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A B S T R A C T

The echo-top height observed by the Tropical Rainfall Measuring Mission (TRMM) precipitation radar (PR) has
been used by some studies as an approximate calculation of the precipitating-cloud-top height to simulate ra-
diative forcing or to identify overshooting convection. However, due to the low sensitivity (~17 dBZ) of PR, the
PR-echo-top height is lower than the actual precipitating-cloud-top height. Here, the echo-top heights of the
tropical precipitating cloud detected by PR, the Cloud Profiling Radar (CPR), and the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) were investigated to evaluate the underestimation of the PR-echo-top height
to the actual precipitating-cloud-top height. The results show that there were significant spatial variations in the
underestimates of precipitating-cloud-top height by PR. The model simulation showed that these underestimates
led to an underestimation of the radiative forcing of the Earth system, the relative error of which was ~10% with
1-km underestimation and ~20% to 80% with 7-km underestimation when the cloud optical thickness was fixed
to 10. Therefore, the underestimates of precipitating-cloud-top height by PR should be taken into consideration
when using PR-echo-top height.

1. Introduction

The echo-top height observed by the Tropical Rainfall Measuring
Mission (TRMM) precipitation radar (PR) reflects the “precipitation-top
height”, which is commonly used to estimate rain rate or assess the
magnitude of convection development (Hamada et al. 2015; Shige and
Kummerow 2016). In some studies, the PR-echo-top and PR-echo-
bottom heights have been subtracted to calculate the thickness of the
anvil (Schumacher and Houze 2006; Li and Schumacher 2011; Yang
et al. 2015). The PR-echo-top height, assumed to approximate the
cloud-top height, has been compared with the tropopause to identify
overshooting (tropopause-penetrating) convection (Liu and Zipser
2005; Xian and Fu 2015). Furthermore, the PR-echo-top height has
been taken as an input parameter in some models to simulate the
heating profile or radiative forcing (Lau and Wu 2010; Yang et al.
2017). It also has been used to identify precipitation type (deep weak
convective precipitation, shallow precipitation, and deep strong con-
vective precipitation) over the Tibetan Plateau (Fu et al. 2016).

However, due to the low sensitivity (~17 dBZ) of the PR
(Schumacher and Houze 2003), its echo-top height is lower than the
actual precipitating-cloud-top height, which can lead to the mis-
calculation of the anvil, the overshooting convection, and the radiative
forcing. Based on the assumption that the infrared brightness

temperature represents the cloud-top height, Lau and Wu (2011)
compared the PR-echo-top height with the infrared brightness tem-
perature observed by the TRMM Visible and Infrared Scanner (VIRS).
They found that heavy rain was associated with the cold infrared
brightness temperature and elevated PR-echo-top heights, and light rain
was associated with the warm infrared brightness temperature and low
PR-echo-top heights, respectively, whereas intermediate rain (25th to
75th percentile) contributed to a wide range of infrared brightness
temperature and PR-echo-top heights. Recently, Chen and Fu (2017)
concluded that the beam-filling problem also resulted in a difference
(~5 to 15 K) in the infrared brightness temperature within each warm-
rain-PR pixel. These studies indicate that the infrared brightness tem-
perature of VIRS does not fully represent the actual cloud-top height.

Therefore, the accurate assessment of actual cloud-top height relies
on active sensors with high sensitivity, such as, LIDAR or Cloud
Profiling Radar (CPR). Casey et al. (2007) investigated the cloud-top
difference between the TRMM PR and Geoscience Laser Altimeter
System (GLAS) using coincident scans (1279 pixels in total), finding
that the echo-top height peaked at 5 km for PR and 15–16 km for GLAS.
Li and Schumacher (2011) compared a coincident scan of PR and
CloudSat CPR, concluding that PR underestimated the anvil tops from 1
to 10 km with an average of 5 km, and some of the anvil samples were
missed by PR. However, these studies lacked a sufficient number of
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samples and therefore it is difficult to assess the regional differences.
The cloud-top height of the precipitating cloud has an important

