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Abstract

Retrievals of cloud-top heights from the ARM 35 GHz Millimeter Wave Cloud Radar (MMCR)

located on Manus Island are compared to those from the GMS-5 satellite as a means to evaluate the

accuracy of both MMCR and GMS-5 retrievals, as well as to ascertain their limitations. Comparisons

are carried out for retrievals of both single-layer and multilayer clouds as seen by radar, but only for

satellite-detected clouds with 100% amount within a 0.3� 0.3j domain centered at the ARM site of

one cloud type (i.e., low, middle, or high). Mean differences, with 95% confidence limits, between

radar- and satellite-retrieved cloud-top heights (i.e., radar-retrieved cloud-top heights� satellite-

retrieved cloud-top heights) are 0.3F 0.3 km for single-layer clouds and � 0.7F 0.3 km for

multilayer clouds. The study reveals that for thick clouds (i.e., cloud base V 1 km and cloud

thickness z 10 km), which are representative of convective towers with no/light precipitation as well

as thick anvil clouds, retrievals from the MMCR agree well with those from satellite with mean

differences of 0.0F 0.4 and � 0.2F 0.3 km for single-layer and multilayer clouds, respectively. For

clouds of lesser thickness, mean cloud-top heights derived from satellite are lower than those derived

from radar by as much as 2.0 km. It is also shown that for convective clouds with heavy

precipitation, MMCR retrievals underestimate the cloud-top heights significantly.
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1. Introduction

For decades researchers have debated the accuracy and usefulness of retrievals of

cloud-top heights from satellite and radar instruments. Depending upon the application,

both can be, and have been, utilized in a wide variety of analyses. However, each method

of retrieval comes with its own set of strengths and limitations. Thus, it is of utmost

importance to consider the constraints of each method, in particular, before performing an

analysis with either data set.

In the case of satellite infrared measurements, perhaps Glahn (1965) best summarized

the obstacles in cloud-top height determination through his discussions of the assumptions

used in estimating them. The primary assumption is that the cloud top radiates as a black

body, and therefore the emission temperature is the same as the atmospheric temperature at

cloud top. For optically thick clouds this may be close to truth. However, for thinner

clouds this assumption cannot hold, and as a result, complicates the derivation of cloud

properties from satellite infrared retrievals. Using both visible and infrared measurements,

retrievals of cloud-top height do not assume a blackbody cloud, but the accuracy does also

degrade as the cloud becomes thinner (Minnis et al., 1995). In addition to the inaccuracies

dependent upon cloud optical thickness, the relatively large spatial resolution of satellite

measurements can also be problematic in determination of cloud-top heights. Inhomoge-

neities in the cloud-top boundaries, as well as fractional cloud cover within the field of

view of the pixel, can cause large errors in the interpretation of brightness temperature

measurements, which in turn corrupt cloud-top height estimations.

Although coarse resolution and black body assumptions are not typical concerns when

evaluating radar measurements, there are other factors, namely attenuation and sensitivity,

which are problematic in radar retrievals as well. Some of the first radars used for cloud

observation operated at centimeter wavelengths. A radar beam with this magnitude

wavelength is capable of detecting cloud particles on the order of 100 Am (e.g., Hobbs

et al., 1985). The desire to obtain a more robust understanding of cloud properties led to

the development of radar with much shorter wavelengths, capable of detecting cloud

particles as small as a few micrometers (e.g., Clothiaux et al., 1995; Moran et al., 1998).

With the advent of millimeter-wave radar technology, detailed observations of clouds have

given researchers multitudes of information with respect to their formation, morphology,

structure, and microphysical processes that centimeter-wave radars were incapable of

doing.

