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Abstract

Ice water path (IWP) and cloud top height (ht) are two of the key variables to determine
cloud radiative and thermodynamical properties in the climate models. Large uncer-
tainty remains among IWP measurements from satellite sensors, in large part due to
the assumptions made for cloud microphysics in these retrievals. In this study, we de-5

velop a fast algorithm to retrieve IWP from the 157, 183.3±3 and 190.3 GHz radiances
of Microwave Humidity Sounder (MHS) such that the MHS cloud ice retrieval is consis-
tent with CloudSat IWP measurements. This retrieval is obtained by constraining the
forward models between collocated-and-coincident measurements of CloudSat IWP
and MHS cloud-induced radiance depression (Tcir) at these channels. The empirical10

forward model is represented by a look-up-table (LUT) of Tcir–IWP relationships as
a function of ht and frequency channel. With ht simultaneously retrieved, the IWP is
found to be more accurate. The useful range of the MHS IWP retrieval is between 0.5
and 10 kg m−2, and agrees well with CloudSat in terms of normalized probability den-
sity function (PDF). Compared to the empirical model, current radiative transfer models15

(RTMs) still have significant uncertainties in characterizing the observed Tcir–IWP rela-
tionships. Therefore, the empirical LUT method developed here remains as an effective
approach to retrieving ice cloud properties from the MHS-like microwave channels.

1 Introduction

Ice clouds have profound impacts on the global energy budget Stephens et al. (1990),20

hydrological cycle (Chahine, 1992), atmospheric structure (Ramaswamy and Ra-
manathan, 1989) and circulation (Richter and Rasch, 2008). Cloud ice water amount
is one of the largest sources of uncertainty in quantifying cloud-climate feedbacks and
sensitivities. For example, the mean cloud ice water path (IWP) ranges from 10 to
120 g m2 in the tropics among a variety of Global Climate Models (GCMs) in the most25

recent 20th century Coupled Model Intercomparison Project Phase 5 (CMIP5) runs (Li
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et al., 2012). Accurate cloud IWP measurements are critically needed to guide model
developments and reduce model uncertainties.

Yet, observations of cloud ice have not met the requirement by climate models,
showing several folds of IWP differences among various techniques (Wu et al., 2009;
Eliasson et al., 2011). Until cross-instrument consistency is achieved, current cloud ice5

observations allow too much variation in cloud properties and become insufficient to
constrain the model physics (Waliser et al., 2009; Li et al., 2012). Difficulties for ac-
curate IWP and microphysical measurements arise mainly from remote sensing in the
presence of cloud inhomogeneity and sensitivity limitations associated with each tech-
nique. On one hand, large spatial and temporal variabilities in cloud microphysics make10

it difficult to compare ground-based measurements with remote sensing observations
(Waliser et al., 2009). Hence, statistical representations of cloud microphysics are as-
sumed or parameterized in order to enable satellite remote sensing (e.g., McFarquhar
and Heymsfield, 1997). Even for simple optically-thin cloud, there are still great deal
of uncertainties in the assumption made for the IWP retrieval. On the other hand, pas-15

sive satellite sensors have limited penetration capability to observe thick and dense ice
clouds from space. As a result, only partial column of IWP (pIWP) can be measured
by passive sensors, and the column bottom varies with atmospheric absorption, cloud
amount, droplet size and phase, and cloud top height. These uncertainties about cloud
column create additional errors in the IWP retrieval using passive sensors.20

As an active sensor, CloudSat radar provides an unprecedented opportunity to mea-
sure the ice water content (IWC) profile and its vertical integral (i.e., IWP) globally since
2006. The CloudSat cloud ice retrieval still depends on the cloud microphysics con-
strained by in-situ and ground-based observations (Austin et al., 2009). CloudSat data
are confined in a narrow curtain (∼1 km width) along the orbital track, and thus are used25

mostly for climatological and case studies. Like other A-train Sun-synchronous satel-
lites, it samples only two Local Solar Times (01:30 and 13:30 LST) of the cloud diurnal
cycle. However, CloudSat data still provides the best characterization of vertical distri-
bution of global cloud ice (Eliasson et al., 2011), and can be used to cross-calibrate
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other techniques, especially the passive sensors with limited vertical resolution (Wu et
al., 2009).

Passive nadir-viewing microwave techniques such as Advanced Microwave Sound-
ing Unit-B (AMSU-B) and Microwave Humidity Sensor (MHS) have advantage over
infrared/visible sensors for penetrating deeper into cloud layers to measure IWP. More5

importantly, MHS has a swath width of ∼2300 km to capture synoptic-mesoscale sys-
tems in motion as well as variabilities not captured from the curtain-only sampling by
CloudSat. Instead of slicing a single vertical cross-section of a hurricane, the entire cy-
clonic structure can be mapped out with one MHS orbit. Since 1998, satellites carrying
the instruments like AMSU-B and MHS have been operational and now flying across10

the equator at more than eight local solar times everyday, the mosaic of which can
be used for cloud diurnal cycle studies. Moreover, at microwave frequencies ice scat-
tering signals are approximately linearly proportional to cloud ice amount in the path,
resulting in a relatively straightforward relationship between IWP and cloud-induced ra-
diance depression (Wu et al., 2009). These advantages make nadir-viewing microwave15

sensors attractive for monitoring global long-term IWP.
Retrieval of IWP requires radiative transfer models (RTMs) or forward models that

relate the measured radiance to cloud ice. The cloud ice RTM can be formulated ei-
ther theoretically or empirically. RTMs are also widely used in climate models but pri-
marily for calculating clear-sky radiative forcing from atmosphere gas, cloud, aerosol20

and surface. Although studies demonstrated the use of RTMs for IWP retrievals from
AMSU-B/MHS channels, considerable uncertainties exist with RTMs in representing
complex physical processes (e.g., land surface radiative fluxes, ice particle shape)
and with oversimplified assumptions (e.g., plane-parellel atmosphere and cloud lay-
ers, cloud droplet size distribution, etc.). The errors in liquid drop size, surface emis-25

sion/scattering, cloud layer height, and water vapor amount can all degrade the qual-
ity of the retrieved IWP. For example, the current operational IWP retrieval algorithm
from Microwave Surface and Precipitation Products System (MSPPS), which is based
upon a two- stream approximated radiative model solutions (Zhao and Weng, 2002) at
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AMSU-B 89 and 150 GHz channels, was found to under-estimate IWP in comparison
with other observations (Wu et al., 2009; Waliser et al., 2009; Eliasson et al., 2011;
Chen et al., 2011). Contamination of cloud ice retrievals was also found over snowy/icy
surfaces (Wu et al., 2009).

While further improvements are still needed for ice scattering calculation in the mi-5

crowave RTMs, empirical forward models have been used for cloud retrievals (Holl et
al., 2010). Empirical approaches establish some ad-hoc relationships between cloud
ice variables and radiance/reflectivity measurements from the data themselves. Such
empirical forward models are developed from a finite ensemble of observations, and
are therefore limited to specific conditions, environments and dynamic ranges of the10

cloud variable of interest. The algorithms are usually fast in form of look-up table (LUT)
and bypass the complex microphysical calculation in cloudy-sky radiative transfer on
individual cases. Empirical methods have been also used in surface remote sensing
where land properties are too complicated to be modeled or validated (e.g., Pulliainen
and Hallikainen, 2001).15

In this paper, we develop an empirical model and retrieval algorithms for IWP using
cloud-induced radiance depression (Tcir) from MHS at 157, 183.3±3 and 190.3 GHz.
The empirical forward model is obtained by regressing MHS Tcir radiances on collo-
cated CloudSat IWP and cloud top height measurements in the tropics. The sequential
estimation method is then used to retrieve IWP for all MHS footprints. The instruments20

and methodology will be described in Sect. 2, following by the detailed retrieval algo-
rithm in Sect. 3. An evaluation of the retrieved products is given in Sect. 4 with com-
parisons to the operational product and other RTM results, followed by the summary in
Sect. 5.
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2 Instruments, data, and methods

2.1 Description of datasets and models

The datasets used in this study are Level-1 brightness temperature (TB) from MHS,
ice water content (IWC) from CloudSat, and Modern Era Retrospective-Analysis for
Research and Applications (MERRA) 3-hourly analysis variables on a 1.25◦ ×1.25◦

5

latitude-longitude grid. Two radiative transfer models are used in this study are Joint
Center for Satellite Data Assimilation (JCSDA) Community RTM (CRTM) and an ice
scattering Cloud Radiance Model (CRM).

