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ABSTRACT

An understanding of the vertical structure of clouds is important for remote sensing of precipitation from
space and for the parameterization of cloud microphysics in numerical weather prediction (NWP) models.
The representation of cloud hydrometeor profiles in high-resolution NWP models has direct applications in
inversion-type precipitation retrieval algorithms [e.g., the Goddard profiling (GPROF) algorithm used for
retrieval of precipitation from passive microwave sensors] and in quantitative precipitation forecasting. This
study seeks to understand how the vertical structure of hydrometeors (liquid and frozen water droplets in
a cloud) produced by high-resolution NWP models with explicit microphysics, henceforth referred to as
cloud-resolving models (CRMs), compares to observations. Although direct observations of 3D hydrom-
eteor fields are not available, comparisons of modeled and observed radar echoes can provide some insight
into the vertical structure of hydrometeors and, in turn, into the ability of CRMs to produce precipitation
structures that are consistent with observations. Significant differences are revealed between the vertical
structure of observed and modeled clouds of a severe midlatitude storm over Texas for which the surface
precipitation is reasonably well captured. Possible reasons for this discrepancy are presented, and the need
for future research is highlighted.

1. Motivation

a. Passive microwave rainfall retrieval

The Tropical Rainfall Measuring Mission (TRMM)
satellite was launched in 1997, carrying five instru-
ments, two of which specifically were designed for the
measurement of precipitation: the TRMM precipitation
radar (PR) and the TRMM Microwave Imager (TMI)
(Kummerow et al. 2000). The TMI has four dual-
polarized spectral bands and one spectral band with
only vertical polarization. Although several algorithms

utilize TMI measurements for estimating precipitation
(ostensibly rainfall and referred to as such hereinafter)
at various space and time scales, the present discussion
focuses on the Goddard profiling (GPROF) algorithm,
which is used to estimate orbit-based hydrometeor pro-
files and surface precipitation rate for every pixel
viewed by TMI (see Kummerow et al. 2001).

Retrievals of surface instantaneous precipitation
from the TMI GPROF algorithm depend heavily upon
assumptions about the microphysics and structure of
rain-producing clouds (Kummerow et al. 2001; Adler et
al. 2003). Because the microwave imager is sensitive to
the entire vertical structure of the hydrometeor field
within the cloud, TMI estimates of precipitation are
thus indirectly derived from the vertical hydrometeor
profile. A database consisting of cloud hydrometeor
and thermodynamic profiles is constructed using cloud-
resolving model (CRM) simulations, and then associ-
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ated brightness temperatures are computed with radia-
tive transfer calculations through the simulated clouds.
Hydrometeor retrieval is achieved by a conditional in-
version algorithm that matches brightness temperatures
observed at the top of the cloud to a cloud profile with
the same brightness temperatures in the preexisting da-
tabase. The inversion algorithm utilizes both emission
and scattering signals derived from the nine TMI bands.
Over land, high emissivity, which also varies depending
upon surface characteristics, creates high and unpre-
dictable surface emissions that mix with emissions from
clouds (Kummerow et al. 2001), making emission sig-
nals unusable for precipitation estimation.

Although the TRMM has led to great advances in the
estimation of precipitation in areas where routine ob-
servations are not available, significant biases and un-
certainties remain. Biases between different TRMM al-
gorithms and between TRMM algorithms and ground-
based measurements probably are caused by problems
with physical assumptions upon which the algorithms
are based. These biases vary geographically, seasonally,
and annually (Kummerow et al. 2001; Adler et al.
2003). Adler et al. (2003) examined TRMM precipita-
tion products from five different algorithms, comparing
them with precipitation estimates from the Global Pre-
cipitation Climatology Project and to rain gauge mea-
surements and performing global intercomparisons be-
tween the TRMM products. Because the GPROF and
PR algorithms depend upon cloud structure and micro-
physics in different ways, comparing the two products
may give an indication of where the assumptions break
down. While several issues may contribute toward the
observed regional biases, including variations in hori-
zontal inhomogeneity that cause the “beamfilling er-
ror” (e.g., Wilheit 1986) and low-level humidity errors
(McCollum et al. 2000), we focus here on the effects of
variations in cloud vertical structure on passive micro-
wave remote sensing of precipitation.

The vertical structure of precipitation affects passive
microwave rainfall retrieval because the emission bands
of the microwave sensor are sensitive to the column-
integrated liquid water content and not just to precipi-
tation on the ground (e.g., Wilheit et al. 1977). To es-
timate the surface rain rate for a TMI pixel, the vertical
distribution of hydrometeors must first be determined
(Kummerow et al. 2001). The first step in this process is
to determine the freezing level and, therefore, rain
layer thickness. This first part of the algorithm presents
problems when only warm-rain processes occur (e.g.,
Short and Nakamura 2000). The second step is to dis-
tribute the hydrometeors vertically from the freezing
level to the surface. Because this step is done using an
inversion algorithm based upon the cloud database, it

will be inaccurate if the vertical distribution of water in
a storm is not represented accurately or at all within the
database or if a problem exists with the radiative trans-
fer calculations.

A second aspect of the vertical profile has been high-
lighted in several recent field studies in tropical regions
and is a major concern over land. It has been shown
that, in a single location, the vertical extent and
strength of precipitating convective storms can vary on
time scales of days to weeks (Rutledge et al. 1992; Wil-
liams et al. 1992; Cifelli and Rutledge 1998; Cifelli et al.
2002; da Silva Dias et al. 2002; Halverson et al. 2002). In
clouds with deeper vertical extent, more ice may be
present for the same amount of precipitation on the
ground relative to a shallower cloud. Berg et al. (2002)
identified the biases in rainfall retrieval that result from
differences in the vertical structure of storms between
the eastern and western Pacific Ocean when remote
sensing algorithms ignore variability in the relationship
between cloud ice profiles and surface rain rate. The
lack of emission bands over land means that precipita-
tion must be derived from ice scattering. Although
these types of algorithms have met with some success,
they generally are less accurate than emission algo-
rithms or combined emission–scattering algorithms be-
cause ice processes are not directly related to precipi-
tation on the ground (Kummerow and Giglio 1994;
Kummerow et al. 2001). Fu and Liu (2001) showed that,
given the same rain rate on the ground, variations in
precipitation vertical profiles as observed by TRMM
PR correspond to large differences in brightness tem-
peratures observed by TMI in both the emission and
scattering frequencies. It may be important to condition
the rainfall on the vertical structure of ice in the storm,
especially over land.

b. Hydrometeor profiles in quantitative
precipitation forecasting (QPF)

Microphysical processes may be parameterized in
CRMs using models of varying complexity. Because of
limited computational resources, microphysical models
often are rudimentary. For example, a common bulk
microphysics parameterization scheme created by Lin
et al. (1983) and used in several CRMs (Tao and Simp-
son 1993; Xue et al. 2001) is known to have limited
success in accurately representing cloud processes (Fer-
rier et al. 1995) but has generally been viewed as suffi-
cient to simulate the morphology of thunderstorms rea-
sonably well. Improvements to parameterizations also
are hampered by paucity of in situ observations. Al-
though microphysical probes provide information
about hydrometeors present along the flight path of a
research aircraft, remote sensing techniques are not yet
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