However, with these benefits have come certain drawbacks, and in particular the

problem of increased beam attenuation. Due to the presence of microwave absorption

bands caused by oxygen and water vapor, millimeter-wave radars are limited to a select

few windows of operation. Of these, the most commonly used ones are centered at 35, 94,

140, and 240 GHz (e.g., Lhermitte, 1990). In spite of the availability of these windows,

however, millimeter-wave radiation is still much more susceptible to beam attenuation

caused by precipitation and clouds than centimeter-wave radiation. Harper (1966) was

among the first to note this degradation within a 35-GHz signal. He showed that for a

ground-based, vertically pointing radar under heavy precipitation from a cumulonimbus

cloud, the cloud-top boundaries tended to be underestimated by several kilometers. Hobbs

et al. (1985) later confirmed this finding by comparing retrievals of cloud-top heights from
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5.5- and 35-GHz radars. In one particular study conducted by Syrett et al. (1995), radar-

retrieved cloud-top heights from a 94-GHz radar were seen to be 2–5 km lower than those

retrieved from satellite during periods of heavy precipitation.

Clouds, on the other hand, may not be as significant as precipitation in regards to beam

attenuation for millimeter-wave frequencies. For example, Lhermitte (1990) reports beam

attenuation rates of approximately 1, 5, 8, and 10 dB km� 1 at frequencies of 35, 94, 140,

and 240 GHz, respectively, for a cloud at 0 jC with liquid water content of 1 g m� 3. He

provides further assurance by demonstrating the ability of a 94-GHz radar to detect tops of

non-precipitating cumulonimbus clouds up to 15–20 km.

In the current study, retrievals of cloud-top heights from a vertically pointing, ground-

based 35-GHz radar, combined with lidar, are compared to those of the GMS-5 satellite for

various cloud structures in the Tropical Western Pacific (TWP). The majority of cloud

activity within this region is driven by convection. Consequently, it is assumed that

cumulonimbus clouds or outflow from these clouds will dominate the results of the

analysis. Undoubtedly, instances of heavy precipitation would lead to underestimations of

radar-retrieved cloud-top heights. However, in performing statistical analyses for an

extended period of cloud data, the biases caused by precipitation are expected to be

minimal since periods of heavy rain (i.e., R>10 mm h� 1) are relatively rare when

compared to periods of cloudy skies, as shown in Fig. 1.
2. Instrumentation and retrieval techniques

The data products used in these analyses correspond to a time interval spanning 14

months from August 1999 through October 2000. A relatively high amount of convective
Fig. 1. Percentage occurrence of different rainfall rates (R) during periods of cloudy skies for Manus Island from

August 1999 through October 2000.
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activity is found during this period in the TWP region, which is why it has been selected

for this work.

2.1. MMCR/MPL/Vaisala ceilometer

The radar instrument used in this work is the Department of Energy (DOE) Atmo-

spheric Radiation Measurement (ARM) program’s Millimeter Wave Cloud Radar

(MMCR) located on Manus Island in the TWP (2.058jS, 147.425jE). It is a vertically

pointing instrument, operating at a frequency of 35 GHz (8.7 mm wavelength, Ka-band),

which provides for the detection of hydrometeors with reflectivities as low as � 50 dBz

and with height coverage higher than 20 km above ground level. The MMCR operates at

four modes such that each mode is designed to detect particles of specific attributes

(Moran et al., 1998; Clothiaux et al., 1999). Mode 1, known as the ‘stratus mode,’ has high

sensitivity and vertical resolution and is most useful in observing boundary layer clouds.

Mode 2, the most sensitive of all the modes, is referred to as the ‘cirrus mode.’ Mode 3, the

‘general mode,’ serves to detect a wide variety of clouds with relatively few processing

artifacts. And mode 4 is designated as the ‘robust mode’ because it is without the artifacts

and accuracy limitations of the other modes. However, this comes at the expense of its

sensitivity. Table 1 lists the characteristics of each operating mode. The MMCR instrument

takes samples every 9 s, sequencing through each of the four modes, such that each mode

takes only one sample per every 36 s.

