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ABSTRACT

This study focuses on the possible relationship between ice water path (IWP) retrievals using high-
frequency channels (89 and 150 GHz) from the Advanced Microwave Sounding Unit-B and Moisture
Humidity Sounder sensors (NOAA-16-NOAA-19) and the life cycle stage of convective clouds. In the first
part of this study, the relationship between IWP and the cloud area expansion rate is analyzed using the 235-K
isotherm from Geostationary Operational Environmental Satellite-12 (GOES-12) thermal infrared images
(10.7 wm). Next, the relationships between cloud convective fraction, rain rates (from ground radar), and
cloud life cycle are analyzed. The selected area and time period coincide with the research activities of
the Cloud Processes of the Main Precipitation Systems in Brazil: A Contribution to Cloud Resolving Mod-
eling and to the Global Precipitation Measurement (CHUV A)-Geostationary Lightning Mapper (GLM)
project at Sdo José dos Campos, Brazil. The results show that 84% of precipitating clouds contain ice, ac-
cording to the Microwave Surface and Precipitation Products System (MSPPS) algorithm. Convective systems
in the intensifying stage (when the area is expanding and the minimum temperature is decreasing) tend to
have larger IWPs than systems in the dissipating stage. Larger rain rates and convective fractions are also
observed from radar retrievals in the early stage of convection compared with mature systems. Hydrometeor
retrieval data from polarimetric X-band radar suggest that particle effective diameter D, and IWP patterns
inferred with the MSPPS algorithm could be used to determine the life cycle stage of a given convective
system. Using this information, a new set of equations is evaluated for rainfall retrievals using D, and IWP from
the current retrieval algorithm. This new approach outperforms the current algorithm in the studied region.
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1. Introduction

Ice clouds play a significant role in the atmospheric
radiation budget and have a large effect on weather
and climate forecasts (Rossow and Schiffer 1991, 1999).
Different methods have been adopted to estimate the
ice water path (IWP) in clouds containing ice. For thin
ice clouds, for example, cirrus, IWP retrievals are rea-
sonably accurate using infrared (IR) information. More-
over, for thick ice clouds, IWP retrievals using passive
microwave information have been used to obtain better
results (Vivekanandan et al. 1991; Sun and Weng 2012).

Here, IWP is calculated as a function of ice particle
diameter D,, viewing angle 6, and particle density p
using passive microwave sensors (Liu and Curry 1998;
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Weng and Grody 2000). For convective clouds with
relatively large ice particles, the 89- and 150-GHz
channels are important tools for D, and IWP re-
trievals. Because different particle sizes may produce
similar radiance patterns using a single frequency, this
dual-frequency technique reduces the ambiguity in the
relationship between radiance and particle size (Weng
and Grody 2000). However, uncertainties related with
ice density and cloud base brightness temperature esti-
mates could affect these retrievals (Sun and Weng 2012).

Tropical convective clouds could be examined using
cloud-top temperature information. The thermal in-
frared channel (10.8 um) from geostationary satellites
is used to extract the morphological characteristics
and radiative properties of these clouds. Machado and
Rossow (1993) and Machado et al. (1998) provide
a detailed analysis of cloud life cycle climatology for
mesoscale convective systems (MCSs) over the Amer-
icas. Wang et al. (1997) found that the use of water
vapor absorption channels (183 GHz) from passive
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microwave sensors could also provide convective cloud
information.

Ground radar is also an important tool for convection
analysis (Steiner et al. 1995; Awaka et al. 1998). The
cloud classification method proposed by Steiner et al.
(1995) uses radar reflectivities at a specific altitude [con-
stant altitude plan position indicator (CAPPI)] to dis-
criminate convective and stratiform cloud structures.
The altitude closest to the cloud base is considered
(2km in midlatitude case and 3km in tropical case).
Although this method has shown some efficiency in
classifying clouds as convective or stratiform, errors
can be found for different precipitating systems and
because of inherent radar observational deficiencies at
longer ranges (Biggerstaff and Listermaa 2000; Gorgucci
et al. 2000).