effect on cloud morphology, particle size, radiative forcing, and liquid
water content (Rangno and Hobbs 2005). Understanding the difference
between the PR-echo-top height and the actual precipitating-cloud-top
height will provide an accurate input for model simulation to effec-
tively reduce the error in estimating these physical parameters. Al-
though some studies have measured the echo-top height of the CloudSat
CPR or TRMM PR alone (Riley and Mapes 2009; Fu et al. 2012; Chen
et al. 2016; Chen et al. 2017), due to the lack of a uniform standard
(CPR was generally used to study the “cloud” rather than the “pre-
cipitating cloud”, and PR was generally used to study the “precipita-
tion”) or lack of sufficient samples (Casey et al. 2007; Li and
Schumacher 2011), the tropics-wide difference between PR-echo-top
height and actual precipitating-cloud-top height is not yet understood.
In this study, TRMM PR reflectivity and CloudSat/CALIPSO L2 data
were used to compare the echo-top height difference of the tropical
precipitating clouds and evaluate the impact of underestimating the
cloud-top height on radiative forcing estimates.

2. Data and method

The PR operates at 13.8 GHz with 5-km horizontal and 250-m
vertical resolution after a 2001 boost (Kummerow et al. 1998). As
members of the A-Train constellation, CloudSat and CALIPSO were
launched in 2006 using a sun-synchronous 705-km-altitude orbit with
1330 and 0130 LST (Local Standard Time) crossings of the equator. The
CPR onboard CloudSat operates at 94 GHz with 240-m vertical re-
solution and −30-dBZ sensitivity, which can observe 2D (cross-track
and vertical) cloud structure (Stephens et al. 2008). The minimum
detectable reflectivity was also reported as −28 dBZ in some publica-
tions (Im et al. 2005). The Cloud-Aerosol Lidar with Orthogonal Po-
larization (CALIOP) onboard CALIPSO is a near-nadir viewing two-
wavelength polarization-sensitive LIDAR that can more effectively de-
tect thin clouds, compared with CPR or other passive remote sensors, to
accurately obtain cloud-top height. For example, Liu et al. (2016) found
that CPR missed 24–36% oceanic thin warm clouds (optical thick-
ness< 4) after comparing with CALIOP. The CALIOP provides 532 and
1064 nm attenuated backscatter profiles at the horizontal resolution of
1 km (333 m) and the vertical resolution of 60 m (30 m) at altitudes of
8.3 to 20.2 km (−0.5 to 8.3 km) (Winker et al. 2009).

We used PR 2A25 V7 data to provide reflectivity and 3D rain rate
(Iguchi et al. 2000). A precipitating cloud was defined by a near-surface
rain rate> 0.1 mm/h and a maximum reflectivity not< 17 dBZ. The
PR-echo-top height was defined as the first layer from top to ground
with a minimum echo exceeding 17 dBZ.

The standard product 2B-GEOPROF provides CPR reflectivity and a
cloud mask. The “cloud mask” contains values between 0 and 40, and
increasing values indicate a reduced probability of a false detection

(Marchand et al. 2008). The 2B-CLDCLASS product provides a “pre-
cipitation flag” for each pixel using temperature and reflectivity
thresholds, including “no precipitation”, “liquid precipitation”, “solid
precipitation”, and “possible drizzle” (Sassen and Wang 2007). Pre-
cipitating cloud observed by CPR was defined by pixels with a pre-
cipitation flag of “liquid precipitation” or “solid precipitation”. The
highest layer with reflectivity greater than −30 dBZ and a cloud mask
not< 20 was defined as the CPR-echo-top height.

The 2B-GEOPROF-LIDAR is a collaborative product of CPR and
CALIOP, which integrates CALIOP pixels to CPR pixels and provides the
LIDAR cloud fraction within a CPR footprint (Mace and Zhang 2014).
The CALIOP-echo-top height was defined as the highest layer with a
cloud fraction> 50%. Because of the sensitivity and strong attenuation
of CALIOP, the precipitating flag identified by CPR was integrated with
CALIOP. In general, the CALIOP-echo-top and CPR-echo-top heights
represent the actual cloud-top height. Only certain high thin cirrus and
shallow continental stratus will be below the detection threshold of the
CPR, and CALIOP can identify them correctly.