The data products used in this study for identifying cloud boundaries have been

generated from the Active Remote Sensing of Clouds (ARSCL) Value Added Procedure

(VAP) (Clothiaux et al., 2000). In this procedure lidar and ceilometer retrievals are

incorporated so as to filter low density, airborne particulate/biological particles from the

MMCR data (Clothiaux et al., 2001). With a pulse repetition frequency of 2.5 kHz and

a vertical resolution of 30–300 m (Campbell et al., 2002), the Micro-Pulse Lidar (MPL)

serves to provide estimates of cloud-base height and vertical profiles of hydrometeors to

the level where the lidar beam is completely attenuated. The Vaisala ceilometer operates

at 905 nm with a range resolution of 15 m, and provides estimates of cloud-base height.

It has been shown that the MPL is capable of detecting very high, thin cirrus clouds that

are, in some cases, invisible to MMCR (e.g., Comstock et al., 2002). Due to their

subvisual nature, these clouds also go undetected by GMS-5. In Fig. 2 these instances

are shown in the ‘‘radar-retrieved’’ cloud-top height distributions (Fig. 2a and b) as
Table 1

Characteristics of the MMCR operational modes

Operating mode 1 2 3 4

Height resolution (m) 45 90 90 90

Minimum height AGL (m) 465 2985 105 105

Maximum height AGL (m) 6090 20,355 20,355 20,355

Nyquist velocity (m/s) 2.99 3.36 3.03 15.14

Velocity resolution (m/s) 0.09 0.11 0.09 0.24

Unambiguous range (m) 13,500 24,000 21,300 21,300

Estimated sensitivity (dBZ at 5 km) � 41 � 48 � 35 � 32



Fig. 2. Histogram distributions of cloud-top heights derived from MMCR for (a) daytime (20:00 to 08:00 GMT)

and (b) nighttime (08:00 to 20:00 GMT), and from GMS-5 for (c) daytime and (d) nighttime, at the ARM TWP

Manus site from August 1999 through October 2000.
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those cases above f 16 km extending to approximately 20 km. The corresponding

distributions for satellite-retrievals of cloud-top heights show no heights above approx-

imately 16 km. In the following analysis, these particular cases of high, thin cirrus

clouds will be excluded in the comparisons of radar- and satellite-retrieved cloud-top

heights.

The ARSCL VAP uses an algorithm to merge the four MMCR modes and then

interpolates the MPL and ceilometer data onto a 10-s grid in time and 45-m grid in

height to derive cloud-top height and cloud-base height boundaries. Boundary altitudes

of up to 10 cloud layers are supplied for each 10-s interval. Since we are most interested

in tropical anvil cloud-top heights (Hartmann and Larson, 2002), which can be detected
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by radar more effectively than lidar, the cloud-top heights from the ARSCL VAP

product used in this study are often simply referred to as radar-retrieved cloud-top

heights.

2.2. GMS-5

The satellite-derived data products used in this analysis are generated from Geosta-

tionary Meteorological Satellite (GMS-5) retrievals. The cloud properties provided in the

data set have been produced using the layer bispectral threshold method (LBTM), as

developed by Minnis et al. (1995), to analyze hourly 1- and 5-km visible (0.65 Am) and

infrared (11 Am) data, respectively. From individual pixel retrievals the statistics of the

derived cloud properties are determined for nine separate 0.3� 0.3j grid domains

extending from approximately 2.4–1.5jS and 146.9–147.8jE. The grid domain used in

this analysis is centered at 1.985jS, 147.355jE since it is nearest to the coordinates of

the location of the MMCR instrument on Manus Island. Cloud properties for each grid

box are given for three height intervals, low (zV 2 km), middle (2 < zV 6 km), and high

(z>6 km). The methodology for deriving these cloud properties from GMS-5 satellite

retrievals over the TWP is discussed by Nordeen et al. (2001) and is outlined as

follows: Cloud optical depth is derived from visible channel retrievals assuming an

effective particle size. If the cloud is optically thick, the cloud-center temperature (i.e.,

the equivalent radiating temperature of the cloud) is set equal to the cloud-top

temperature. If the cloud is semi-transparent, the IR emissivity can be calculated from

optical depth and used to adjust the cloud-top temperature. If the optical depth cannot be

calculated, the cloud-center temperature is set equal to the IR temperature for low clouds

and the tropopause temperature for high clouds. Cloud-center and cloud-top temperature

are then converted to cloud-center and cloud-top height using vertical profiles of

temperature from the European Center for Medium-range Weather Forecasts (ECMWF)

analyses.