2.1.1 MHS TB, IWP and historical issues

MHS is a cross-track scanning radiometer aboard the National Oceanic and Atmo-10

spheric Administration (NOAA) satellite 18, 19, European Organisation for the Exploita-
tion of Meteorological Satellites (EUMETSAT) Metop-A, and B, which is a slightly im-
proved version of AMSU-B onboard NOAA-15, 16, and 17. MHS makes 90- footprints
(with a beamwidth of 1.1◦) continuously in each cross-track scan and the outmost scan-
angle is ±48.95◦ from nadir. For NOAA-18, the MHS scan and satellite orbital altitude15

produce a nadir footprint size of 16 km at half power field-of-view (FOV) and a swath
width of 2200 km. The FOV size and swath vary slightly among satellites due to differ-
ent orbital altitudes. MHS has five microwave channels, which are 89, 157, 183.3±1,
183.3±3 and 190.3 GHz (for AMSU-B, the second and last channels are 150 and
183.3±7 GHz, respectively). For consistency, these channels are labeled as CH#1-520

hereafter. MHS CH#1, 2 and 5 are vertically polarized, and the other two are horizon-
tally polarized (for AMSU-B, all five channels are vertically polarized). The designed
radiometric noises (NE∆T ) for CH#1–5 are 0.22, 0.34, 0.51, 0.40, and 0.46 K, respec-
tively John et al., 2012. The 89 and 157 GHz are window channels, and those around
183.3 GHz water vapor absorption line are designed to profiling the atmospheric wa-25

ter vapor. Under clear-sky condition, the peak sensitivity of these 183.3 GHz channels
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occurs in the upper, middle and lower troposphere, respectively. NOAA-15, 16, 17, 18
and 19 orbits drift slowly with time, while Metop-A and B are maintained at a sun-
synchronous orbit with fixed Equator Passing Time (EPT).

For ice particle scattering measurement, the higher-frequency channels (157,
183.3 and 190.3 GHz) work better for IWP retrievals because the Mie scattering is pro-5

portional to frequency to the fourth power. Scattering-based microwave cloud remote
sensing has some unique properties as well as limitations. First, it penetrates deeper
into ice clouds than IR and visible techniques for cloud ice measurements, but can be-
come saturated for very optically-thick clouds Seo and Liu, 2006; Arriaga, 2000. In the
case of saturation, only partial cloud ice column pIWP can be retrieved. As shown in10

Seo and Liu (2006), the window channels near 183.3 GHz can penetrate a cloud-layer
with IWP as large as 10 kg m−2, which covers most of the IWP values observed by
CloudSat. However, in the case of graupels, or frontal astrostratus clouds, saturation
may occur (Arriaga, 2000). Saturation is also more prominent in the oblique views than
nadir (where the line-of-sight path is longer).15

Secondly, among all MHS/AMSU-B channels, CH#3 is most sensitive to water vapor
because it is adjacent to the 183.3 GHz water vapor absorption line. The absorption
from upper tropospheric water vapor, so-called “water vapor screening”, prevents CH#3
from seeing the surface and clouds in the lower troposphere. To some extent, CH#4
has a quite amount of water vapor screening and can observe some ice clouds but20

remains little contaminated by the surface unless at dry, high latitudes. In other words,
CH#4 can be used to distinguish between surface and cloud in the situation where
other channels have difficulties, as will be shown in Sect. 2.1.3.

Lastly, microwave radiances are dependent on scan angle at these frequencies. Un-
der clear-sky condition, the radiance may decrease with scan angle from nadir, as a25

function of the cosine of angle, due to the increasing path length at line-of-sight (LOS).
This is similar to the 6.7 µm IR channel where the longer LOS path gives a weighting
function at a higher altitude, or cold temperature (Soden, 1998). Under the cloudy-
sky condition, the radiance scan-dependence may vary with cloud inhomogeneity as
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cloud size and distribution are often not homogeneous. In addition to the atmosphere-
induced scan angle dependence, there are some instrument errors in all five channels
that are scan-dependent and asymmetric about nadir. These instrumental errors can
severely degrade quality of the retrieved IWP if not properly corrected. For example,
there was a radio-frequency interference (RFI) problem in CH#3 and 4 of AMSU-B5

(Atkinson, 2001; Buehler et al., 2005), and gain variations/degredations are found in
CH#3–5 of AMSU-B on NOAA-16 and 17 (John et al., 2013). MHS exhibits smaller
scan-dependent biases than AMSU-B, but suspicious behaviors have been reported
for CH#3 on NOAA-18, 19 and Metop-A (John et al., 2013). The MHS instruments on
NOAA-18 and Metop-A have so far shown the best overall radiometric calibration for10

all five channels. Since NOAA-18 has the closest EPT with CloudSat, it is used in this
study to develop the cloud ice retrieval constrained by CloudSat. The radiances from
CH#3 are not used because they are relatively noisier and provide little information on
cloud ice. As in the main weather prediction centers, we use Advanced Television and
Infrared Observational Satellite Operational Vertical Sounder (ATOVS) and Advanced15

Very High Resolution Radiometer (AVHRR) pre-processing Package (AAPP, v7) de-
veloped by Numerical Weather Prediction Satellite Application Facilities (NWP SAF) to
process the L1B radiance data to obtain the further quality-controlled and calibrated
L1C data. In the NOAA-18 MHS L1C data we have not found any systematic instru-
mental error.20

Weng et al. (2003) developed an algorithm to retrieve the IWP using ice scatter-
ing at 89 and 150 GHz, which is known as the NOAA operational IWP product. Their
retrieval algorithm yields effective ice particle size and IWP with cloud top and base
temperatures derived from simultaneous AMSU-A channels. A considerable fraction of
false cloud detection was found with this method, mostly over icy/snowy surface and25

on elevated topography (Wu et al., 2009). The NOAA IWP has been reported to have
significantly low values compared with radar and IR measurements (Holl et al., 2010;
Eliasson et al., 2011). As an extended product, rain rate is derived from the retrieved
IWP with an empirical polynomial relationship (Zhao and Weng, 2002). The operational
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NOAA IWP data, now integrated into the MSPPS in the CLASS website, will also be
used in this study for comparisons.

2.1.2 CloudSat IWC

Launched to the A-train in April 2006, CloudSat has a 94 GHz Cloud Profiling Radar
(CPR) to provide continuous cloud profiles along its nadir track. A CPR FOV size is5

1.3×1.7 km. Cloud ice water content (IWC) product from 2B-CWC-RO (R04) is used
in this study, which assumes a Gamma size distribution of cloud ice particles. The
CloudSat IWC retrieval is limited when temperature is above 0 ◦C, so is the liquid water
content (LWC) retrieval at temperatures below −20 ◦C. Between 0 and −20 ◦C, IWC
and LWC are retrieved separately and linearly interpolated to the intermediate temper-10

ature range (details of the algorithm can be found in Austin et al., 2009). Thus, large
uncertainties are expected for this mixed-phase cloud regime, and/or in the ice cloud
cases with large snow/graupel particles present. The vertical resolution of IWC profile
is 250 m. In our study, we interpolate it vertically to an evenly spaced grid (250 m res-
olution), and integrate the IWC between surface and 19 km to compute the total IWP.15

We also integrate the IWC profile from different bottom heights to better represent the
pIWPs measured by MHS channels. Compared with Holl et al. (2010), who used the
CloudSat total column IWP product, our IWC integration approach is more meaningful
to compare with pIWP seen from MHS water vapor channels, although the pIWP value
is calculated on a profile-by-profile basis. Hereafter, we use IWP as the abbreviation of20

pIWP in our study to represent MHS cloud ice column.
CloudSat IWC has been validated with in-situ, ground based and other satellite IWC

measurements (e.g., Austin et al., 2009; Wu et al., 2009; Protat et al., 2009). The
uncertainty is claimed up to 40 % (Austin et al., 2009), which is much smaller than
the divergences among various satellites and models, the latter of which often exceed25

100 % (Waliser et al., 2009; Eliasson et al., 2011). In this study, we treat CloudSat IWP
as the “truth” to constrain the retrieved MHS IWP difference relative to that of Cloud-
Sat. Moreover, since microwave penetrates much deeper into ice clouds than IR/VIS
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channels, we expect our CloudSat-constrained algorithm to yield a better retrieval at
large IWP values.