The main objectives of this study are to analyze the
relationship between IWP retrievals using satellites
and the life cycle stage of convective clouds and the
possible applications for satellite-based rain rate re-
trievals. In the first part of this work, the relationship
between IWP and the cloud area expansion rate is an-
alyzed using the 235-K isotherm. The IWP is retrieved
using the Microwave Surface and Precipitation Products
System (MSPPS), which uses high-frequency channels
(89 and 150 GHz) from the Advanced Microwave Sound-
ing Unit-B (AMSU-B) and Microwave Humidity Sounder
(MHS) sensors on board National Oceanic and Atmo-
spheric Administration (NOAA) satellites (NOAA-16—
NOAA-19). Moreover, the cloud expansion rate was
calculated using the Forecast and Tracking the Evolu-
tion of Cloud Clusters (ForTraCC) algorithm (Vila et al.
2008), which identifies and tracks the evolution of me-
soscale convective systems from geostationary satellite
thermal infrared images (10.7 um). In the second step,
the relationship of cloud convective fraction with rain
rates (using radar data) and with the cloud life cycles
were analyzed. This research is part of the Brazilian
contribution to the Global Precipitation Measurement
(GPM) project (GPM-Brazil) for precipitating events,
which occurred during the Cloud Processes of the
Main Precipitation Systems in Brazil: A Contribution
to Cloud Resolving Modeling and to the Global Pre-
cipitation Measurement (CHUVA) experiment at Vale
do Paraiba.

2. Region of study

The region of study is the area covered by the X-band
radar from the CHUVA project at Sdo José dos Campos
(SJC; 23.2°S, 45.95°W) during the period from November
2011 to March 2012 (see location in Fig. 1). The region
is affected primarily by cold fronts, the South Atlantic
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FIG. 1. Area covered by the radar in SJC.

convergence zone (SACZ; Satyamurty et al. 2008), and
thermally induced convection due to surface heating.
The period coincides with the 2011/12 rainy season.

3. Database
a. Satellite data
1) NOAA DATA

The MSPPS (Ferraro et al. 2005), which was used for
IWP, D,, and rain rate RR retrievals, uses information from
high-frequency channels (89 and 150 GHz for AMSU-B;
89 and 157 GHz for MHS) from AMSU-B and MHS
(NOAA-16-NOAA-19). The AMSU-B and MHS sensors
operate in a cross-track scan with a spatial resolution
near 16km at nadir view (Bennartz 2000). Only pixels
with a viewing angle less than +30° were used to avoid
large pixel deformation and viewing angle dependencies.

The IWP was calculated as a function of D,, 6, and p.
The retrieval algorithms were developed and tested using
aircraft millimeter-wavelength measurements (Weng
and Grody 2000).

The rain rate estimation algorithm using AMSU-B/
MHS sensors over land was based on ice scattering mea-
surements using microwave-band high-frequency infor-
mation, that is, 89 and 150/157 GHz (Ferraro et al. 2005).
Additionally, the water vapor channels (183 = 1GHz,
183 £ 3 GHz, and 183 = 7 GHz) were used to analyze
the cloud convection environment and determine which
empirical rain rate equation should be used (different
equations were used for weak or moderate and heavy
rain).
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2) GOES-12 DATA

The life cycle information was extracted from the
operational version of the ForTraCC algorithm (Vila
et al. 2008), which uses information from Geostation-
ary Operational Environmental Satellite-12 (GOES-12;
channel 4) to identify and track convective clouds with
brightness temperature below 235 K.

The life cycle information was obtained from the
ForTraCC output. Three life cycle stages were consid-
ered: 1) intensifying, when the MCS area is growing
and the minimum brightness temperature TB,;, is de-
creasing; 2) dissipating, when the MCS area variation is
either zero or negative or TBy, is increasing; and 3) not
identified, when ForTraCC does not identify the MCS
and the IWP is greater than zero (according to MSPPS).
The operational version of ForTraCC used in the present
study uses a size threshold of 1440 km?; the cloud system
identification is based on a 235-K temperature threshold.

for Z<35 and des
~lfor Z=35 and K, >0.3 uses RR,=19.63|K, "™

Here, Z is the horizontal reflectivity, RR, is the radar
rain rate, and K, is the specific differential phase. Large
Kgp values (Kgp > 2°km ') suggest the presence of
large amounts of liquid water and/or highly oriented
(i.e., oblate) shapes. Moreover, Kg,, is a very good es-
timator for rainfall because the attenuation caused by
heavy rain is largely reduced (Bringi et al. 2007).