A concern with this technique is that associated with the tropopause is an approxi-

mately isothermal layer. For clouds extending into this layer, estimations of cloud-top

height may inaccurate due to the ambiguous nature of the temperature profile. Fig. 3 shows

the distribution of heights, as taken from rawinsonde data, at which the base of this

isothermal region is located. It is also shown that the mean of this distribution is 16.7 km,

which is above the level of the highest retrieved satellite cloud-top height in the TWP

region (i.e., approximately 16 km), as shown in Fig. 2c. Furthermore, the majority of the

distribution (f 91%) in Fig. 3 lies above 16 km. Consequently, it is assumed in this

analysis that satellite retrievals of cloud-top heights are not significantly corrupted by

ambiguities in the temperature profiles.

Using the LBTM to derive cloud-top heights from GOES-7 retrievals at the ARM

Southern Great Plains (SGP) site, Minnis et al. (1995) showed that the uncertainty for

single-layer, thin (i.e., optical depth < 5) cirrus clouds is F 1 km, and that it is even smaller

at F 0.5 km for thick clouds. Thus, for evaluating the accuracy of radar-retrievals through

deep convective clouds and thick convective outflow, the GMS-5 derived data products

are useful since the LBTM algorithm has been shown to provide fairly accurate

estimations of cloud-top heights for these particular cloud types.



Fig. 3. Histogram distribution showing the heights of the lower boundary of the isothermal layer associated with

the tropopause, as taken from the Balloon-Borne Sounding System from August 1999 through October 2000 at

the ARM TWP Manus site.
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2.3. Rawinsonde and surface instruments

The Balloon-Borne Sounding System (BBSS) on Manus Island provides in-situ

measurements (i.e., vertical profiles) of both the thermodynamic state of the atmosphere,

and the wind speed and direction. Temperature data from this instrument are used in this

analysis to identify the location of the tropopause. Precipitation rate data comes from the

Surface Meteorology station (SMET) on Manus Island. Mean precipitation rates are

measured by the Optical raingauge for 60-s intervals. The Optical raingauge has an

uncertainty of F 0.1 mm h� 1. Therefore, precipitation rates in the data set that are less

than 0.1 mm h� 1 are considered to be representative of non-precipitating instances.
3. Analysis and results

Different approaches can be taken when comparing cloud-top height retrievals from

radar and satellite observations. Regardless of the approach, careful consideration of data

retrieval processes for both measurements must be taken before making such comparisons.

Since the LBTM algorithms for the satellite use visible and IR channel measurements to

derive cloud-top heights, only data samples in which both channels are operational are

used in the analyses here. Fig. 2 shows histogram distributions of cloud-top heights from

all MMCR and GMS-5 retrievals for the period considered. The results are derived using

the highest cloud-top height reported in the satellite and radar data products for each

sampled instance. The upper distributions in the figure show cloud-top heights from

‘daytime’ retrievals (i.e., when the visible channel is available for satellite retrievals). The

lower distributions show cloud-top heights retrieved during ‘nighttime’ periods (i.e., when
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visible channel retrievals are not available). Comparing the radar-retrieved height

distributions (Fig. 2a and b) with those of satellite (Fig. 2c and d) emphasizes the

importance of the visible channel in the satellite retrievals. The radar retrievals of cloud-

top heights show no apparent diurnal dependence, indicating that the satellite retrievals are

significantly underestimated when visible channel measurements are unavailable. Note

that the radar retrievals of cloud-top heights at Manus show three-modal distributions with

maxima at f 1, 6 and 13 km.

