
that may contribute to this relative difference between
the radar and gauges in the foothills is the fact that
there are comparatively few gauges in these regions
covered by the area where precipitation is shown to be
most frequent by the radars, say at 1600 LT. This would
tend to cause the gauges to underreport the precipita-
tion frequency (and amount) as represented by the
larger domain covered by the radars. This factor prob-
ably combines with radar range effects (resolution and
beam elevation above the terrain), leading to higher
frequencies of precipitation over these regions. Com-
bining the large vertical distance between the lowest-

elevation radar beam and the surface in this region and
the potential representativeness of the gauge locations
likely tends to radar estimates of precipitation rate and
frequency being higher than the gauges over the mid-
slopes.

3) ISSUES IN THE COASTAL PLAIN

Over the coastal plain, the radars again tend to esti-
mate the precipitation frequency as being higher than
for the NERN gauges. One reason for this may be that
the locations of the NERN gauges are not ideal for
capturing the sea-breeze convection depicted in the ra-

FIG. 4. Maps of the shaded frequencies of precipitation (expressed as percent) according to the NAME version 2 CSU/NCAR radar
composites, as well as the frequencies of precipitation according to the NERN gauges (filled circles) over each hour beginning at the
time labeled in each panel. White areas indicate no radar data were collected in this region.
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dar analysis. This behavior is depicted as the observed
coast-parallel band of enhanced precipitation fre-
quency just inland from the Gulf of California begin-
ning around 1200 LT. Based on the figure, none of the
NERN stations appears to be located in the radar-
determined preferred location for sea-breeze precipita-
tion. In addition, subcloud evaporation may be signifi-
cant between the elevation of the lowest radar beam
and the surface along the coastal plain, where subcloud
relative humidity tends to be comparatively lower that
at higher elevation (Rosenfeld and Ulbrich 2003). Low-
end differences in sensitivity between precipitation es-
timates may also contribute. For instance, 0.254 mm of
rain accumulation is required in order to register a tip
in NERN gauges, which is equivalent to a radar echo of
12 dBZ using the Z–R relationship listed above. This
sensitivity may be important since much of the precipi-
tation over the coastal plain in the nighttime hours is in
the form of light stratiform rain from MCSs (Lang et al.
2007).

d. Further examination of the satellite estimates

In terms of estimated precipitation frequency, 3B42
has a similar time series compared with NERN, while
the radar, PERSIANN, and CMORPH time series are
somewhat higher in magnitude. Precipitation frequency
estimates over the highest terrain (�2250 m; Fig. 3b,
top panel) are quite similar between NERN and radar
estimates while radar estimates of precipitation fre-
quency are significantly higher than NERN over the
mid- and low elevations. The radar rainfall rate esti-
mates in Fig. 3 tend to overestimate the precipitation
accumulation relative to the NERN gauges at all eleva-
tion bands in this region. The fact that precipitation
frequency biases tend to follow in the same pattern as
the precipitation amount for these estimates shows that
these algorithms tend to agree in terms of conditional
precipitation rate (since the total precipitation is the
product of the precipitation frequency and the condi-
tional rain rate). At these time and space scales at least,
the discrepancies tend to be largely the result of the
precipitation occurrence being different among these
estimates (with the radar, CMORPH, and PERSIANN
having a larger spatial coverage of precipitation than
NERN and 3B42); however, the scaling properties of
rainfall from the satellite to the gauge scale need to be
better understood in order to make such comparisons
more quantitative.

Studies have shown that microwave algorithms such
as used in CMORPH [using the TRMM 2A12, National
Environmental Satellite, Data, and Information Service
(NESDIS) AMSU/B, and NESDIS SSM/I algorithms;
Joyce et al. (2004)] and PERSIANN (using TRMM

2A12) often overestimate precipitation in deep convec-
tive regimes (McCollum et al. 2002; Nesbitt et al. 2004).
In this comparison, it appears that a similar positive
bias exists in the PERSIANN and CMORPH satellite
products relative to the TRMM satellite and NERN
gauge products. Issues with the backward interpolation
in time may cause the early development of precipita-
tion in CMORPH at high elevation, where precipita-
tion rapidly develops around 1200 LT (Janowiak et al.
2005); however, this hypothesis needs further testing.