The convective fraction and rain rate related to each
AMSU-B or MHS pixel were only considered in cases
where pixels had at least 70% of the radar coverage to
avoid statistical inconsistencies. The reflectivity hori-
zontal distribution at a specific altitude near cloud base
(2km in this case) is used to classify cloud as either
convective or stratiform (Steiner et al. 1995).

4. Methodology

The analysis was performed in three steps. In the
first step, NOAA-16-NOAA-19 passages were super-
imposed with radar areas during the studied period. A
maximum time interval of 2 min between the radar and
satellite measurements was considered. The maximum
time interval for tracking information is 7 min because the
information is available only every 15 min (GOES-12 over
South America). During the studied period, 413 NOAA
satellite passages over the SJC region met these require-
ments. From all passages, 87 precipitating events were ob-
served over SJC. Considering the AMSU-B/MHS spatial
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b. Radar data

An X-band dual-polarization radar, which has a hori-
zontal and vertical grid resolution of 0.25 km, was used
during the CHUV A-Geostationary Lightning Mapper
(GLM) project at Vale do Paraiba as the data source for
the reflectivity Z, rain radar rate RR,, (Bringi et al. 2007),
and cloud hydrometeor (Keenan 2003). Although X-band
radars have been widely used in contemporary rainfall
estimates, the attenuation is larger than in S- and C-band
radars (Gorgucci et al. 2006). To reduce these limitations,
the specific differential propagation phase Kg, was used
instead of the reflectivity—rainfall (Z-R) relation to attain
more accurate retrievals (Gorgucci et al. 2006).

The CAPPI at 2 km was used for cloud classification and
precipitation retrieval. The radar range was limited to
60km for the X-band radar. To take advantage of the
X-band radar polarimetric variables from Sao José dos
Campos, the following equation is used (Bringi et al. 2007):

0.3 uses Z = 200RR!¢ W

resolution (~16km at nadir) and the size of the analyzed
storms, 376 AMSU-B/MHS pixels were analyzed.

After the selection process, a cloud classification al-
gorithm (convective or stratiform) was applied using
radar reflectivity data (Steiner et al. 1995). Then, the
IWP and effective ice particle diameter statistical pa-
rameters from the MSPPS were calculated as a func-
tion of convective fraction and cloud life cycle.

Finally, the MSPPS RR estimates were analyzed for
precipitating events. Based on these results, a new set
of rainfall rate retrieval equations was tested using D,
and IWP data. The rain rates using the newly proposed
equations were compared with the current MSPPS
methodology.

5. Results and discussion
a. IWP analysis and cloud life cycle

To closely analyze the behavior of all examined pa-
rameters for a specific case, the variables were analyzed
for a convective system over SJC on 8 January 2012
(Figs. 2a—d). According to the ForTraCC algorithm, this
event is in the intensification stage because its area is
expanding [AA/At ~ 3800 km? (30 min) '] and its min-
imum brightness temperature is decreasing [AT/At ~
8°C (30min) ']. The IWP retrieved with the MSPPS
algorithm is approximately 1kgm 2 (Fig. 2a) in the
maximum rain rate area, that is, greater than 40 mm ht
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FIG. 2. (a) IWP (100 kg m?) inferred with the MSPPS algorithm, (b) RR,, (c) GOES-12 image (10.7 um) for the precipitating event at
1645 UTC 8 Jan 2012, and (d) convective/stratiform cloud classification. The red arrow indicates the event in (c).

(Fig. 2b). Figure 2c shows the GOES-12 10.7-um image;
the observed system is indicated with a red arrow. The
cloud classification scheme (Fig. 2d) shows that the most
active region of the system is classified as convective.
This case study suggests that MCSs with large IWPs
tend to be classified as convective during the intensification
stage. An extensive statistical analysis, performed to verify
(or not) this hypothesis and to determine the circum-
stances for which it is valid, is provided below.