2.1.3 Radiative Transfer Models (RTMs) and computation of Tcir

It is the first step in cloud ice retrieval to determine ice cloud induced brightness tem-
perature Tcir from raw radiance measurements (Wu et al., 2009, 2013). In this study, Tcir5

is defined as the difference between the measured radiance, TB, and modeled clear-sky
background, Tccr:

Tcir ≡ TB − Tccr. (1)

Tcir also serves a critical variable for cloud detection since every measurement has
an uncertainty that may lead to false alarm. Tcir error is largely affected by uncertainty10

in the estimated Tccr. Various methods have been developed to improve the accuracy of
Tccr estimation. Generally speaking, Tccr can be obtained using statistically differences
between cloudy and clear skies (Wu et al., 2005), or using radiative transfer model to
estimate the clear-sky background from the current atmospheric state. Here we use
the second approach with the best estimate of local atmospheric sate variables (e.g.,15

temperature, pressure, water vapor, ozone) and surface conditions (e.g., surface tem-
perature, surface type) from MERRA 3-hourly assimilation dataset from interpolation of
adjacent grid points and closest local time. We allow relative humidity to exceed 100 %
in computing clear-sky radiation. We also used the MERRA 6-hourly finer-grid analy-
sis product and European Re-Analysis Interim (ERA-Interim) data, but no significant20

difference of Tccr is found among the results so far in the tropics and subtropics.
The JCSDA CRTM v2.0.5 model is employed to calculate Tccr. CRTM is a fast radia-

tive transfer model that uses advanced doubling-adding method (Liu and Weng, 2006)
to compute the radiances and radiance Jacobians at the top-of-atmosphere for various
instruments with wavelengths ranging from visible to submilimeter. It includes scatter-25

ing calculations for cloud, aerosol, gas molecular and surface if specified. As the key
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backbone of data assimilation (DA) systems, the CRTM has incorporated most space-
born instrument information (e.g., spectral frequency, filter shape, and scan pattern),
including AMSU-B and MHS. Therefore, it is also our objective to calibrate our cloud
ice retrieval with this widely-used CRTM for Tccr estimation so that the IWP outputs can
be readily for the DA applications.5

Figure 1 presents the probability density functions (PDFs) of Tcir, Tccr and TB from a
month worth of MHS nadir measurements in the tropics. Warmer TB values are mostly
from clear-sky surface, while colder TB are the cases of ice clouds or snow/icy sur-
faces at a high elevation. The TB PDFs all have a broad peak with a standard deviation
(σ) that is so wide that the empirical 3σ cloud detection method (i.e., TBpeak −3σ <010

for cloud detection) used by many previous studies does not work well when applied
directly to the TB data (e.g., McNally et al., 2006; Gong and Wu, 2013). On the other
hand, the Tccr PDFs have a smaller standard deviation because the CRTM-derived Tccr
from MERRA data has removed a lot of clear-sky variability (Fig. 1a). The long PDF
tail in the negative Tcir values is a distribution of cloudy radiances. Ideally, a perfect15

Tccr model with perfect clear-sky input would produce a singular peak in the Tcir PDF at
0 K, and all negative values would be classified as clouds. The uncertainty of Tcir mea-
surements, close to a Gaussian distribution, is reflected in the PDF spread near zero,
especially on the positive half of the PDF. The ability of separating between cloudy and
clear radiances is characterized by this standard deviation σ, which can be computed20

from this portion of PDF.
However, the CRTM does not always improve cloud detection. For example, the width

of CH#2 Tcir PDF is not much narrower than that of TB, indicating limited skills of the
CRTM in capturing the clear-sky variability. Large error of the calculated Tccr is found
over mountains and arid areas where it remains challenging for the CRTM to model25

surface contributions at CH#2. When excluding all land cases, the CH#2 Tcir can pro-
duce a PDF with a narrower width around zero (not shown). On average, the Tcir error
is ∼5 K, although it may vary from 7.5 to 10 K. In the cloud ice retrieval later on, the
generic value of 5 K is used for all channels. In addition to Tcir standard deviation, we
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also calculate Tcir bias for each MHS channel since the clear-sky PDF should peak at
zero. We find that the CRTM has a cold bias (∼2 K) at 157 GHz (see Appendix B for
details), whereas the bias is negligible for other channels (Fig. 6).

Moreover, Fig. 1a also reveals the dynamic range and penetration depth of the four
MHS channels in measuring cloud ice. Ch#2 penetrates deepest into clouds. Bene-5

fited from its low frequency (89 GHz) at which cloud scattering and water vapor ab-
sorption is lowest among the MHS channels, it produces the longest cloud PDF tail
(black line in Fig. 1a). On the other end, CH#3 has the most absorption from water
vapor, showing the smallest Tcir dynamic range. It has a slightly broader distribution on
the positive half of Tcir PDF, compared to those of CH#4 and #5, indicating that either10

the upper-tropospheric water vapor from MERRA or the CRTM calculation at CH#3
contains greater uncertainty.

The CRTM is also used here to study the observed Tcir–IWP relationship because
it can calculate cloud scattering effects if a cloud layer is specified. There are some
limitations for a cloudy-sky calculation. First, the v2.0.5 CRTM assumes a fixed-width15

for the Gamma particle size distribution. Secondly, the number of vertical levels can
not exceed 200, which might be too coarse to resolve the scattering process for thin
clouds. Thirdly, the look-up-table for cloud properties in CRTM is designed only for
optically thin/medium thick clouds. Hence, extrapolation induced uncertainty becomes
large when we use CRTM to deal with convective/precipitating clouds. The other RTM20

used for studying the Tcir−IWP relationship is the multi-stream Cloudy-sky Radiance
Model (CRM) used by the Microwave Limb Sounder (MLS) team under the spherical
geometry (Wu and Jiang, 2004). It assumes spherically-homogeneous layers for at-
mospheric gases and clouds, with the retrieved cloud ice agreeing with CloudSat IWC
within a factor of 2–4 in the upper-troposphere (Wu et al., 2009). This model allows25

the user to select several different particle size distributions for the Mie calculation
(including the Gamma distribution) with the width a function of height. It produces a
multiple scattering solution to the radiances in a cloudy atmosphere through the it-
erative approach. We will compare the simulation results from the CRTM and CRM
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with the observed Tcir–IWP relationship in Sect. 4.4 to explore model deficiencies at
high-frequency microwave channels.

2.2 Collocated and coincident MHS-CloudSat measurements

Collocated and coincident measurements (collocations hereafter for briefness) are the
incidences where two or more sensors observe the same location at the same time.5

These measurements provide useful pairs for instrument calibration (e.g., John et al.,
2012), cross-validation of a particular variable (e.g., Wang et al., 2010), or development
of new retrieval methods (e.g., Lamquin et al., 2008). In this paper, we will be focusing
on the last application.

