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Introduction

One important goal of the Atmospheric Radiation Measurement (ARM) Program is to develop and test
radiation and cloud parameterizations of climate models using single-column models (SCMs) (Randall
et al. 1996). As forcing terms, SCMs need advection tendency of cloud condensates besides the
tendencies of temperature, moisture and momentum. To compute the tendency terms of cloud
condensates, three-dimensional (3D) distribution of cloud condensates over a scale much larger than the
climate model’s grid scale is needed. Since they can cover a large area within a short time, satellite
measurements are useful utilities to provide advection tendency of cloud condensates for SCMs.
However, so far, most satellite retrieval algorithms only retrieve vertically integrated quantities, for
example, in the case of cloud ice, ice water path (IWP). To fulfill the requirement of 3D ice water
content (IWC) field for computing ice water advection, in this study, we develop an IWC profile
retrieval algorithm by combining the vertical distribution characteristics obtained from long-term
surface radar observations and satellite high-frequency microwave observations that cover a large area.
The algorithm is based on the Bayesian theorem using a priori database derived from analyzing cloud
radar observations at the Southern Great Plains (SGP) site. The end product of the algorithm is a 3D
IWC covering 10° x 10° surrounding the SGP site during the passage of the satellite. This 3D IWC,
together with wind field analysis, can be used to compute the advection tendency of ice water for SCMs.

Data

In this study, brightness temperatures (Tgs) from satellite Advanced Microwave Sounding Unit-B
(AMSU-B) and radar reflectivities from millimeter-wave cloud radar (MMCR) and next generation
radar (NEXRAD) are used during the March 2000 ARM Intensive Observation Period (IOP) over a

10° x 10 ° box centered at the SGP site. More details can be found in Seo and Liu (2005) for the
AMSU-B and MMCR observations and modeled database having Tg-IWC profile relationships. For the
NEXRAD radar reflectivity, level Il data operating at a wavelength of 10 cm from the KINX NEXRAD
located in Tulsa, Oklahoma, have been used.
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Retrieval Algorithm

Based on Baye’s theorem, the expected vector E(x) of x (in this study, IWC profile) given a set of yo
(in this study, the observed brightness temperatures), is approximated in a discrete form (Olson et al.
1996) as

£00 = 3x, expf- 05y, -y, () (0 + ) [y, - y. (x)]/ A (1)

where O and S are the observation and simulation error covariance matrices, respectively, and A is the
normalization factor defined as

A=Y expl-0.8ly, —y, (<) (0+5) Hys -y, (x)]: @)

Here x; represent the jth IWC profile in the modeled database and y (x;) is a brightness temperature
vector simulated by a radiative transfer model (Liu 2004) for x;. Using Eq. (1), IWC profiles have been
retrieved from the AMSU-B Tgs.

Horizontal Structure of Advanced Microwave Sounding Unit-B
and Next Generation Radar Ice Water Paths

A horizontal picture of IWP distribution has been obtained from the AMSU-B and the NEXRAD
retrievals (Figure 1). For the NEXRAD retrievals, IWCs at each layer are derived from vertical
NEXRAD radar reflectivity using IWC = 0.070Z2%"*, where IWC is in g m™ and Z in mm® m™ and then
summed in the vertical to obtain columnar IWC (that is, IWP). Overall the NEXRAD retrievals exhibit
larger IWPs than the AMSU-B retrievals. It can be partly attributed to large volume sampling by
NEXRAD in distant range from the KINX radar site and coarse resolution in the vertical. In a large
volume some large-sized ice particles can contribute large reflectivity factor to the whole volume
because of the sixth power of diameters of the water equivalent drops for ice particles per unit volume of
air (Battan 1973). The AMSU-B retrievals have relatively lower IWPs due to large footprints, where
there is presumably underestimation of IWPs due to nonlinearity of Tg-IWP relations and
inhomogeneity. In spite of some discrepancies in IWP amounts between the two measurements, the
horizontal structures of the events from the measurements are in a good agreement and the AMSU-B
retrievals capture main features of the cloud systems viewed by the KINX NEXRAD.
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Figure 1. Horizontal IWP distribution from (a) the NEXRAD and (b) the AMSU-B retrievals on

2 March 2000. Cross and asterisk in each panel represent the SGP site and KINX site, respectively. In
the NEXRAD IWP, white pixels within echoes denote radar reflectivity greater than 30 dBZ within their
cloud column.