Figure 3 shows the IWP frequency histogram for
the identified and unidentified pixels according to
ForTraCC over the SJC region. In total, 23% of the
clouds are in the intensification stage, and 21% of the
clouds are in the dissipating stage. For the cases where
ForTraCC could not identify a system (according to the
thresholds used in this study), 40% have ice (according
to the MSPPS) and 16% are from warm precipitating
clouds. Therefore, ice is detected in 84% of the

precipitating clouds using the MSPPS algorithm near
SJC and 16% of the clouds contain only liquid water.
For clouds containing ice, 54% are identified with For-
TraCC; the other 46% are not identified. In a closer
analysis (not shown), most systems containing ice and
not identified by ForTraCC occur in clouds with cloud-
top brightness temperatures greater than 235K and
less than the freezing point.

Figure 4a shows the IWP behavior as a function of
cloud life cycle over the SJIC area. The central box is
the interquartile extent (Q3-Q1); the central line is the
sample median. The maximum and minimum values
and outliers are also shown. When clouds are in the in-
tensification (INT) stage, the IWP scatter diagram is
displaced toward larger values than in the dissipating
(DIS) stage. A less scattered graph with a lower median
is observed in ice clouds not identified by ForTraCC
(NID). The same behavior is verified for radar-estimated
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FI1G. 3. Frequency histogram for the 376 AMSU-B/MHS pixels
from NOAA-16-NOAA-19 passages over SJC. The shade indicates
the observed classes according to ForTraCC: INT, DIS, NID,
and WRC.

rain rates (i.e., RR,) as a function of cloud life cycle (see
Fig. 4b). The rain rate in warm clouds (WRC), that is,
clouds with no ice, according to the MSPPS, is less than
the rain rate in the previously mentioned stages.
Furthermore, D, slightly varies as a function of cloud
life cycle (Fig. 4c). The D, distribution is nearly the
same for all life cycle stages, even for DIS and NID,
which are associated with lower IWPs (Fig. 4a). A pos-
sible explanation for this result is that in the DIS and
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NID stages, the ice particles are a mixture of air and ice,
which reduces the ice density (lower IWP) while the D,
could increase via aggregation. However, more in situ
observations are needed to study the microphysical na-
ture of these types of precipitation events.

The radar-observed cloud convective fraction for
AMSU-B/MHS pixels is presented in Fig. 4d, demon-
strating that the convective fraction and IWP distribu-
tions are similar. Specifically, larger cloud convective
fractions are found in the INT stage than in the DIS
stage. Moreover, smaller convective fractions are found
in warm clouds or clouds with low ice content.

To investigate the small variation in D, inferred by
AMSU-B/MHS sensors during the cloud life cycle, two
case studies were chosen to show the IWP and D, vari-
ations in different cloud life cycle stages (i.e., inten-
sifying and dissipating). Figures Sa—c show the IWP
and D, inferred with the MSPPS methodology and the
X-band radar rain rate at 2324 UTC 15 January 2012.
This system is intensifying according to ForTraCC.
In this case, large IWP (~1.2kgm™?) and D, (~2mm)
values are observed in the most intense storm regions
(i.e., where RR, > 50mmh ). A vertical cross section of
the hydrometeor classification using the dual-polarization
radar in the two most intense storm regions (indicated
in Figs. 5a—c as segments A-B and C-D) are shown in
Figs. 6a and 6b. A hail and rain mixture is observed for
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FIG. 4. Box-and-whisker plot for (a) IWP, (b) RR,, (c) D,, and (d) convective fraction as a function of the cloud
life cycle. The observations are the same as in Fig. 3.
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FIG. 5. (a) IWP inferred with the MSPPS, (b) D, inferred with the MSPPS, and (c) RR, from CAPPI at 2 km for a cloud in the intensifying
stage. Segments A-B and C-D indicate the hydrometeor radar cross sections shown in Figs. 6a and 6b.

segment A—B, while a deep rainfall layer is observed in
segment C-D. The other case represents a dissipating
convective cloud. Figures 7a—c show the same anal-
ysis as in Figs. Sa—c, but at 0418 UTC 10 December
2011. Smaller IWP (~0.3kgm~?), D, (~1 mm), and
RR, (~10mmh ') values are observed in this case than
for the intensifying stage (Figs. 7a—c). The vertical cross
section of the hydrometeor classification (indicated in