The requirements for collocated-coincident measurements may vary, depending on10

variability of the specific variable. Since most of the atmospheric state variables (e.g.,
wind, temperature, humidity) change relatively slowly and continuously with space and
time compared to fast processes like clouds, their requirements for collocation and co-
incidence should be a bit more relaxed and the allowed windows for space and time
should be consistent. In other words, the uncertainty of collocation due to spatial varia-15

tions should be comparable to one of coincidence due to temporal variations. Another
factor in defining the requirements for collocation and coincidence is to assure enough
number of samples for statistics. For the A-train sensors, sample size is usually not a
problem. For example, CloudSat footprints follow Aqua Atmospheric Infrared Sounder
(AIRS) FOVs by ∼1 min (Kahn et al., 2008) difference. On the other hand, such a near-20

perfect collocation is rare between radiosonde and Global Positioning System (GPS)
measurements (Sun et al., 2010). It neither occurs frequently for two satellites that
run on different orbits. Adjustment of the collocating criteria becomes necessary and
important in these situations.

In this study we use NOAA-18 measurements to find collocated-coincident cases25

with CloudSat because NOAA-18 has the closest LST to CloudSat orbit among all op-
erational satellites with the MHS/AMSU-B instruments (Holl et al., 2010). The require-
ments for collocation and coincidence are 10 km in space and 15 min in time, which
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yield a total of 6×105 samples in the tropics (25◦ S and 25◦ N) during June 2006–
March 2011. Holl et al. (2010) obtained an order of magnitude more collocated
NOAA18-CloudSat measurements with a requirement of the same time difference but
15 km in distance, of which the number increase is roughly proportional to the area
differences between the two distance criteria. The sensitivity of retrieval algorithm to5

the choice of collocation criteria will be discussed in the next section.
Because of the close orbits between NOAA-18 and CloudSat, the number of col-

located measurements peaks at the MHS nadir angle and drops off similarly at the
left and right view angles (Fig. 2). There is no significant scan angle-dependent sam-
pling biases, which would be a factor to consider in the derived Tcir–IWP relationship.10

The number of collocation decreases sharply at oblique views with scan angle θ >35◦,
which may affect the statistical significance of the derived Tcir–IWP relationship.

In the case of highly inhomogeneous clouds, larger uncertainty is expected for the
IWP within MHS FOV, as CloudSat footprints cover at most 6.7 % of the area of a
MHS footprint. As a matter of fact, multiple CloudSat cloud profiles often correspond to15

an MHS footprint because the CloudSat footprint (∼1.5 km) is much smaller than the
spatial range of the defined collocation. Thus, we average all the CloudSat IWP values
within the collocated MHS FOV to represent the mean IWP for the MHS footprint. Same
procedure is applied to calculate the mean cloud top height (ht) at that MHS footprint,
where each individual CloudSat ht is obtained by searching for the highest level where20

IWC>10 g m−3.

3 Empirical Tcir model and IWP retrieval

3.1 Empirical Tcir−IWP relationships

For nadir-viewing sensors like MHS/AMSU-B, negative Tcir is caused primarily by ice
cloud scattering instead of by emission. The Mie theory shows that Tcir is proportional25

to cloud IWP at microwave wavelengths and to the fourth power of frequency. As the
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ice cloud becomes radiatively thick, cloud self-extinction prevents Tcir from penetrat-
ing deeper to sense the entire IWP but rather, it has a sensitivity to pIWP. Hence, an
empirical Tcir–IWP relationship is derived in the following format:

Tcir = Tcir0 ·
(

1 − e−IWP/H
)

(2)

where Tcir0 is the coldest Tcir (i.e., saturation value) and H is the parameter to determine5

where Tcir becomes saturated. Both Tcir0 and H depend on frequency and can vary with
cloud top height (ht), instrument view angle, temperature lapse rate (γ) in the upper
troposphere. In this study, since we focus on the tropical region where the lapse rate
variation is small, these parameters are assumed only a function of channel frequency
and cloud top height. For small IWP values, Tcir ' Tcir0(−IWP/H ), a linear relationship as10

described by Wu and Jiang (2004) for Aura MLS. As also suggested by Wu and Jiang
(2004), H could be a function of cloud profile shape and ice-to-water mixing ratio inside
cloud, but these dependencies have secondary effects on the Tcir–IWP relationship.

To derive the empirical Tcir–IWP relationship, we first sort all collocated measure-
ments, CloudSat IWP (averaged onto MHS footprints) and MHS Tcir at near-nadir views15

(scan angle ∈ [−5◦, 5◦]) to generate a joint PDF separately for each MHS channel. As
showed in Fig. 3, the Tcir–IWP relationships are scattered with the PDF peaks in good
agreement with Eq. (2). We then fit the 2-D PDF to obtain Tcir0 and H parameters in
Eq. (2), which is the solid curve in Fig. 3. The fitting is carried out as follows: (1) de-
termine Tcir0 from the coldest Tcir. We search all 2010 MHS nadir data and the coldest20

Tcir as Tcir0 for each channel. (2) We then compute H in Eq. (2) with the ordinary least
squares method by fitting the Tcir and IWP values at peak 2-D PDF (black dots in Fig. 3)
using the Tcir0 derived from step (1).

The fitted curves represent bulk characteristics of the joint PDF. Compared to a lin-
ear regression, the residual variances decreased by at least 50 %. However, the joint25

PDF of CH#3, show a steeper relationship for Tcir and IWP at colder Tcir values, is
not represented well by Eqn.2. Moreover, Tcir PDF becomes flat at small IWP values
(IWP<0.5 kg m−2), indicating the lower limit of Tcir sensitivity to IWP. The spread of 2-D
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PDF reflects both natural variability and collocation error of the Tcir–IWP relationship.
One of the cloud variabilities that affect the Tcir–IWP relationship is the cloud top height
(ht).

To examine the dependency of H on ht, we further sort the collocated measurements
into three height groups using the mean ht computed from CloudSat cloud profiles:5

9.5<ht <10.5 km, 11.5<ht <12.5 km and 13.5<ht <14.5 km, each group separated
by 1 km to avoid overlapping of the regression lines. These three height groups account
for about 48 % of all near-nadir collocated measurements. We then apply the same
fitting procedure to obtain Tcir0 and H for each height group as in Eq. (2) (solid thick
lines in Fig. 4). For the three height groups, a cloud bottom height (hb) is calculated to10

be within 7.5±1.6 km, 8.5±2.5 km and 7.4±2.5 km, respectively, so that the collection
represents tall and thick deep convective clouds in the tropics. The measurements with
ht below 8.5 km and above 15.5 km are too few to obtain a statistically robust Tcir–IWP
relationship.

Figure 4 shows that Tcir is more sensitive to IWP for clouds with higher ht, except for15

CH#3 where the situation is reversed. This variation in Tcir sensitivity is expected, ac-
cording to the sensitivity expression from a conceptual cloud scattering model (Eq. 6.3
in Wu and Jiang, 2004),

Tcir

τceff
≈ Tscat − TAB (3)

where, τceff is the cloud effective optical depth that is positively correlated with IWP, Tscat20

is the cloud scattering radiance from a convolution of the upwelling and downwelling
radiation, and TAB is the background clear-sky radiance behind the cloud. For a given
channel, TAB is the same. For thick, high ht clouds, Tscat is colder due to more contribu-
tions from higher altitudes, resulting a larger Tcir sensitivity to IWP. The CRM used by
Wu and Jiang (2004) for Aura MLS predicts a similar but weaker ht dependence, due25

to the fact that MLS is a limb sounder that observes the cloud side in its LOS rather
than the cloud top seen from a nadir sensor.
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Since we do not have an accurate model of H dependence on ht, a quadratic function
is assumed to interpolate and extrapolate H(ht) to the cases beyond the values at the
observed ht, i.e., ht =10, 12 and 14 km. The coefficients in Eq. (4) are solved from
the observed H values for three ht groups with the mean values at 10, 12 and 14 km.
Including Tcir0, all the parameters of the empirically-derived Tcir–IWP relationships for5

CH#2, 4 and 5 are listed in the Look-Up-Table 1.