Discrepancies in the spatial resolutions of the radar and satellite retrievals are also a

concern. The MMCR is a vertically pointing instrument that takes measurements along a

very narrow line-of-sight. On the contrary, retrievals from GMS-5 correspond to a

0.3� 0.3j (f 30� 30 km) domain. With cases of inhomogeneous cloud cover, GMS-5

will assign up to three cloud-top heights as well as cloud covers. For the same

inhomogeneous scene, however, the MMCR instrument may or may not detect one of

the cloud types depending on whether it is located under the cloudy or clear portion of the

corresponding GMS-5 scene. In an attempt to avoid any biases introduced by such

instances, each comparison period discussed in this paper has incorporated only the

satellite data that indicate homogeneous cloud cover. In this work, homogeneity is defined

as those times when 100% cloud amount is reported for only one of the three height levels

possible in the satellite-derived data product. As an additional measure to compensate for

the discrepancies in the instruments’ spatial resolutions, ARSCL data (i.e., the MMCR/

Lidar/Ceilometer-derived data products) are time-averaged over a F 5-min interval

centered at each satellite observation time. For the sake of comparison, only those samples

retrieved by both instruments at coinciding times are used. Due to the much smaller

sampling frequency of GMS-5, most ARSCL data will not be utilized in the context of

these analyses.

In this work, comparisons of cloud-top height retrievals are discussed and characterized

according to cloud type. Table 2 summarizes these cloud types and assigns a label to each

according to cloud thickness and base altitude, as supplied by the ARSCL data set. For

instances where multiple cloud layers exist, the physical characteristics of the thickest

layer are used in designating the cloud type. The assumption here is that the geometrically

thickest cloud layer will also be the optically thickest layer, therefore making it the most

visible layer to the satellite instrument. Thus, although radar retrievals are used to assign

the cloud type for each sample, satellite retrievals should agree relatively well with these

assignments. The decision to concentrate on three particular cloud types is a result of the

convective nature of the cloud processes in the TWP region. The thick clouds category is

intended to be representative of the deep, convective cloud cases, as well as thick anvils
Table 2

Cloud classifications used in the comparison studies

Assigned label Cloud characteristics

All clouds cloud base z 0 km

Thick clouds cloud base V 1 km, cloud thickness z 10 km

High-thick clouds cloud base z 4 km, cloud thickness z 4 km

High clouds cloud base z 10 km
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close to convective towers. The high-thick clouds and high clouds categories are intended

to represent the relatively thick and relatively thin outflow cloud cases, respectively, which

are further away from convective towers. The accurate determination of these cloud-top

heights is critically important to investigate the cloud–climate feedbacks (e.g., Hartmann

and Larson, 2002).

3.1. Single-layer cloud cases

In the first comparison only single-layer clouds are considered. This represents the best

scenario for the comparison by avoiding the complications introduced with the inclusion

of the multilayer cloud cases that will be discussed subsequently. Clouds are considered to

be single-layer if the radar retrievals indicate the presence of just one cloud layer at the

exact instant of satellite retrieval. As an additional criterion, 80% of the individual radar

retrievals within the F 5-min time-averaging interval need to be characterized as single-

layer clouds as well. It should be noted that 80% is used here instead of 100% in order to

yield a greater number of samples for comparison. Fig. 4 shows histogram distributions of

the differences between radar- and satellite-retrieved cloud-top heights for single-layer

clouds with mean differences and 95% confidence limits provided for each case. For cases

of all clouds radar and satellite data agree fairly well with the radar retrievals 0.3 km

higher than those of satellite, on average. Likewise, retrievals for thick clouds are in

excellent agreement with a mean difference of 0.0 km resulting from the comparison. The

comparisons become somewhat weaker for high-thick clouds and high clouds where, in

both cases, radar retrievals of cloud-top heights are seen to be 1.7 km greater than those of

satellite, on average.