Figs. 7a—c as segment A-B) is shown in Fig. 8. Here,
graupel and wet snow, typically formed by aggregation
in dissipating clouds, and rain at the surface are ob-
served. Moreover, the convective system height is sub-
stantially lower at this stage than in the intensifying stage.
Although the D, values are lower in the dissipating stage
than in the intensifying stage, the values are not neg-
ligible, suggesting that the MSPPS is sensitive to the ice
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FIG. 6. Vertical hydrometeor classification radar cross section from Figs. 5a—c. (a) Segment
A-B (A indicates the left side and B indicates the right side) and (b) segment C-D (C indicates

the left side and D indicates the right side).

type observed in this stage. These findings are in ac-
cordance with Fig. 4c.

According to the hydrometeor cross sections, MSPPS-
detected D, and IWP could provide cloud life cycle and
ice particle type and size information. These observed
patterns are investigated in the following section; a new
set of rainfall retrieval equations is proposed.

b. MSPPS rain rate estimate analysis

A new set of rain rate retrieval equations was tested
for the SJC region using IWP and D, information. This
new methodology is based on the IWP and D, results
from the previous section, cloud life cycle characteristics
(inferred with microwave frequencies), and recent
studies related to lightning in thunderstorms. Mattos
and Machado (2011) found that for D, larger than 1.2 mm
(also inferred with the MSPPS algorithm), the lightning

probability is higher than for smaller particles. Conse-
quently, greater convection is observed. The observa-
tions of Wang et al. (2012) also support the close
relationship between convection and lightning.

An analysis of the IWP versus RR, distribution for
high (D, > 1.2mm) and low (D, < 1.2mm) lightning
probabilities is shown in Fig. 9, demonstrating that RR,
tends to be higher for nearly all IWP ranges in most
cases when D, is larger than 1.2 mm. Moreover, for small
particles, the observed rain rates are quite small even
with large IWP values. The formation of large ice parti-
cles (with diameters larger than 0.4 mm) occurs primarily
in cloud layers with temperatures between 0° and —30°C
(Liu and Curry 1998) via riming or aggregation. The ice
size is an indication of precipitating clouds. However, this
characteristic of cloud composition is not sufficient to
provide structural and cloud dynamic stage information.
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F1G. 7. (a) IWP inferred with the MSPPS, (b) D, inferred with the MSPPS, and (c) RR, from CAPPI at 2 km for a cloud in the dissipating

stage. Segment A-B indicates the hydrome

Based on our findings, a new methodology for rain
rate estimation using IWP values (which provide life
cycle information) for different D, ranges (which sug-
gest strong convection for values larger than 1.2 mm) is
proposed.

teor radar cross section shown in Fig. 8.

For validation purposes, the entire dataset for SJC
(376 pixels that belong to 87 different events) were
randomly separated: ~70% of the data (263 AMSU/MHS
pixels) were used for the methodology development
(training data); the remaining data (113 AMSU/MHS



1494

14.0 km

12.0km

10.0 km

8.0 km

JOURNAL OF HYDROMETEOROLOGY

VOLUME 15

'+ Rain-hail mixture
-+ Large wet hail

+ Small wet hail

+ Wet graupel
»Dry graupel
»Wet snow
»Strong dry snow
»Weak dry snow

-)Ram

s Drizzle

-. ko

»Clutter

»Not classified

+No Data

FIG. 8. Vertical hydrometeor classification radar cross section from Figs. 7a—c. Segment A-B
(A indicates the left side and B indicates the right side).

pixels) were used for validation (validating data). For D,
less than 0.4mm, the cloud is considered an anvil or
cirrus cloud (i.e., nonprecipitating cloud). The 0.4-mm
threshold was determined using the minimum box plot
value in the training data (figure not shown). For D,
larger than 1.2 mm, the rainfall rates may be higher than
for smaller particles because of their relationship with
the convective environment. If the size is between 0.4
and 1.2 mm, light rain rate may be observed. The rain
rate spatial scale is based on the AMSU-B/MHS pixel
size (~16km), which could weaken high rain rates from
strong local convection in the data. The D,-stratified
rain rate data are shown in Fig. 10 for the training
data.