H = c0 + c1ht + c2h
2
t (4)

The ht-dependent H parameter allows a simultaneous retrieval of ht and IWP. By
including or constraining ht in the retrieval, it improves the IWP retrieval. Other ap-
proaches, e.g., using IR channels from the CO2 slicing method (Kahn et al., 2008) may10

be used in the future to constrain ht in the IWP retrieval. As seen in Fig. 4, the error bar
for each of the three cloud groups is smaller than one without the height separation.
Relaxing the collocation requirements would increase the number of measurements
for statistics, but we find that it does not reduce the error bar of the derived Tcir–IWP
relationship.15

To complete the empirical model for Tcir–IWP relationship, we need to extend the
parameters listed in Table 1 from the near-nadir case to all MHS scan angles. For
off-nadir views, to account for longer off-nadir LOS (ζ is the local zenith angle), the
Tciroff-nadir

needs to be multiplied by cos ζ to achieve an equivalent nadir Tcir, assuming
plane parallel cloud layers. This is not a bad assumption in the case where clouds are20

not opaque. For opaque clouds, inhomogeneity plays a more important role in relating
off-nadir and nadir views. In other words, the scan-angle correction for Tcir is a function
of Tcir as well. Thus, we develop an empirical solution for this correction, which is given
in the Appendix A.
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3.2 Joint retrieval of IWP and ht

The IWP and ht are retrieved using the sequential estimation approach as described
in Rodgers (2000) and Livesey et al. (2006). Equation (5) in Livesey et al. (2006) is
quoted as Eq. (5) below:

x(q+1) = x(q) + Sx

[
KT S−1

y

(
y − T(q)

cir

)
+ S−1

a

(
a − x(q)

)]
. (5)5

(q) annotates the q-th step of iteration. In our case, x= [IWP, ht] is the retrieved result,

y= [Tcir2
, Tcir4

, Tcir5
] is the observation, and T(q)

cir can be calculated using Eq. (2) and x(q).
K is the Jacobian matrix, which is defined as:

K =

 ∂Tcir
∂IWP
∂Tcir
∂ht

 =

 Tcir0
H · e−IWP/H

− Tcir0 · IWP
H2 · e−IWP/H · (c1 + 2c2ht)

 . (6)

Plotted in Fig. 5 are the analytical solutions of K using the coefficients listed in Ta-10

ble 1 and Eq. (6). ∂Tcir/∂IWP (left column of Fig. 5) monochromatically increases with
IWP for all three channels without any singularity point or multiple solutions. However,
∂Tcir/∂ht (right column of Fig. 5) has a singularity point at ht =18 km for CH#2, where
multiple solutions exist. For CH#5, multiple solutions can also occur for ht. If we de-
fine the bottom of ∂Tcir/∂ht curve as htcritical

, then the smaller the IWP is, the higher15

htcritical
is. For instance, htcritical

at IWP=3.0 kg m−2 is 18 km, meaning that if the cloud

has an ht >18 km and IWP=3.0 kg m−2, the retrieved ht has a possibility to be under-
estimated. The K matrix response at CH#2 and CH#5 suggests that the ht retrieval
could significantly underestimate the truth when cloud top is above 18 km, especially
for thick, dense clouds.20

a= [IWP0, ht0
] is the apriori (initial guess) of x. In practice, if Tcir from all three chan-

nels are less than −5 K, there is a strong possibility of ice cloud presence, and ht0
is

set to 5 km to speed up the convergence of the iteration. Otherwise, ht0
is set to 0 km
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instead. The initial guess of IWP0 is always set to 0. Once the iteration begins, a is
forced to equal to x(q) to avoid “artificial preference” of retrievals to the apriori. That is
to say, the last term on the right-hand-side of Eq. (5) can be eliminated. The total num-
ber of iteration step is set to 20 regardless the final results converge or not. Within each
iteration, IWP(q) is not allowed to exceed 25 kg m−2 or become negative, and h(q)

t value5

must be within the range of [0, 18 km]. The lower bounds assure physically meaningful
solutions. The upper bound of ht is where CH#2 and CH#5 are problematic to retrieve
a trustable ht with the set of coefficients listed in Table 1. Therefore, the protection of ht
solution again significantly under-evaluates the ht for those high, dense clouds. Never-
theless, IWP rarely exceeds 25 kg m−2, and the monochromaticity of K with respect to10

IWP assures the robustness of IWP retrievals.
Sy , Sa and Sx are the matrices describing the error covariances associated with

the measurements, the apriori, and the final retrieval results, respectively. Sy = [5, 5,

5]2 K2 as the measurement error is estimated to be 5 K (Sect. 2.1.3). Sa defines the
step allowed to jump in each iteration, which needs to be small in very nonlinear cases15

where multiple solutions exist and large steps could result in an unstable retrieval. Since
the retrieval function is monotonic for all channels, a large step Sa = [6 kg m2, 6 km]2 is
chosen, as in the so-called Newtonian iteration, to accelerate the retrieval convergence.
Once Sy and Sa are fixed, Sx at each iteration step can then be calculated through
Eq. (7):20

Sx =
[
KT S−1

y K + S−1
a

]−1
. (7)

The retrieval is not carried out if Tcir at all three channels are greater than 5 K, a strong
indication of clear-sky. In that case, we directly assign a clear-sky flag to the scene.
CH#2 radiance is excluded for retrievals over arid areas because of its contamination
by surface signals. This is realized by checking land pixels with Tcir <−5 K for all three25

channels (i.e., ice cloud likely). As long as this criterion is not satisfied, only CH#4 and 5
are used for the retrieval over land, whereas CH#2 is always used over oceans. After
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retrieval, IWP value that has the standard deviation (
√

Sx[1]) greater than or equal to
itself is flagged as “bad quality”, so does ht. The rests are flagged as good quality.

4 Assessment of IWP and ht retrievals

Comparisons of IWP retrievals have been challenging and sometimes even confusing
because not all sensors measure the same portion of pIWP. Different cloud bottom5

and top heights can affect the cloud ice sensitivity and retrieval results. For MHS, the
channel penetration depth varies with water vapor loading above cloud and with liquid
water amount inside cloud if it is a mixed-phase case. In addition, cloud inhomogeneity
along LOS introduces more uncertainties to this comparison task. Active microwave
sensors such as CloudSat do not have the penetration depth issue for most clouds. In10

this study we treat its IWP as the truth when comparing with the measurements from
passive sensors (e.g., Wu et al., 2009). Since the retrieval algorithm developed here is
constrained by CloudSat IWP, the IWP retrieved from MHS is expected to be statistically
close to CloudSat cloud ice. In this section we compare the PDFs of monthly IWP as
well as the mean IWP maps for MHS and CloudSat data.15

4.1 Comparison of IWP PDFs

Normalized PDF has been used to compare the cloud ice products and sensitivities
from multiple sensors (Su et al., 2009; Wu et al., 2009). The fundamental assumption
of this approach is that cloud ice should have the same probability distribution if both
sensors are measuring the same ensemble of clouds (e.g., in similar latitude region20

and local time hour). Therefore, if the MHS PDF is smaller (greater) than that from
CloudSat, we consider the retrieval is under- (over-) estimated.

Unlike the apple-to-apple comparison, vast data can be digested in one PDF plot that
reveals ample information. The basic philosophy of this approach is that the variable
of interest should have the same probability of observing a certain value with what the25
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nature shows within the product’s visibility range. Therefore, if the probability is smaller
(greater) than that from the truth, the variable (e.g., cloud occurring frequency) is under-
(over-) estimated.

