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Abstract

The climate models used in the IPCC AR4 show large differences in monthly mean
cloud ice. The most valuable source of information that can be used to potentially con-
strain the models is global satellite data. For this, the data sets must be long enough
to capture the inter-annual variability of Ice Water Path (IWP). PATMOS-x was used
together with ISCCP for the annual cycle evaluation in Fig. 7, while ECHAM-5 was
used for the correlation with other models in Table 3. A clear distinction between ice
categories in satellite retrievals, as desired from a model point of view, is currently
impossible. However, long-term satellite data sets may still be used to indicate the cli-
matology of IWP spatial distribution. We evaluated satellite data sets from CloudSat,
PATMOS-x, ISCCP, MODIS and MSPPS in terms of monthly mean IWP, to determine
which data sets can be used to evaluate the climate models. IWP data from CloudSat
cloud profiling radar provides the most advanced data set on clouds. As CloudSat data
are too short to evaluate the model data directly, it was mainly used here to evaluate
IWP from the other satellite data sets. ISCCP and MSPPS were shown to have com-
paratively low IWP values. ISCCP shows particularly low values in the tropics, while
MSPPS has particularly low values outside the tropics. MODIS and PATMOS-x were
in closest agreement with CloudSat in terms of magnitude and spatial distribution, with
MODIS being the best of the two. As PATMOS-x extends over more than 25 years and
is in fairly close agreement with CloudSat, it was chosen as the reference data set for
the model evaluation. In general there are large discrepancies between the individual
climate models, and all of the models show problems in reproducing the observed spa-
tial distribution of cloud-ice. Comparisons consistently showed that ECHAM-5 is the
GCM from IPCC AR4 closest to satellite observations.
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1 Introduction

Ice clouds are an important part of the earth’s climate system. Knowledge of the dis-
tribution and properties of ice clouds is central to understanding the atmospheric wa-
ter budget, as their distribution strongly affects precipitation and the water cycle. Ice
clouds also have a strong effect on the radiation budget of the atmosphere. They cool
the atmosphere by reflecting incoming solar radiation, but also heat the atmosphere
by absorbing and re-emitting outgoing terrestrial radiation. The magnitude of both pro-
cesses, hence the net sum radiative impact of ice clouds, depends on macro-physical
properties such as cloud top temperature, ice particle density, and vertical and horizon-
tal extent, and on micro-physical properties such as ice crystal shape (Ramanathan
et al., 1989). One important ice cloud quantity is the column integral of the cloud Ice
Water Content (IWC) through the depth of the atmosphere. This quantity is called Ice
Water Path (IWP) and commonly has the units g/mz.

There are large differences in IWP between climate models (John and Soden, 2006).
The lack of adequate and abundant IWP measurements is the main problem in con-
straining climate models. In-situ data are important for validation, but they are few and
far apart. Satellite IWP data, on the other hand, are global and continuous. However,
the use of satellite data for model validation is also riddled with difficulties. This is
largely due to the definition of IWP itself. Models make a clear distinction between
precipitating-ice and cloud-ice, whereas observed IWP will contain a mixture of both.
This must be taken into account in comparison studies such as this one. Despite these
shortcomings, satellite data remain the most valuable source of information. There are
many satellite data sets available that provide IWP, some with a temporal coverage of
up to 25 years. However, satellite retrievals of IWP and other key properties related to
ice clouds are still inadequate (e.g., Eriksson et al., 2008). Their accuracy is limited
by assumptions that must be made in the retrieval, errors in a priori information, and
instrument sensitivities. Different satellite data sets of IWP are derived using different
retrieval techniques covering spectral bands ranging from microwave to visible using
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passive or active sensors, each with inherent strengths and weaknesses. As a conse-
quence of this, the different satellite data sets have a wide range of IWP values and
distributions. The accuracy of IWP satellite retrievals has lately improved significantly
through the introduction of data from CloudSat, which therefore is a key data set in this
article.

This article provides a comprehensive comparison of satellite data sets that provide
IWP information that can potentially be used to constrain model IWP output. In par-
ticular, we anchored monthly mean IWP of long term satellite data sets to CloudSat.
CloudSat retrieval accuracies have been previously quantified using in situ data from
several campaigns in Heymsfield et al. (2008). We also evaluated the performance of
various climate models in terms of distribution of monthly mean IWP on climatic time
scales. The climate models used in this study are included in the fourth assessment
report (AR4) of the Intergovernmental Panel on Climate Change (Intergovernmental
Panel on Climate Change, 2007). As described by Waliser et al. (2009), the models
disagree significantly with regards to the magnitude and spatial distribution of IWP.
The general lack of IWP measurements to validate against and the assumptions made
about ice particle size, mass, and cross-sectional area, which directly influence parti-
cle fall velocities (Heymsfield and laquinta, 2000), are likely to play an important role.
There are also large differences between the models in terms of absolute column water
mass (Precipitable Water, Liquid Water Path and IWP) and statements made about the
absolute differences in IWP should take this into account.