To reduce the influence of interannual variability on the results, we
chose to study the period during which PR, CPR, and CALIOP were all
working normally (13th June 2006 to 31st December 2010). Because
CPR and CALIOP always observe at approximately 1330 and 0130 LST,
we only counted the PR pixels from 0100 to 0200 LST, and 1300 to
1400 LST, to avoid the error caused by the diurnal variation of the
precipitating cloud. Based on the above restrictions, the number of
precipitating cloud samples observed by the PR and CPR showed si-
milar patterns (Fig. 1), and the number of samples in the 5 × 5° grid
was sufficient for statistical analysis. Overall, CPR and PR both ob-
served more precipitating cloud samples over the Central Africa, In-
donesia, Argentina, central Indian Ocean, and Intertropical Con-
vergence Zone, whereas the less samples occurred in southeast and
northeast Pacific, and African coast. Some discrepancies occurred in
part of the south Atlantic, and east Pacific near the South America,
where the precipitating cloud samples observed by CPR were even
greater than the PR precipitating cloud samples. Please note that time
matching between PR and CPR (near-coincident PR-CPR-CALIOP da-
taset) was not used in this part and later statistical analysis because of
the rare near-coincident samples.

SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer)
was used to estimate the effect of cloud-top-height underestimation on
radiative forcing using the tropical standard atmospheric profile
(Ricchiazzi et al. 1998). This model is scripted in the FORTRAN 77
language and designed for the analysis of radiative transfer problems in
satellite remote sensing (Fu 2014) and atmospheric energy budget (Fu
et al. 2017). The SBDART utilizes the file named INPUT to handle the
user inputs. Users can define tens of interesting parameters and output
options including atmospheric profiles, aerosols, surfaces and clouds. If
the parameters are not specified by the users in INPUT file, these
parameters will be determined as default settings. Because the

Fig. 1. Distributions of the total number of sample for pre-
cipitating cloud observed by (a) PR, (b) CPR from 13th June
2006 to 31st December 2010. Please note that PR observations
were only used for time periods from 0100 to 0200 and 1300 to
1400 local time since CPR observes at approximately 1330 and
0130 LST.
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difference of cloud-top height was the focus of this study, other inputs
to SBDART were set to default values to avoid introducing further er-
rors. Input settings were introduced in detail in Discussion Section.

3. Results

3.1. Sample analysis

Although TRMM and CloudSat/CALIPSO run on completely dif-
ferent orbits, there were some quasi-simultaneous observations in the
long time period from 2006 to 2010. Given these coincident scans of
PR, CPR and CALIOP could be used more intuitively to understand the
differences in the multi-sensor observations to avoid blind statistics.
Fig. 2 shows an example crossover match from the central Indian Ocean
on 28th January 2007. CPR and CALIOP scanned over the Fig. 2a area
from south to north (the black line in Fig. 2a), and PR scanned from
southwest to northeast (the regional precipitation rate estimate in
Fig. 2a was provided by PR). CPR and CALIOP were approximately
1 min in front of PR, which could be considered as a quasi-simultaneous
observation. The observed results were as expected. The three main
precipitating clouds detected by PR at 3.6 °S, 3.2 °S, and 2.3 °S were all
detected by the CPR, which indicates that the two sensors were con-
sistent in their detection of precipitating cloud. Therefore, the in-
dependent statistics based on the precipitating cloud over this long time
period by CPR and PR could be used to analyze the underestimation of
precipitating-cloud-top height by PR. For the three main precipitating
clouds, the PR-echo-top heights were 6–8 km, 5–6 km, and approxi-
mately 6 km, whereas the CPR-echo-top heights were 12–14 km,
11–14 km, and 13 km. The CALIOP-echo-top height was the highest, up
to 15 km. In the gaps among the three main precipitating clouds, CPR

and CALIOP detected no-precipitating clouds with a thickness of
4–6 km, which may have been the anvils completely missed by PR. The
CPR also detected “possible drizzle” near 3.3 °S and 3.9 °S, which was
missed by PR. The above results were due to the large differences in the
sensitivity of the sensors. However, the focus of this study was the
underestimation of the precipitating-cloud-top height observed by PR,
therefore, only the precipitating clouds detected by CPR were in-
corporated into our statistics to calculate actual cloud-top height.