Note the agreement between the NERN and 3B42 in
both the estimated precipitation frequency and the
amount, particularly at low elevations. The agreement
in precipitation amount and frequency between NERN
and 3B42 at low elevations is likely due to the fact that
the version 6 product is gauge adjusted using reported
monthly accumulations (Huffman et al. 2007); however,
the gauge analysis used in 3B42 only contains a few
operational gauges on the coastal plain. Since no
NERN (or other) gauges are used in the adjustment,
this likely leads to the relative underestimate of 3B42
relative to the other estimates at higher elevations (es-
pecially relative to radar along the midslopes). The
non-gauge-adjusted version of 3B42 (3B42RT) has pre-
cipitation amounts that are more than twice those of
the 3B42 version examined here (not shown), making
its peak afternoon accumulations greater than either
PERSIANN or CMORPH. For the remainder of this
paper, the characteristics of the cloud systems within
the diurnal cycle will be investigated to help explain the
disagreements in the precipitation estimates found
above.

4. Diurnally varying convective vertical structure
along the SMO

a. Statistical evolution of IR-inferred cloud structure
along the SMO

As evidenced by the diurnally averaged precipitation
time series in the previous section, rainfall often begins
falling on the high-elevation region of the SMO before
local noon. However, as shown in Fig. 3, the 3B42 and
PERSIANN combined infrared and microwave precipi-
tation estimation techniques tend to somewhat under-
estimate the precipitation rates compared with the
NERN observations during this period. In examining a
different version of the PERSIANN algorithm (the
PERSIAN-Cloud Classification Scheme or -CCS),
Hong et al. (2007) hypothesized that the underestima-
tion by microwave-adjusted algorithms early in the di-
urnal cycle may be due to the shallowness of the pre-
cipitating clouds during this time period. Overland mi-
crowave retrievals rely on ice-scattering techniques at
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85 GHz (Ferraro 1997; Kummerow et al. 2001); precipi-
tation without significant ice (i.e., with no or decreased
mixed-phase microphysical processes occurring) will
cause an underestimate of such retrievals. This lack of
sensitivity will at times cause a low bias in the relation-
ship between both the IR and the microwave brightness
temperatures and rainfall.

This leads us to the question:Does shallow precipi-
tation exist over these high-elevation regions early in the
diurnal cycle and, therefore, lead to an underestimate in
precipitation from the IR and microwave algorithms?
To examine this issue, IR brightness temperature im-
ages matched to the radar composite grid are examined
to characterize the diurnal variability in the estimated
height of the clouds in this region. In Fig. 5, the per-
centage of time that an IR brightness temperature pixel
reaches below 275 K is shaded, while the percentage of

time pixels that reached a threshold of 208 K is con-
toured in white. For reference, the 2250-m-elevation
contour is contoured in black. The 275-K threshold is
selected to highlight convection reaching close to the
freezing level, while the 208-K threshold is selected to
highlight convection reaching near the tropopause.
Note that according to the mean sounding at Mazatlán,
calculated from all July and August sounding launches
during 2004, 275 K corresponds to a mean height of 4.6
km, while 208 K occurred at 13.0 km. The time-mean
tropopause (identified as the mean height at which a
minimum temperature was identified) was slightly
colder at 195 K and was located at 15.4-km altitude.

After reaching a minima in cloud cover around 0900
LT, the frequency of occurrence of brightness tempera-
tures �275 K begins to increase over the highest terrain
around 1100 LT, indicating the development of new

FIG . 5. Maps of the shaded relative frequencies of IR brightness temperaturesless than 275 K, as well as the contoured frequencies
of IR brightness temperatures less than 208 K (between 0% and 20% by 4% increments) every 2 h for satellite observations during the
hour beginning at the time labeled in each panel. The dark gray and black lines indicate the coastline and 2250-m elevation contours,
respectively.
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