15 degrees for the other algorithms. To
simplify all further comparisons in this paper only one
NOWRAD resolution is employed, 0.25 degrees, which is a
compromise across all cases evaluated.

Fig. 2. Comparison of retrieved surface precipitation rates [mm/h] over
USGP: (a) 2015 UTC 18 August 2004; (b) 1400 UTC 2 July 2004; and (c)
1300 UTC 9 June 2004. White areas are either outside the USGP or indicate
unavailable retrievals. Latitude and longitude are plotted every two degrees.
TABLE II
CORRELATION COEFFICIENTS BETWEEN ALTERNATIVE PRECIPITATION RATE
RETRIEVALS

IV. RESULTS
Fig. 2 illustrates comparisons between NOWRAD and
AMSU for three storms for which AMSR-E, SSM/I, or TMI
data were also available. The agreement within all sets of
four retrievals is quite good, with the main discrepancies
being due to the reduced spatial resolution of AMSU. The
reduced resolution of AMSU in Figs. 2(a) and (b) is partly
due to the location of the storms near the edge of the swath.
Better resolution is exhibited in Fig. 2(c), which lies closer to
nadir. There is also the tendency of AMSR-E and TMI to
exhibit slightly smaller areas of precipitation relative to
NOWRAD, even after allowance for differences in spatial
resolution.
Table II presents the surface-precipitation-rate-retrieval
correlation coefficients for all pairs of retrieval algorithms. In
order to avoid overemphasis of the highest precipitation rates,
the correlation coefficients are computed for the logarithms of
the precipitation rates (base 10); 0.01 mm/h is added before
computing the logarithm to avoid overemphasis of the
smallest rates. All AMSU/MM5 retrievals below 0.5 mm/h,
and all AMSU/NR retrievals below 0.3 mm/h were set to zero
in order to maximize these correlation coefficients. The upper
and lower triangles in Table II present the correlation
coefficients for log10(0.01 + X) and X, respectively, where the
latter corresponds more to the heavier rain. In the upper
triangle, the three strongest correlation coefficients involve
TMI versus SSM/I, AMSU/NR, and NOWRAD, in that
declining order.
At the higher precipitation rates (lower triangle) the three
highest correlation coefficients link AMSU and SSM/I. The
lowest correlation coefficients link AMSR-E and AMSU for
all precipitation rates.
The log metrics for all other
instruments are correlated with TMI at levels above 0.78 in
the declining sequence: SSM/I, AMSU/NR, NOWRAD,
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AMSU/MM5, and AMSR-E. This AMSR-E algorithm has
since been improved. No other algorithm used as a
calibration standard yields such a high minimum correlation
coefficient. Since the algorithms for all instruments continue
to evolve and improve, these results should be encouraging.
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Instrument
T
S
N
AE
AN
AM
T
0.86
0.82
0.78
0.83
0.80
S
0.82
0.79
0.83
0.76
N
0.79
0.74
0.71
0.78
0.68
AE
0.64
0.66
0.68
0.67
AN
0.78
0.88
0.78
0.62
0.73
AM
0.77
0.83
0.68
0.60
0.85
The upper triangle is the correlation coefficient for the metric log10(x+0.01)
and the lower triangle is the correlation coefficient for x (mm/h). T signifies
TMI, S is SSM/I, N is NOWRAD, AE is AMSR-E, AN is
AMSU/NOWRAD, and AM is AMSU/MM5.

Another common performance metric for algorithms
involves comparison with doppler radar data. Fig. 3 presents
the rms error for each algorithm when 0.25-degree NOWRAD
data (mm/h) was treated as truth as a function of NOWRAD
precipitation rate, where low and high rates were presented
separately so as to capture information over the full dynamic
ranges. Fig. 3 suggests that, relative to NOWRAD, TMI
offers the most accurate retrieval algorithm for NOWRAD
rates below 1 mm/h and 16-32 mm/h, AMSU/NR is slightly
superior between 1 and 16 mm/h, and AMSU/MM5 is
superior between 32 and 64 mm/h.
Fig. 4 presents as a function of the estimated surface
precipitation rate (RR) the surface precipitation rate times the
number of pixels in each logarithmically spaced surface
precipitation rate bin. These histograms apply to those 0.05degree pixels counted in Table I. The illustrated graphical
area under each portion of the curve is therefore proportional
to the total estimated rainfall within that range of rates. Since
the instruments did not all view the same storms, the area
under each weighted histogram was normalized to the same
value. Whereas TMI and AMSR-E are the only ones in Fig. 3

4
AMSU/MM5, and in fact the observed NOWRAD
logarithmic correlation coefficients over USGP are higher for
AMSU/MM5 snow than for either graupel or rainwater. The
wider separation of NEXRAD stations over the USGP than in
the eastern United States encourages increased reliance upon
hydrometeors at higher altitudes, and therefore upon snow, as
suggested by Table III.
V. SUMMARY AND CONCLUSIONS

Fig. 3. RMS error [mm/h] for each algorithm when 0.25-degree NOWRAD
data was treated as truth as a function of NOWRAD precipitation rate.

This paper compares several passive microwave systems
for remotely sensing precipitation and finds sufficient
agreement that their precipitation data could be combined
over the summertime USGP with modest adjustments.
Blurring can help reduce the effect of positional errors among
these products. Besides spatial resolution, the main difference
between the various sensors is that AMSU seems to respond
more strongly than the others to rates below 1 mm,
presumably because of the increased sensitivity to
hydrometeors near 1-mm diameter provided by the four
AMSU-B channels in the 150-190 GHz band. The various
precipitation rate estimates agree with NOWRAD principally
above 1 mm/h, and that the agreement improves further above
~8 mm/h.

Fig. 4. Surface precipitation rate (RR) [mm/h] distributions for six retrieval
algorithms. The RR histograms for equal-width logarithmic bins were
weighted by RR so that the total retrieved precipitation falling within any rate
range is proportional to the associated area under the curve.
TABLE III
CORRELATION COEFFICIENTS FOR VARIOUS HYDROMETEOR SPECIES X
BETWEEN: 1) RETRIEVED AMSU/MM5 HYDROMETEOR WATER -PATHS AND
NOWRAD OR AMSU/MM5 SURFACE PRECIPITATION RATE RETRIEVALS ,
AND 2) MM5 SURFACE PRECIPITATION RATES AND X; THE FIRST ENTRY IS THE
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CORRELATION COEFFICIENT AND THE SECOND ENTRY IS THE CORRELATION
COEFFICIENT FOR LOG10(X+0.01)

Hydrometeor
MM5 X and
AMSU/MM5 X and
AMSU/MM5 X
species X
MM5 RR
AMSU/MM5 RR
and NOWRAD
R
0.93; 0.90
0.91; 0.84
0.72; 0.67
S
0.46; 0.68
0.72; 0.75
0.71; 0.72
G
0.72; 0.71
0.88; 0.78
0.60; 0.61
R+S+G
0.84; 0.78
0.92; 0.85
0.69; 0.74
R = rain water, S = snow, and G = graupel water path, respectively.
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