3.2. Statistical analysis

Based on the coincident scan example in Fig. 2 and the precipitating
cloud samples detected by PR and CPR presented in Section 2, we es-
tablished a uniform standard for the precipitating cloud from PR and
CPR to calculate regional statistics. Fig. 3 shows the echo-top heights of
the tropical precipitating cloud observed by PR, CPR, and CALIOP. The
PR-echo-top height was distributed at 6–9 km over land, and 2–7 km
over ocean, which is consistent with Chen et al. (2016). The land-ocean
difference was obvious, which was due to the stronger heating effect
and the higher terrain of the land than the ocean. Specifically, the
average PR-echo-top height in central Africa was up to 9 km, while it
was only 2 km in the eastern Pacific. The CALIOP-echo-top height in
central Africa, Indonesia, and the American continent could be> 10
km, or more than the PR-echo-top height. These areas are usually
convective with a high incidence of overshooting convention (Xian and
Fu 2015). Also in the South Pacific Convergence Zone and the Inter-
tropical Convergence Zone, some high cloud tops (11 to 15 km) were
observed by CALIOP because of the convergence of the trade winds.
Interestingly, the average CPR-echo-top height in these areas was ap-
proximately 13 km, and the CALIOP-echo-top height was> 16 km,

Fig. 2. An example crossover match from the central Indian
Ocean on 28th January 2007 by PR, CPR, and CALIOP within
one-minute intervals. (a) PR near-surface rain rate (base map)
with CPR track (black line). Vertical cross sections of (b) PR
reflectivity, (c) CPR precipitating cloud, and (d) CALIOP cloud.
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which indicates that many of the convective activities in these areas
were not high (6–9 km) based on PR observations. However, the actual
cloud (hydrometeor) may have affected the tropopause, transporting
the water vapor and chemical constituents from the troposphere to the
stratosphere. Thus, conventional studies using PR-echo-top height, such
as Liu and Zipser (2005), may have greatly underestimated the pro-
portion of overshooting convection. In the Eastern Pacific and the South
Atlantic, the echo-top heights detected by PR, CPR, and CALIOP were
all low; most of them lower than the freezing layer. These findings are
consistent with earlier studies, which found that “warm rain” domi-
nated by> 50% over these regions (Liu and Zipser 2009). The high
frequency of shallow precipitation is a possible reason for this relatively
low echo-top height (Chen et al. 2016). The echo-top heights observed
over these low-echo-top regions by CPR and CALIOP were slightly
lower than the PR-echo-top height, which may have been due to the
mixing of the low-layer (< 1 km) echo with the surface echo, causing
PR to miss some low level precipitating clouds. Another possible ex-
planation is the beam-filling problem. That is, PR footprint (~5 km) is
larger than CPR footprint (~1.7 km), which may lead to the smoother
PR-echo-top height and wider distribution of CPR-cloud-top height.

Probability Distribution Functions (PDFs) were used to quantify the
differences in PR, CPR, and CALIOP for echo-top observations. Because
all the samples in the tropics were used, the distributions of the echo-
top height in Fig. 4 are much smoother than the grid statistics in Fig. 3.
The echo-top height of the PR-precipitating cloud over tropical land
peaked at 5.5 km, as well as at the freezing layer in the tropics. When

the echo-top was higher than the freezing layer, the precipitation par-
ticles were gradually converted from liquid to solid. However, the echo-
top heights of precipitating cloud observed by CPR and CALIOP were
significantly different from that measured by PR. At 2 km or less, the
CPR detected more low-echo-top clouds than PR, as described above,
which may have been missed by PR because of mixing with the surface
echo. The echo-top heights of CPR and CALIOP had approximately
uniform distributions between 3 and 10 km. The CPR-echo-top height
peaked at 13.5 km, and the CALIOP-echo-top height peaked at 16 km,
which was located in the tropical tropopause layer usually from 14 to
18.5 km (Fueglistaler et al. 2009). After reaching the peak, the PDFs of
CPR and CALIOP decreased abruptly as the height increased, with only
a few breaking through the upper bound of the tropical tropopause
layer. Without considering the regional differences, the peaks of the
CPR and CALIOP were approximately 10 km higher than the peak of the
PR. This suggests that the overshooting convection identified by the PR
may need to be redefined.