3.2. Multiple-layer cloud cases

The relatively small number of samples available for single-layer cloud comparisons

diminishes the statistical significance of the resulting distributions, and in particular,

gives way to unfavorably large confidence intervals for the high-thick clouds and high

clouds cases. To increase the amount of data, so as to validate the single-layer

comparisons, multilayer cases are now incorporated into the analysis. Comparisons of

cloud-top height retrievals from satellite and radar can become highly complicated when

multiple cloud layers exist. A satellite radiometer can only measure the brightness of a

pixel. In the retrieval process, Minnis et al. (1995) assume that the cloud cover within

the field of view of a pixel is homogeneous in nature and neglect the possibility that

multiple cloud layers may be present. In multilayered cloud cases, contributions of

radiance from each cloud layer may bias the comparison, depending upon which radar-

retrieved cloud layer is under investigation. For example, if a high, thin cirrus layer is

overlaying a deep convective cloud, the satellite retrievals may report the cloud-top

height either near the upper boundary of the deep convective cloud or closer to the upper

boundary of the cirrus layer, depending upon the cirrus layer optical thickness. Fig. 5

demonstrates the ambiguities introduced when analyzing satellite retrievals when

multiple cloud layers are present. At 02:30 GMT the satellite is reporting the cloud-

top height near the cirrus layer’s upper boundary, while in the two preceding retrievals at



Fig. 4. Histogram distributions of differences between radar- and satellite-retrieved cloud-top heights (CTH) for

single-layer clouds. Mean differences (l) are provided with 95% confidence limits in each histogram. Cloud types

are as assigned in Table 2.
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00:30 GMT and 01:30 GMT the cloud-top height is reported nearer to the base of the

cirrus layer.

According to Minnis et al. (1995), the errors in LBTM retrievals of cloud-top heights

for multilayer cases are similar to single-layer cases for instances when a thick cloud

overlays another thick cloud. However, for times when a thin cloud overlays a thick cloud

the cloud-top heights are reported somewhere between the upper boundaries of the two

clouds. Correcting for these errors would involve taking into account the cloud temper-

ature difference between the two cloud layers and the IR emissivity of the upper cloud

layer, which are not available from satellite measurements.



Fig. 5. Time–height reflectivity map constructed from ARSCL data for 0000–0600 GMT 1 May 2000, with

satellite-retrieved cloud-top heights (black dots) and optical depths superimposed. Sixty-second mean rainfall

rates (downward triangles) measured by the Optical raingauge at Manus Island are also shown for times

corresponding with satellite retrievals.
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Since corrections to satellite-retrieved cloud-top heights could not be implemented, it is

crudely assumed that in each multilayer cloud case, the geometrically thickest cloud layer,

as retrieved by radar, is the most optically thick, and that the satellite will most accurately

detect this optically thick layer. As a result, the assignment of the radar-retrieved cloud-top

height is given to the upper boundary of this thick layer. The assumption is a valid one for

instances when this ‘thickest layer’ is also optically thick and is the highest layer present.

If the thickest layer is not optically thick, however, the satellite-retrieved cloud-top height

will most likely be too low. Furthermore, if the thickest layer is under another cloud

layer(s), the satellite-retrieved cloud-top height will be too high. The degree to which the

height is overestimated will depend upon the optical thickness of the overlying cloud

layer(s). Fig. 5 illustrates this point. From 00:00 GMT to approximately 03:20 GMT, two

distinguishable cloud layers are present, with the geometrically thickest layer being the

lowest. At 00:30 GMT and 01:30 GMT, the satellite-retrieved cloud-top heights are located

approximately half way between the upper boundaries of the upper and lower cloud layers,

which are separated by approximately 6 km. At 02:30 GMT, the upper layer is not only

geometrically thicker than it is at 00:30 GMT and 01:30 GMT, but it is also characterized

by greater radar reflectivity throughout the layer, implying greater optical thickness. As a

result, the satellite-retrieved height is located more closely to the upper boundary of the

upper cloud layer.