The aim of the article is to provide an overview on how the satellite data sets com-
pare to each other, using monthly mean IWP measurements, and what the climatic
global distributions of IWP are. These results are further used to evaluate a sub-set of
climate models in terms of magnitude and spatial distribution of IWP. Section 2 provides
short descriptions of the chosen climate models and satellite data sets. Section 3 pro-
vides quantitative and qualitative results from the comparison study, and satellite data
set comparisons and satellite-model comparisons are done in parallel throughout the
results section. Section 4 contains the discussion and conclusion.
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2 Description of data sets
2.1 General circulation models

All models in AR4 provide monthly cloud-ice averages with a temporal range of at least
100 years from 1900. For the remainder of the article, model “cloud-ice” will be simply
be referred to as IWP. Table 1 shows the details of the AR4 models referred in this
article. Table details include the short name further used in this article, the model
resolution, the full name of the model, and the institute. They are presented in no
particular order. Further descriptions of the climate models in AR4 can be found at
http://www-pcmdi.linl.gov/ipcc/model_documentation/ipcc_model_documentation.php.

We have chosen a group of 6 models that roughly represent the inter-model variabil-
ity of IWP of all models in AR4. ECHAM is a high resolution model with comparatively
low IWP values, CCSM has the highest resolution and the lowest IWP averages of all
models, CSIRO has a relatively high horizontal resolution and relatively high IWP aver-
ages, GISS has the coarsest resolution and has very high IWP averages, INM is a low
resolution model with very low IWP values in general, and UKMO has a relatively high
resolution and shows remarkably low IWP values in the tropics compared to outside
the tropics.

2.1.1 Common model features

In general, GCMs generate ice clouds through the convergence of moist air masses
leading to condensation by large scale dynamics. This is added to the existing cloudi-
ness in the grid box previously determined either diagnostically by relative humidity
or prognostically as cloudiness from an earlier time step. Moist convection also adds
cloud-ice to existing ice cloud. When comparing climate model output to satellite data,
it is important to recognise that the representation of IWP is only comparable to satel-
lite observations to a certain extent. Climate models distinguish between precipitating
ice, such as snow and graupel, and cloud-ice, which remains suspended aloft. The
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precipitated ice is removed at each time step and it either sublimates as it falls out
or reaches the ground as precipitation. Only the cloud-ice remaining from these pro-
cesses is saved as a diagnostic variable. This is the parameter that is saved in the
AR4 archive. Waliser et al. (2009) suggest models may have global cloud-ice fractions
in the order of 0.1 to 0.3 of the total modelled ice particle mass. They further argue
that satellite retrievals of ice clouds do not make a distinction between the ice parti-
cles as the models do and this must also be taken into account in all model-satellite
comparisons.

2.2 Satellite IWP data sets

IWP is retrieved over a wide radiative spectrum, ranging from microwave to visible
wavelengths using active or passive instruments. We have sampled data sets with re-
trievals throughout this range. The satellite data sets used in this survey are presented
in no particular order bellow.

2.2.1 CloudSat

CloudSat data are provided by Colorado State University and NASA Jet Propulsion
Laboratory. CloudSat is in the A-train, which is a constellation of satellites flying in
close formation enabling maximum collocations between these satellites (Stephens
et al., 2002). To date, it provides the most advanced satellite data set on clouds. In con-
trast to the other satellite data sets in the survey, which are based on passive remote
sensing techniques, CloudSat is based on an active sensor. The CloudSat satellite has
a 94 GHz, 0.16° off-nadir looking Cloud Profiling Radar. It has a high vertical resolution
of 500 m, enabling the retrieval of cloud vertical structures and has a small horizontal
footprint of approximately 1.5 km. Because CloudSat does not scan across- track, the
small footprint size leads to poor horizontal coverage which results in data sampling
artifacts when averaging the data. We have addressed this issue by binning CloudSat
data onto a coarse grid of 5°. The IWP product used in this study (RO_ice_water_path)
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is retrieved from radar only data and the model temperature data from the ECMWF
model (the CloudSat ECMWF AUX product). The algorithms used for this product is
described in Austin et al. (2009). On-line descriptions of CloudSat products are also
available at the website: http://www.cloudsat.cira.colostate.edu/dataSpecs.php.