Over the ocean, the PR-echo-top height showed a bimodal dis-
tribution. In addition to a peak located at the freezing layer, there was
also a peak near 3 km, which was the trade stable layer (Johnson et al.
1999). Because the trade clouds were usually relatively thin, the echo-
top heights of the CPR and CALIOP also peaked at this altitude. Both
CPR and CALIOP had peaks at the height of the tropopause layer, al-
though weaker than those for the land, indicating a lower proportion of
deep convective precipitating clouds over the ocean.

Fig. 3. Echo-top height of tropical precipitating cloud observed
by (a) PR, (b) CPR, and (c) CALIOP from 13th June 2006 to 31st
December 2010.

Fig. 4. Probability Distribution Functions (PDFs)
of the echo-top height for precipitating cloud
observed by PR, CPR, and CALIOP over (a) the
tropics, (b) tropical land, and (c) the tropical
ocean.
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4. Discussion

Some previous studies have used PR-echo-top height as the pre-
cipitating-cloud-top height to simulate the radiative forcing of the
precipitating cloud. Based on the above findings, the echo-top height
observed by PR was substantially lower by 10 km compared with the
actual cloud-top height, except for trade wind cumulus. Due to the lack
of a suitable standard for comparison, it is difficult to determine using
the conventional method how much PR underestimates the cloud-top
height and how much the underestimated cloud-top height impacts on
the radiative forcing estimate. In this study, SBDART was used to si-
mulate the effects of the underestimated cloud-top height on radiative
forcing in different underlying surfaces and different solar zenith an-
gles. Please note that only precipitating clouds were discussed in this
part. The cloud optical thickness (τ) had a large effect on the radiative
forcing. We therefore controlled this variable τ and set it to 10, 30, 50,
70, and 90, respectively. We also assumed that the cloud-top height was
located from 6 to 14 km to test its sensitivity to radiative forcing.
Because the radiative differences between the different cloud-top
heights were our main interest instead of the radiation fluxes of a
specific cloud, the atmospheric profile and the cloud-bottom height
(fixed to 3 km) should be fixed to constant value to avoid introducing
additional errors.

Radiative forcing was defined as RF=(Fcloud↓−Fcloud↑)-
−(Fclear↓−Fclear↑), which is the difference in net radiation between cloudy
and clear-sky conditions. The schematic diagram (Fig. 5) illustrates the
above parameters in detail. Fig. 6 shows the simulation results based on the
above inputs. The positive value of the abscissa in Fig. 6 indicates that the
Earth system received more net radiation during cloudy skies than clear
skies, and the positive value of the ordinate was for the RF on the Earth's
surface. In theory, clouds reflect incoming solar radiation (cooling the Earth
system), and reduce outgoing infrared radiation (warming the system)
(Baker 1997). Fig. 6a shows that the presence of the cloud greatly reduced
the net radiation received by the Earth system and the ground when the
surface consisted of vegetation and the solar zenith angle was 0° (solar ra-
diation of approximately 1370 W/m2). For example, compared with clear
sky, the Earth system received less net radiation by 220.4 W/m2 (Point A in
Fig. 6a) with a cloud-top height of 6 km and a τ of 10. When the cloud-top
height increased to 14 km, this value changed to 152.1 W/m2 (Point B in
Fig. 6a). This means that the calculated value was lower than the actual
value by × =

− − −

−
100% 45%220.4 ( 152.1)

( 152.1) with an underestimate of the cloud-
top height by 8 km. When the τ was 90, the 8-km underestimate of cloud-
top height underestimated RF by 9.8%. However, the underestimation of
cloud-top height had little effect on the RF of the surface, and the error
was< 0.1% using the above inputs.