The results of the comparisons for multilayer clouds are shown in Fig. 6. It can be seen

that the distributions and mean differences are quite similar to those seen in the single-



Fig. 6. Same as Fig. 4 but for both single-layer and multilayer clouds.
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layer cloud comparison. The ‘thickest layer’ assumption incorporated into the analysis

accounts for the widening of each distribution. For all clouds the distribution appears

negatively skewed and satellite-retrieved cloud-top heights are 0.7 km greater than radar,

on average. For thick clouds, retrievals of cloud-top heights from satellite are seen to be

higher than those of radar by 0.2 km. However, this is justifiable when considering that in

multilayer cases, cloud layers overlaying the thick clouds will generally raise the altitude

of the satellite-retrieved cloud top. On the other hand, the satellite does not see cloud

layers below the thick clouds since the thick clouds are optically thick. Therefore, any

errors introduced from the ‘thickest layer’ assumption lead to an overall overestimation of

satellite-retrieved cloud-top heights. The magnitude of the mean difference between

satellite and radar retrievals for high-thick clouds is considerably smaller than that seen
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in the single-layer comparison, while for high clouds it has increased slightly. In both cases

the confidence intervals have shrunk considerably.
4. Summary of single-layer and multilayer cloud analyses

In both the single-layer and multilayer comparisons, the distributions for the all clouds

cases indicate that radar and satellite retrievals of cloud-top heights agree quite well for a

statistically large sample. Moreover, the radar and satellite retrievals of cloud-top height

are in best agreement for the thick clouds cases. With decreasing cloud thickness, the

comparisons become poorer, as illustrated by the high-thick clouds and high clouds

distributions. The time–height reflectivity map of a cumulonimbus event, shown in Fig. 7,

illustrates these discrepancies. At 00:30 GMT and 01:30 GMT the satellite and radar

retrievals agree quite well. The superimposed satellite-retrieved cloud optical depth values

indicate that the cloud was optically thickest during this period. After 02:30 GMT the

optical depth begins to decrease significantly, and the satellite-retrieved cloud-top heights

are underestimated.

The relationship between cloud optical depth and satellite-retrieved cloud-top height is

further illustrated in Fig. 8. The data here are representative of those used for the single-

layer comparisons. The superimposed linear regression line suggests that retrievals of

cloud-top heights are in best agreement between radar and satellite for 20 < optical depth

< 80. The figure also shows that for optical depth < 20, radar retrievals of cloud-top height

are typically higher than those of satellite, whereas the contrary can be said about cases
Fig. 7. Same as Fig. 5 but from ARSCL data for 0000–0600 GMT 26 June 2000.



Fig. 8. Differences in radar- and satellite-retrieved cloud-top heights as a function of satellite-retrieved optical

depth for single-layer clouds.
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where optical depth >50. It should be noted that satellite-retrieved optical depth is used

here qualitatively due to its large uncertainty.
5. Further investigations of thick clouds

One flaw in the cloud classification scheme (Table 2) set forth in this analysis is that it

fails to account for those instances where thick clouds exist but are inaccurately retrieved

by the radar due to extreme beam attenuation caused by heavy precipitation. Fig. 9

illustrates such a case with MMCR. It can be seen that from approximately 03:15 to 04:30

GMT, during the period of heaviest precipitation, the cloud-top boundaries, are, at times,

underestimated by several kilometers. The extreme discontinuities in the cloud-top

boundaries during this period, coupled with the sporadic and abrupt disappearance and

reappearance of the melting layer within the cloud just above 4 km, provide enough

evidence to suggest that a thick, precipitating cloud existed at this time through which the

radar beam was incapable of completely penetrating.

Fig. 10 shows the distribution of precipitation rates (R) corresponding to all clouds

cases and thick clouds cases used in the single-layer and multilayer comparisons. It should

be noted that the total number of cases shown in these rainfall rate distributions are slightly

less than their cloud-top height comparison counterparts, since rainfall rate data are not

available at each instance of radar/satellite retrieval. As anticipated, the occurrence of

intense rainfall (i.e., Rz 10 mm h� 1) for periods of cloud cover is comparable to that

shown in Fig. 1 (i.e., 1 of 86 cases for single-layer clouds (1.1%), and 7 of 358 cases for

multilayer clouds (2.0%)). It is expected that these cases of intense rainfall are associated

with deep, convective cloud types, and as a result, would be included in the thick clouds

distributions. For single-layer clouds, the one case within the all clouds distribution



Fig. 9. Same as Fig. 5 but from ARSCL data for 0000–0600 GMT 16 August 1999. Sixty-second mean rainfall

rates (downward triangles) are shown for every 10 min. Dotted lines indicate instances in which rainfall rate

measurements correspond with times of satellite retrievals.
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(Fig. 10a) where Rz 10 mm h� 1 is, in fact, seen in the thick clouds distribution (Fig. 10b).