As expected for the CloudSat-constrained retrieval, MHS IWP PDF agrees well with
CloudSat, as shown by the grey and black lines in Fig. 6. The decreasing probabil-5

ity with IWP reflects natural variability of cloud ice. CloudSat IWPs here are 15-FOV
averaged values in order to match the MHS footprint size, which is slightly steeper
than the original (non-averaged) PDF, or higher (lower) possibility at smaller (larger)
IWP. The averaging effect (<10 %) is negligible compared to the differences among
various datasets/retrievals. When all good and bad retrievals from the 90 MHS views10

are included, the PDF (solid black line) in Fig. 6 rises more sharply at small IWPs
(∼500 g m−2) due to the arbitrary retrieval suppression for negative IWP values and
false detection of clear-sky scenes. The dropping PDF at IWP<500 g m−2 is mostly
noise. When the quality flag is applied to exclude bad retrievals, the PDF (dots) agrees
better with CloudSat at IWP>300 g m−2. At large values (>8×103 g m−2), our algo-15

rithm tends to slightly over-estimate IWP when compared to CloudSat.
The PDF of NOAA operational MSPPS data (crosses in Fig. 6) is lower than Cloud-

Sat at all IWP values. At large IWP values (IWP>103 g m−2), it differs by 10 times
or more, indicating that the operational product significantly underestimate cloud ice,
compared to CloudSat. This low bias was also reported in other studies (e.g., Waliser20

et al., 2009; Eliasson et al., 2011).
The quality of our cloud ice retrieval is demonstrated clearly in a scene over Hurri-

cane Earl on 31 August 2010 (Fig. 7a–c). Tcir in all three MHS channels captured the
structure of Hurricane Earl very well, showing the eye, eye wall and spiral rain bands.
CH#2 radiances, penetrating the deepest, reveal more ice cloud structures than other25

channels. The retrieved IWP from our algorithm (Fig. 7d) retains most of the fine struc-
tures in CH#2 and also shows a hint of additional two outer arms. Although the val-
ues of these arms are below the noise level, they are probably real because they are
also present in geostationary satellite IR image (not shown). The IWPs from CloudSat
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overpass (colored crosses) have slightly larger values than MHS, whereas MSPPS op-
erational IWP (Fig. 7f) are significantly smaller than CloudSat and our retrievals. This
hurricane case also highlights the value of MHS IWP in studying the 2-D atmospheric
dynamics and cloud structures that are not captured by the CloudSat curtain sampling.
Using the CloudSat-constrained IWP measurements, we can obtain a good spatial and5

temporal coverage from the MHS/AMSU-B sensors onboard all operational satellites.
Retrieved ht (Fig. 7e) also agree reasonably well with CloudSat, especially at the

hurricane periphery and the eye wall, but are lower by ∼4 km over the hurricane deck
(13 km versus >18 km). This is probably due to the fact that the cloud top at the deck is
dominantly higher than those at the hurricane periphery, i.e., higher than 18 km. They10

hence exceed the upper-limit of the reliable ht retrieval range from our algorithm. Pixel-
by-pixel comparisons are done for some other cases that have CloudSat cloud tops
lower than 18 km, and the ht retrieval seems quite promising (not shown). Nevertheless,
the ht retrieval here is mainly to improve IWP retrieval, rather than the purpose of
scientific study.15

As the first CloudSat-calibrated column-wise IWP measurement that has an excellent
spatial coverage, the MHS IWP retains numerous potential usages for model input, for
validation of other instrument measurements and for model-observation comparisons
in the future.

4.2 Geographic distribution of IWP20

Monthly mean IWP maps show good correlation between MHS and CloudSat cloud ice
for August 2010 (Fig. 8), where the correlation is 0.81 in the tropics. Sampling error is
evident in these maps. With a relatively coarse grid box (5◦ ×5◦), the CloudSat monthly
maps (Fig. 8a and c) are spotty due to a lack of swath coverage. This sampling is
also aliased to the westward traveling fast cloud systems, leading to cloud ice spikes25

(e.g., Eastern Pacific) and scatters (e.g., Amazon Rainforest) on the CloudSat maps.
The sampling bias is largely mitigated by the 90-FOV MHS swath, maps of which look
much smoother instead (Fig. 8b and d) because it overpasses one grid box 6 times
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as often as CloudSat on average. If the footprint size is taken into consideration, MHS
could pass every corner of each 5◦ ×5◦ grid box in the tropics by as many as 42 times
within a month, while CloudSat covers only 4 % of the area in the tropics. The major
features between two datasets agree well, especially in deep convective regions where
IWPs are large. The day-night differences of ice cloud thickness seen in CloudSat are5

also evident in the MHS maps, e.g., in the central America and central Africa.
Interestingly, in the scatter plot of MHS and CloudSat IWPs at a logarithm scale, the

correlation is not along 1 : 1 line, showing a higher bias in MHS at smaller IWP val-
ues. The overall regression yields IWPCloudSat = (0.83±0.017) IWPMHS −14.7 [g m−2],
shown as the blue dots in Fig. 9b. The −14.7 g m−2 offset partly comes from elevated10

topographies, e.g., the Andies, and from desert, e.g., central Australia. The bias is
slightly worse during night (MHS descending orbit) than during the day (MHS ascend-
ing orbit). If CH#2 is included for the MHS IWP retrievals over land, the high bias would
increase over Australia, which may suggest a warm bias in MERRA surface tempera-
ture in that region during nighttime (i.e., a cold bias of Tcir for CH#2). It is suggested15

that our retrieval algorithm has some limitations over complicated surface conditions,
which will be discussed in the next section. Part of the −14.7 g m−2 offset is caused
by the fact that MHS tends to slightly over-estimate IWP than CloudSat, especially for
thick and dense clouds. Besides, CloudSat probably misses some convections due to
its sampling bias, for instance, over amazon rainforest and marinetime continents. Vi-20

sual comparison between MODIS ice cloud optical depth (Fig. 7 of Meyer et al., 2007)
and MHS IWP shows better agreement at these regions.

4.3 Limitations of the algorithm

The forward model (Tcir–IWP relationships) and retrieval algorithm presented in this
paper are designed for tropical regions and have difficulties in retrieving IWP over ele-25

vated topography and desert. In the cases of mixed-phase clouds or excessive water
vapor abundance above cloud tops, the retrieval error for IWP might increase. The ma-
jor causes for the biases over land are likely surface temperature error in the mountain
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and desert regions in the MERRA data, or the CRTM surface emissivity error in mod-
elling the surface radiation. Since CH#2 radiance contains surface signals (CH#5 sees
arid and snow surfaces as well), uncertainties in surface temperature and emissivity
will induce Tcir biases. As a matter of fact, we do see a systematic warm bias of 2 K in
CH#2 Tcir (Appendix B), which could be due to the instrument calibration error or Tccr5

model error. Moreover, the PDF of Tccr for CH#2 (Fig. 1b) extends to a temperature as
low as 220 K, which is a strong evidence of contamination from clouds or cold surfaces
(i.e., ice pack on mountains can also cause this low TB). With the development of neu-
ral network approach, the initial guess of Tccr could be used to improve the cloud ice
retrieval over complicated surface conditions (Chen and Staelin, 2003).10

The parameters in Table 1 assume that atmospheric temperature lapse rate γ is
constant in the tropics. As predicted by Wu and Jiang (2004) using CRM, the Tcir–IWP
relationship is also a function of γ (Fig. 6.10 therein). Evaluating the PDFs of retrieved
IWP outside the tropics, we find that the PDF of extratropical IWP starts to oscillate at
its large-value tail (Fig. 9a) than that in the tropics (Fig. 6). The quality-controlled PDF15

in this case is still comparable with CloudSat PDF though for this bin assuming 100 %
tolerance level of the PDF difference. Hence, our algorithm is expected to perform well
within latitudes of 30◦ N, S, but degrades in the extratropics. The mean vertical tem-
perature profiles are also similar to those in the tropics up to 30◦ in latitude (Fig. 6.9 in
Wu and Jiang, 2004). At mid-to-high latitudes beyond 30◦, the quality-controlled PDFs20

are too low or even alter its shape, and the retrieved MHS IWP merely correlate with
CloudSat IWP (not shown). In the future algorithm development, γ should be treated
as an independent variable, such that the algorithm can be applied for IWP retrievals
at higher latitudes.

Liquid clouds occur frequently below 5 km where temperature is usually greater than25

0 K (Riedi et al., 2001), which may have little impact on CH#4 but can significantly affect
CH#2 and CH#5 Tcir. For deep convective clouds, liquid droplets can be lifted to a much
higher altitude. The mixing of liquid droplets into ice cloud enhances the cloud emission
contribution at microwave frequencies and hence decreases the Tcir sensitivity to IWP.
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Wu and Jiang (2004) showed that this impact could be as large as 30–50 % in a strong
mixed-phase case, which alter the relationship in Eq. (2) with different parameters.
Therefore, mixed-phase clouds can contribute significantly to the spread of the 2-D
PDF shown in Figs. 3 and 4.