With the increase of the solar zenith angle, the solar radiation to the
top of the atmosphere gradually reduces. Under the conditions pre-
sented in Fig. 6c, the 8-km underestimation of the cloud-top height
underestimated the RF of the Earth system by 46% with a τ of 10. The
RF underestimation decreased to 13% with a τ of 90. When the solar

zenith angle changed to 60° (Fig. 6e), the rate of RF underestimation
increased again.

Compared with a surface consisting of vegetation, an underlying
surface of ocean has a different albedo and, therefore, a different impact
on RF. As shown in Fig. 6b, d, and f, the underestimation of cloud-top
height over the ocean also underestimated the RF of the Earth system.
However, the error was less than with a surface of vegetation. For ex-
ample, assuming the solar zenith angle was 0°, the 8-km underestimate
of cloud-top height underestimated the RF of the Earth system by 23%
with a τ of 10, and by 7.1% with a τ of 90.

There is no direct solar radiation at night, and the albedo difference
will therefore not have an impact on the RF. As shown in Fig. 6g, the
clouds mainly played a role in warming the Earth system and the Earth's
surface at night. With a τ of 10, the RF of the Earth system was 58.4 W/
m2 with the cloud-top height at 6 km, and 156.9 W/m2 with the cloud-
top height at 14 km, underestimating the correct value by

× =
− 100% 63%58.4 156.9

156.9 . In contrast to daytime, the underestimation of
the cloud-top height also had a certain impact on the Earth's surface RF.
For example, the 8-km underestimate of cloud-top height overestimated
the Earth's surface RF by 20% with a τ of 10.

The error in RF due to different levels of τ and cloud-top under-
estimation are shown in Fig. 7 with constant cloud-top underestimation
(fixed to 8 km) or constant τ (fixed to 10). In brief, these parameters
have a greater impact on the RF of the Earth system than the surface RF.
With the increase of underestimation of cloud top, the relative error of
the RF also increases.

Therefore, PR-echo-top height for precipitating cloud should be
corrected before being the cloud-top height input to simulate the ra-
diative forcing. Although accurate correction might be hard to develop
because of the rare near-coincident data, a rough correction was pro-
vided in Table 1 based on the percentile of PR, CPR and CALIOP-echo-
top heights. For example, if PR-echo-top height is 6.25 km over the
land, the CALIOP-cloud-top height will be approximately 15.19 km.
Other values can be found or interpolated using the Table.

5. Conclusions

Based on the standard for identifying precipitating cloud, the echo-
top height observed by PR, CPR, and CALIOP was analyzed, and the
effect of the underestimation of this height on the radiative forcing was
simulated by SBDART.

The results show that the PR-echo-top height greatly under-
estimated the height of the actual precipitating cloud. Regional differ-
ences occurred in this underestimation, which was up to 10 km over
central Africa, Indonesia, and the American continent. According to Liu
and Zipser (2005), tropical convection systems reaching 14 km (tro-
popause) are defined as overshooting convection. However, the pro-
portion of actual overshooting convection in the tropics is probably
much larger than the 1.3% they calculated. Convective activity was
inhibited over the Eastern Pacific and the South Atlantic, and therefore
the echo-top heights for precipitating cloud observed by PR, CPR, and

Fig. 5. Schematic diagram of (a) Solar Zenith Angle, (b) Fclear↓ and Fclear↑, and (c) Fcloud↓ and Fcloud↑. TOA means the top of the atmosphere.
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CALIOP were all located in the trade stable layer (at about 3 km).
The simulation of different cloud-top heights showed that the un-

derestimation of the cloud-top height led to the underestimation of the
Earth-system RF with a sun zenith angle of 0°, while it did not have
much effect on the RF of the Earth's surface. As τ increased, the effect of
the cloud-top underestimation on the Earth-system RF reduced. The
relative error of the RF estimation increased with the increase of the sun
zenith angle. The underlying surface also influenced the RF under-
estimate, where the percentage error over land was larger than that
over ocean with a constant underestimation of cloud-top height.

Therefore, when using the PR-echo-top height for model inputs or
for calculating physical parameters, full consideration should be given
to its underestimation of the precipitating-cloud-top height.
Appropriate corrections must be applied to different study areas on the
basis of the PR-echo-top height to estimate the actual precipitating-
cloud-top height.
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