Vertical structure of AMSU-B and MMCR IWCs

Figure 2 shows the vertical structures of the AMSU-B and MMCR IWC retrievals for three cases,
representing moderate, moderately weak, and weak cases. On 2 March 2000, the spatial scale along the
cross section is about 450 km and the time scale is about 6.5 hours (Figures 2a, 2d). The spatial scale is
likely congruous with the time scale for the system movement with ~15 m s™. Overall vertical
structures retrieved from the two measurements are quite similar to each other with respect to anvil in
front of the cloud system, convective clouds and trailing stratiform clouds, and cloud top height. The
amounts of IWC from the AMSU-B observations are larger than those from the MMCR observations in
cloud columns between 50 km and 200 km. This can be partly attributed to that some cells in the cloud
system developed in time into stronger radar reflectivity after passing through the SGP site.

The second case on 22 March 2000 is moderately weak, having radar echoes confined in low-to-middle
layers in the MMCR observations. The time scale (about 1.5 hours) is relatively short compared to the
event on 2 March 2000 (Figures 2b, 2d). The retrieved ice clouds exhibit quite analogous cloud
structures, having maximum IWCs at lower-to-mid layer between 15-80 km in space cross-section of the
AMSU-B retrievals and day number 82.57-82.54 in time cross-section of the MMCR retrievals. Middle
layer maximum is well matched between 80-140 km in space cross-section and day number 82.54-82.51
in time cross-section. On the other had, the AMSU-B tends to retrieve more broadly distributed IWCs
(near 0.001 g m™®) in the vertical.
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Figure 2. Vertical IWC structures retrieved from (a-c) AMSU-B TBs along the West-East cross section
located in Figure 1 and (d-f) MMCR along the time cross section on each day number. The vertical
solid lines in (a-c) and (d-f) represent, respectively, the SGP site in space and the AMSU-B satellite
observation time at the SGP site.

The third case has weak radar reflectivity confined in relatively lower layers. In general, the AMSU-B
retrieves IWCs in broader range in the vertical compared to the MMCR observations (Figures 2c, 2f).
Given comparison between space and time, the retrievals from the AMSU-B observations seem to be
quite compatible with those from the MMCR.

For the month of March, there are about 60 collocated cases of the AMSU-B and MMCR observations.
The AMSU-B and MMCR retrievals were area-averaged over 0.25° search range centered at the SGP

site and time-averaged over 90-minutes centered at the AMSU-B collocation time. With the collocated
profiles whose IWPs are greater than 10 g m™, mean IWC profiles are plotted in Figure 3. Overall, the
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Figure 3. Mean MMCR- (crosses) and AMSU-B-based (circles) IWC profiles. The MMCR time window
and AMSU-B search range are 90-minutes and 0.25°, respectively.

mean AMSU-B profile captures well the vertical trends of the mean MMCR profile even though
different circumstances exist between the two different measurements such as: (1) 3DI clouds from
AMSU-B vs. 2D clouds from MMCR, (2) spatial average from AMSU-B vs. temporal average from
MMCR, and (3) scenes from slantwise viewing angles in AMSU-B vs. scenes from nadir in MMCR.

Discussions

The IWC profiles retrieved from AMSU-B are in a good agreement with the MMCR and the NEXRAD
observations with respect to both horizontal and vertical structures of ice cloud water content. The
results are encouraging in fulfillment of the need of SCMs (that is, advection tendency of cloud
condensates). On the other hand, it seems to be very challenging to retrieve ice clouds with small
amounts of IWC only from AMSU-B observations.
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