Water vapor above and inside cloud plays a screening role in reducing the sensitivity5

to IWP, in a way similar to liquid droplets. Since CH#4 and 5 are water vapor channels,
they are sensitive to the water vapor abundance above and inside ice clouds. As a re-
sult, Tccr calculation could be biased if MERRA water vapor is too dry or too wet above
clouds. The water vapor impact was only evaluated using CRM with different water
vapor profiles, assuming variability within uncertainty of observed upper-troposphere10

water vapor. The water vapor impact is found small and negligible in these CRM simu-
lations (less than 5 % with doubling water vapor amount above clouds).

4.4 Comparison with RTM simulations

In this section, CRTM and CRM are employed to evaluate the current model perfor-
mance on simulating the observed Tcir–IWP relationship, and are compared with the15

empirical model as described in Eq. (2). The motivation of this exercise is to quantify
model uncertainties and determine how reliable these RTMs are for calculating cloudy-
sky radiances as observed satellite microwave channels/instruments. We would also
like to identify possible causes of these model errors and develop a plan for future
model improvement.20

In both models, three ice clouds are fed in one-by-one with cloud bottoms at 7.5 km
and cloud tops at 10, 12 and 14 km, respectively. Two cloud shapes (convection with
anvil cloud top; Gaussian shape) are tested. Since their results differ little, the first
cloud shape is applied to all following studies. US standard atmosphere in the tropics is
used as the background atmosphere. CRM has 640 layers extending from the surface25

to 80 km, and the vertical resolution is ∼150 m. For CRTM, to keep a high vertical
resolution of cloud, the first 180 layers of CRM inputs are used, and the atmosphere
profile tops at ∼22 km. For the cloud droplet size distribution, CRM has several options.
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Only McFarquhar–Heymsfield (MH) and Gamma distributions are tested with different
combinations of parameter values. MH distribution was applied to deliver MLS IWC
product (Wu et al., 2009), and Gamma size distribution was assumed for CloudSat
ice water product retrievals (Austin et al., 2009). In CRTM, only the cloud ice effective
radius is tunable with fixed-width Gamma size distribution assumption. Both models5

and the observation are compared at nadir-view only.
Comparing Tcir responses from different channels to the same cloud is a straightfor-

ward yet very effective way of presenting many of the differences. As one can see from
Fig. 10a, Tcir of CH#2 is generally colder than that of CH#5 for small values, and they
are nearly 1 : 1 correlated for large Tcir depressions (black dots). These features imply10

that CH#2 should have larger response to thin and medium thick clouds, and the pen-
etration depths of the two channels are about the same when encounter dense and
thick clouds. Raw TB from the two channels showed the same features (not shown).
CRTM produces almost identical reposes for CH#2 and CH#5, both of which are how-
ever too weak compared with the observation (triangles). CRM produces comparable15

dynamical ranges of Tcir with effective radius of 160 µm and width parameter of 2 (refer
to Evans et al., 1998 for the format of Gamma distribution), but it always generates
a weaker response for CH#2, contradicting with the observation (crosses), while the
Tcir–IWP relationship for CH#5 is simulated quite well. The main caveat of CRM is that
it only considers scattering while ignores the ice emission. If cloud induced radiation is20

dominated by emission, the volume extinction coefficient is approximately proportional
to channel frequency, i.e., ice emission is more important for CH#5 than CH#2. Since
ice emission contribution to Tcir is opposite to that from cloud scattering, a shallower
Tcir response for CH#5 is expected to occur. The observed CH#2/CH#5 Tcir ratio sug-
gests that ice cloud emission offsets as much as 30 % of cloud scattering impact for25

thin and medium thick clouds, while cloud scattering dominates for dense and thick
clouds. Moreover, liquid droplets in mixed-phase clouds could contribute more to the
emissions and further reduce the CH#5 Tcir response. That may explain the difference
between CRTM and the observation.
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The models simulate the observed Tcir ratio between CH#4 and 5 better, as shown
in Fig. 10b. Nevertheless, models tend to over-predict the CH#4 response. Because
CH#4 is closer to the 183.3 GHz water vapor absorption line, it is more sensitive to
water vapor variations than CH#5. Therefore, the air above cloud top might have been
drier than the ambient air to lead to a smaller magnitude of CH#4 Tcir. This derivation5

is supported by some observational evidences for deep convective clouds (e.g., Chae
et al., 2011). Again, CRTM overall produces weaker Tcir, probably due to the heavy
extrapolation from thin cloud LUT to thicker clouds, and the narrow fixed-width Gamma
size distribution.

To summarize, RTMs are not as good as the empirical models in capturing the ob-10

served Tcir–IWP relationships for tropical ice cloud. Some plausible explanations are
given to explain the observed model discrepancies, which include but not limited to
the overlook of emission from liquid droplets and ice particles, indifference of humidity
above clouds and ambient air, and too narrow width of Gamma size distribution. One
should be adviced that Gamma distribution is not indicated as the best cloud ice par-15

ticle size distribution. Rather, it reflects the inter-model consistency between the two
RTMs and the original assumptions made for CloudSat IWP retrievals. Since CRTM
serves as the center piece of NOAA and NASA data assimilation systems, and CRM is
used for MLS cloud property retrievals, this part of work is of much interest to a broad
community.20

5 Conclusions

A fast empirical forward model built upon Tcir–IWP relationships at MHS 157, 183.3±3
and 190.3 GHz channels is developed and used to retrieve tropical cloud IWP from
MHS radiance measurements. The Tcir–IWP relationship at these channels are depen-
dent on cloud top height ht in the tropics (Fig. 4), and the algorithm for retrieving IWP25

and ht simultaneously can improve the IWP accuracy. The IWP PDFs from MHS and
CloudSat retrievals agree quite well, as expected for this constrained empirical forward
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model, over a wide dynamic range of cloud ice (IWP=0.5−10 kg m−2, Fig. 6). The em-
pirical forward model is valid for clouds with ht lower than 18 km and IWP greater than
0.5 kg m−2, but only in the tropics between 30◦ S and 30◦ N at present (Fig. 9). Beyond
that latitude range, temperature lapse rate variations need to be taken into account
to refine the Tcir–IWP relationship. In addition, the algorithm still has some issues in5

retrieving IWP over elevated and arid topography (Fig. 8).
Producing a CloudSat-consistent MHS IWP product has several direct benefits and

important implications for studying clouds. Firstly, it helps to extend CloudSat cloud
coverage with a wider swath width because frequent sampling from different opera-
tional satellites will allow frequent updates of fast-evolving weather phenomena such10

as hurricane and frontal system. The new data can be used to improve weather pre-
diction (e.g., cloud diurnal cycle) and long-term regional climate monitoring (e.g., IWP
trend). Secondly, our improved IWP retrieval method renders generally larger IWP val-
ues than the NOAA operational product (Figs. 6 and 7). The approach we implemented
with high-frequency microwave channels improves cloud detection in scenes with low15

IWP. Comparing with CloudSat monthly climatology as well as the single-orbit mea-
surements, we found that our results are closer to CloudSat integrated ice water path.
Thirdly, we show that substituting 89 GHz channel with 183.3 GHz channels for cloud
ice retrieval reduces false detection of ice clouds and improves sensitivity to IWP as
the higher-frequency channels are more sensitive to ice particle scattering. Lastly, the20

derived empirical Tcir–IWP relationships can be used to evaluate RTM simulations of
cloudy-sky radiances, validate model assumptions, and improve model skills for data
assimilation applications in the future (Fig. 10).