Based on the previous analyses, new empirical equa-
tions were developed with the training data for the SJC

area. After a fitting process, a linear rain rate estimation
equation was determined because it provided a better
correlation coefficient and lower standard deviation
compared with other fitting functions (e.g., parabolic
and exponential). The equations are as follows:

if D,<04mm; RR=0mmh, )

if 04<D,<12mm; RR=138(IWP)+0.9953, (3)

and

if D,=12mm; RR=20.64(IWP)—05237.  (4)

Table 1 presents the statistical parameters [i.e., lin-
ear correlation (COR), bias, probability of detection
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FIG.9.RR, (RADAR) as a function of the IWP over the SJC region. The squares are related to
cases with D, = 1.2mm and triangles correspond to diameters >1.2 mm.
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F1G. 10. RR, (RADAR) as a function of D, over the SJC region. The rain rate regions are
divided into different D, ranges as proposed by the new methodology.

(POD), false alarm ratio (FAR), and root-mean-square
error (RMSE)] for a comparison between the pro-
posed method (PRED_IWP) and the actual data
from the MSPPS algorithm (MSPPS) using the vali-
dation data pixels over the SJC region. These pre-
liminary results, based on a limited dataset during the
CHUVA-GLM campaign, show a substantial im-
provement compared with the MSPPS global model. A
better agreement is also found using the new method
for the accumulated rainfall and PDF distributions
(Table 2, Fig. 11).

The IWP and D, information provide important
information about storm characteristics, which show
improvement in the rain rate retrieval using the
MSPPS algorithm. The current MSPPS global version
rain rate retrieval, which uses a convective index de-
rived from the water vapor channels, performed worse
than the new rain rate retrieval. The reason for this
result could be due to the new method use regional
training data, and it is also validated in the same re-
gion. However, it is important to observe that the new
methodology could classify better convective and
stratiform clouds, associated to the cloud life cycle,
than the current convective index. This could lead to
an improvement of the rain rate retrieval for the study
region.

TABLE 1. Statistics for validating data using the MSPPS algorithm
and PRED_IWP.

Model COR Bias POD FAR RMSE
MSPPS 0.28 1.82 0.94 0.69 422
PRED_IWP 0.53 0.28 0.97 0.68 3.13

6. Conclusions

The objectives of the present study are to describe
the IWP behavior as a function of cloud life cycle over
Sdo José dos Campos (SJC) during the rainy season and
to investigate the possible use of this information to
improve microwave-based rainfall rate estimates in-
ferred by satellites. The results showed that in SJC,
rainfall is primarily caused by ice clouds (84%) accord-
ing to the MSPPS algorithm. During the first stages of the
cloud life cycle (INT), larger values of IWP, RR,, and
convective fraction are observed than in the dissipation
stage (DIS). Moreover, D, does not exhibit large vari-
ations as a function of the cloud life cycle. To inves-
tigate this behavior, two case studies were analyzed to
determine the IWP and D, variations in different cloud
life cycle stages (intensifying and dissipating). The re-
sults suggest that the combination of D, and IWP data
could provide cloud life cycle information, because
higher IWP and D, values are observed in intensifying
systems; lower IWP and relatively large D, values are
observed in the dissipating stage. The newly proposed
methodology for rain rate retrieval by including cloud
life cycle patterns for IWP and D, substantially im-
proved the predictions compared with the global al-
gorithm developed for the MSPPS. Future work is

TABLE 2. Rain rates accumulated for validating data from the
X-band radar, MSPPS, and PRED_IWP.

Models Accumulated RR (mmh™1)
RADAR 219.63
MSPPS 437.8
PRED_IWP 253.55
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FIG. 11. Box-and-whisker plot for the RR, (RADAR), MSPPS algorithm, and the new
methodology (PRED_IWP) proposed for validating data.

needed to further validate this new methodology using
a larger and more comprehensive database that con-
siders different rainfall regimes. The inclusion of life
cycle information could also help improve satellite-based
rain rate retrievals. Furthermore, future comparative
studies with other precipitation estimates using satellite
data are needed.
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