However, there are seven cases of Rz 10 mm h� 1 shown in the all clouds distribution for

multilayer clouds (Fig. 10c), while only one case is shown in the thick clouds distribution

(Fig. 10d). Visual inspection of time–height reflectivity maps for those times

corresponding with the remaining six cases where Rz 10 mm h� 1 show obvious beam

attenuation due to intense precipitation, such as that illustrated in Fig. 9. These cases are

not seen in the single-layer distributions since the appearance of at least two layers is

present for each radar retrieval of cloud-top height. One of these instances, for example, is

shown in Fig. 9 at 03:30 GMT. At this time, a thin cloud layer situated between

approximately 9 km and 10 km is located above a thicker cloud layer that spans from

ground level up to approximately 8 km.

Since the heavy rain is usually associated with deep convective towers, the results for

thick clouds shown in Figs. 4 and 6 are more representative for convective clouds with no/

light precipitation and thick anvil clouds. For the six Rz 10 mm h� 1 cases not included in

the thick clouds distribution, the radar-retrieved cloud-top heights are lower than those of

satellite by 6.7 km, on average. Fig. 11 shows the distribution for the multilayer thick

clouds comparison when these six cases are included. The radar-retrieved heights are now

0.8 km lower than those of satellite, whereas they were lower by 0.2 km beforehand. Thus,

the frequency at which heavy precipitation events occur has a significant impact on the

comparisons of radar- and satellite-retrieved cloud-top heights. When heavy precipitation

cases are removed from the all clouds comparison shown in Fig. 6, the mean difference

between radar- and satellite-retrieved cloud-top heights is � 0.6 km, suggesting that other



Fig. 11. Histogram distributions of differences in radar- and satellite-retrieved cloud-top heights for multilayer

thick clouds including multilayer all clouds cases where rainfall rates exceed 10 mm h� 1.

Fig. 10. Histogram distributions of rainfall rates corresponding with the (a) all clouds and (b) thick clouds

comparisons for the single-layer clouds cases as well as the (c) all clouds and (d) thick clouds comparisons for

multilayer clouds.
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factors (see discussions in Section 3.2) dominate the underestimations in radar-retrieved

heights.
6. Conclusions

Although 35-GHz radars are susceptible to beam attenuation when transmitting through

optically thick clouds and during periods of heavy precipitation, the results of the present

work demonstrate that, on average, radar retrievals of cloud-top height at the TWP in most

cases are accurate. In comparisons of radar retrievals with those from satellite, we found

that the mean differences in cloud-top heights for the all clouds comparisons are within the

limits of the satellite’s retrieval uncertainties. Special emphasis was placed on comparisons

for convective clouds as well as thick anvil clouds. These cloud types are most commonly

associated with accurate satellite retrievals of cloud-top height, but inaccurate radar

retrievals due to beam attenuation. For thick clouds defined in this study, which are

representative of thick anvil clouds and convective clouds with no/light precipitation, the

cloud-top heights from MMCR agree well with satellite retrievals. But for convective

clouds with heavy precipitation, radar retrievals of cloud-top height are underestimated

significantly due to beam attenuation. It is argued, therefore, that the frequency of these

heavy precipitation events is highly influential in determining the magnitude of the biases

associated with MMCR retrievals. In this study, periods of heavy precipitation are shown

to be fairly infrequent. The high-thick clouds and high clouds cases, intended to be

representative of convective outflow further away from the convective towers, demon-

strate discrepancies in radar- and satellite-retrieved cloud-top heights of approximately 1

to 2 km, which are largely due to inaccuracies in satellite retrievals of optically thin

clouds. Furthermore, the magnitudes of these mean differences are similar to those

reported by Minnis et al. (1995) for cirrus cloud-top heights retrieved using the LBTM

algorithms.
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