Although the empirical Tcir–IWP relationship developed here was from NOAA-
18 MHS, it is applicable to the similar channels used by other AMSU-B/MHS instru-25

ments on NOAA and Metop operational satellites for obtaining a longer data record
and more frequent coverage. It can also be applied to other instruments that have the
same combination of channels, for example, Advanced Technology Microwave Sounder
(ATMS) onboard Suomi-NPP satellite, Special Sensor Microwave Imager/Sounder
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(SSMI/S) onboard the Air Force F-16, F-17 and F-18 satellites. Furthermore, the ap-
proach we demonstrated in this study can be applied to IR/VIS sensors with the mea-
surements collocated with CloudSat, such as Aqua Atmospheric Infrared Sounder
(AIRS) and MODIS, to extend the sensitivity to lower IWP values and enhance the
dynamic range of remote sensing of cloud ice from space.5

Appendix A

Converting off-nadir Tcir to nadir Tcir

The collocation occurrences near outmost views are too few to make a statistically
meaningful Tcir–IWP relationship, as shown in Fig. 2. An alternative way is to seek a
conversion factor such that the PDF of converted off-nadir Tcir matches that of the nadir10

Tcir, in which case the nadir Tcir–IWP relationship can then be applied.
If the cloud layer can be assumed plane-parallel and is not completely opaque to

MHS, PDFside · cos ζ =PDFnadir roughly holds (thick solid lines in Fig. A1a), where ζ is
the solar zenith angle. This relationship means that, with equal probability of seeing
a cloud, the off-nadir cloud Tcir is colder than that from the nadir-view, mainly due to15

the longer integration length of cloud water path. However, such a relationship begins
to lose its validity as the ice clouds become opaque at oblique views. As shown in
Fig. A1b, the PDF curves become much more flat at Tcir =−100 K compared with those
at Tcir =−50 K. A factor of cos(ζ/2.1) can roughly capture such a view-dependency.
In the most extreme case, where Tcir saturates at all view angles, the PDFs should20

become independent on the view-angle, where the factor can be set as cos(ζ/∞).
By defining F = cos(ζ /fac), we can convert the off-nadir Tcir to the equivalent nadir

Tcir by multiplying the former by F , i.e.,

Tcir |side · F = Tcir|equivalent nadir . (A1)
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fac= f (Tcir, CH#) is a function of Tcir and the choice of channel number, which is esti-
mated from the observation to follow such relationships:

fac(CH#2) =


0.7764 · e−0.0077Tcir if Tcir > −120K
1 if 0.7764 · e−0.0077Tcir < 1
100 if Tcir ≤ −120K

(A2)

fac(CH#4) =


0.0013 · e−0.1034Tcir if Tcir > −120K
1 if 0.0013 · e−0.1034Tcir < 1
100 if Tcir ≤ −80K

(A3)5

fac(CH#5) =


0.8160 · e−0.0098Tcir if Tcir > −120K
1 if 0.8160 · e−0.0098Tcir < 1
100 if Tcir ≤ −120K

. (A4)

Appendix B

Correction of Tcir for CH#2

As shown by the black line in Fig. 1a, the PDF peak for Tcir of CH#2 is at 2 K instead of10

0 K at the nadir view. Further examination of other months of Tcir PDFs for this channel
shows the same warm bias (named as ∆T ). At off-nadir views, ∆T becomes smaller,
which follows the theoretical clear-sky limb-darkening curve ∆Tnadir · cos ζ =∆Tside.
That means the estimated Tccr for clear-sky has a systematic error at 157 GHz, which
could originate from the inaccuracy of MERRA atmosphere profiles or corrigendum in-15

side CRTM. To account for this offset, all Tcir for CH#2 is subtracted by this offset before
carrying out the retrieval:

Tcir(CH#2) = Tcir(CH#2)calculated − 2 · cos ζ . (B1)
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Table 1. Look-up-table for the parameters of the joint IWP-ht retrieval.

Tcir0 c0 c1 c2

[K] [kg m−2] [g m−3] [mg m−4]

CH#2 −172 21.45 −1.9875 0.5625
CH#4 −140 17.021 −0.4078 0
CH#5 −155 29.6511 −2.26214 0.038156
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Fig. 1. Probability density functions of Tcir (a), Tccr (b) and TB (c) for CH#2 (black), #3 (blue), #4
(green) and #5 (red). Samples are from NOAA-18 MHS nadir-view during August 2010 in the
tropics (25◦ S, 25◦ N).
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Fig. 2. Total number of collocated and coincident MHS footprints as a function of scan angle
between June 2006 and March 2011.
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Fig. 3. Countours of 2-D PDFs (normalized by the maximum value of the histogram) of col-
located CloudSat IWP (abscissa, averaged onto MHS footprints) and MHS Tcir (ordinate) for
CH#2–CH#5 at near-nadir views (scan angle ∈ [−5◦, 5◦]). Black dots locate the peak of the 2-D
PDFs, and the thick solid lines are regression curves using Eqs. (2).
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Fig. 4. PDF peaks (uncertainties given as error bars) and the corresponding regression lines
based on Eqs. (2) and (4) for clouds with ht between 13.5 and 14.5 km (black), 11.5 and 12.5 km
(blue) and 9.5 and 10.5 km (red) for CH#2–CH#5 at near-nadir views.
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Fig. 5. Analytical solutions of the two components of the Jacobian matrix K: ∂Tcir/∂IWP with
fixed ht (left panels) and ∂Tcir/∂ht with fixed IWP (right panels). For the left column, the fixed
ht value increases fro 6 (thin, blue) to 20 km (thick, red) with an interval of 2 km. For the right
column, the fixed IWP value increases from 0.5 (thin, blue) to 18 kg m−2 (thick, red) with an
interval of 2.5 kg m−2.
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Fig. 6. PDFs of CloudSat IWP (grey thick line; smoothed over 15 CloudSat footprints and inte-
grated between 5 and 19 km), all retrieved MHS IWP (black solid line; from all views), retrieved
MHS IWP that is quality controlled (black dots), and MSPPS IWP (black crosses; from all views;
from NOAA-18 only) for August 2010 in the tropics.
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Fig. 7. Tcir at CH#2 (a), CH#4 (b) and CH#5 (c) and retrieved NOAA-18 MHS IWP (d), ht (e) and
MSPPS IWP (f) for Hurricane Earl at 01:54 LST on 31 August 2010 (Cuba is the island that this
hurricane touched at this moment). The IWP (ht) calculated from the collocated and coincident
CloudSat overpass (averaged onto MHS footprints) are marked by color crosses that share the
same color bars with MHS.
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Fig. 8. Monthly averaged IWP from CloudSat and MHS ascending (a, b) and descending (c, d)
orbits during August 2010. MHS IWP is averaged over all-views. Data are sampled to 5◦ ×5◦

grid boxes.
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Fig. 9. (a)–(c) are the same with Fig. 6, except from different latitude bins (see sub-titles for
the latitude range). (d) is the scatter plot of MHS (abscissa) and CloudSat (ordinate) gridded
monthly mean IWP for latitude bins between [25◦ S, 25◦ N] (blue filled dots), [25◦, 30◦] N, S (light
blue triangle), [30◦, 50◦] N, S (yellow circle), [50◦, 80◦] N, S (dark red circle). The map grid size
is 5◦ ×5◦, and data are then smoothed by 2-point window along latitude and longitude before
making the scatter plot. The black thick (thin) line marks the 1 : 1 (1 : 5 and 5 : 1) ratio.
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Fig. 10. Scatter plots of Tcir relationships between CH#2 and CH#5 (a), and CH#4 and CH#5 (b)
from observed Tcir at MHS nadir-view (black dots), simulated Tcir from CRTM (triangles) and
from CRM (stars). Blue/cyan/red colors represent cloud layer with tops at 10/12/14 km and
bottoms at 7.5 km in the simulations.
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Fig. A1. PDF of Tcir in the range of [−100, −99 K] (a) and [−50, −49 K] (b) as a function of scan
angle derived from a month of NOAA-18 MHS Tcir data (December 2010). Thick solid curves
are calculated from the mean PDF values averaged over the 10 nadir-view FOVs divided by a
factor of cos(ζ /2.1) (a) and cos ζ (b), respectively, and are used to fit the observed PDF curves.
ζ is the solar zenith angle.
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