A major source of uncertainty in CloudSat, comes from clouds that may or may
not be ice clouds. CloudSat retrievals use a linear liquid to ice ratio as a function
of temperature, where all clouds warmer than 273K are liquid clouds and all clouds
colder than 243K are ice clouds. For ice clouds, results from Heymsfield et al. (2008)
indicate that CloudSat IWC retrievals are within £40% of in-situ measurements (Austin
et al., 2009; Walliser et al., 2009). Yet, this error estimate is conservative for IWP, as
averaging the IWC errors in a column should lead to a reduced error. On the other hand
the sample from which the 40% error estimate is determined is small, and the study
used simulated satellite data rather than real data, so the true error may even be larger
than 40%. In the absence of other information, we assume that 40% is a realistic error
estimate for CloudSat IWP. We have used all available CloudSat IWP data covering the
temporal range of July 2006 to August 2009.

2.2.2 ISCCP

IWP data are provided by the International Satellite Cloud Climatology Project (IS-
CCP). The D2 data set, which contains monthly averages, is based on one Infrared
(IR) channel around 11 um and one visible channel around 0.6 um. This is the only
data set that uses data from geostationary satellites. Radiance data are collected from
five geostationary satellites and two polar orbiting satellites, although data from polar-
orbiting satellites are complementary and used mainly at high latitudes. The geosta-
tionary satellites are a combination of METEOSAT satellites from EUMETSAT, GOES
satellites from the United States and GMS satellites from Japan. The polar orbiting
satellites are from the National Oceanic and Atmospheric Administration (NOAA) se-
ries from the United States (Rossow and Schiffer, 1991). As ISCCP is mainly based on
geostationary satellites, it is best at tropical latitudes. However, until 1997 there was
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a systematic gap in data coverage over the Indian Ocean and this effect can be seen
in the merged data prior to this date. Data from ISCCP are gridded using an equal
area grid described in Rossow and Garder (1984), and have a horizontal resolution of
2.5x2.5° at the equator. ISCCP does not provide IWP directly. Instead, Water Path
monthly means are provided for 15 distinct cloud types, classified according to their
cloud top temperature, cloud top pressure, and cloud optical thickness. According to
these classifications, an ice cloud is a cloud that has a cloud top temperature colder
than 260 K or has a cloud top pressure less than 440 hPa. In much the same approach
used in Storelvmo et al. (2008), IWP is calculated from the sum of Water Path val-
ues from all cloud types classified as ice clouds. The difference in approaches lies in
that Storelvmo et al. (2008) partly reclassify ice clouds in the tropics into liquid clouds,
whereas we have decided not to reclassify any clouds. Refer to Rossow and Schiffer
(1991) or the web page: http://isccp.giss.nasa.gov/docs/D-toc.html for a detailed de-
scription of the algorithms used in the ISCCP retrievals. This data set extends from
July 1983 to June 2008.

2.2.3 PATMOS-x

The Pathfinder Atmospheres- Extended (PATMOS-x) data set, from the Cooperative
Institute for Meteorological Satellite Studies, provides an IWP data product based on
visible, near infrared, and infrared radiances. An algorithm to derive IWP is applied
to AVHRR radiance data to detect clouds and perform the retrieval. The AVHRR in-
strument is flown on the NOAA Polar- orbiting Operational Environmental Satellites
(POES). The PATMOS-x data used in this survey are monthly mean IWP, gridded
on a similar grid as ISCCP, but with a resolution of 0.5° at the equator. Data from
PATMOS-x span the longest time period in the survey (January 1982 to April 2008).
Information about the data set including how to obtain it is available at the web site:
http://cimss.ssec.wisc.edu/patmosx/.
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2.2.4 MODIS

IWP data are also available from the NASA Moderate Resolution Imaging Spectro-
radiometer (MODIS). As with PATMOS-x, IWP is retrieved from visible, near infrared,
and infrared channels, yet at a higher spectral resolution than data from AVHRR. The
MODIS instrument is down-looking with a total of 36 spectral channels, and 13 of them
are used for retrieving cloud properties. The MODIS instrument is on board the Earth
Observing Satellites, Aqua and Terra, where Aqua is located in the A-train (Stephens
et al., 2002). All MODIS data are screened using a cloud mask described in Acker-
man et al. (2008), and details on the retrieval are described in King et al. (1997). The
MODIS data used in this survey are the level 3 monthly cloud product (MYD08_03, col-
lection version 5), column integrated IWP, with a 1° gridded spatial resolution. We have
chosen to solely focus on data from Aqua as its data are collocated with CloudSat. The
MODIS data used in this survey extends from July 2002 to December 2008.

2.2.5 MSPPS

Satellite IWP data from passive microwave sensors are also used in this survey and
are provided by the Microwave Surface and Precipitation Products System (MSPPS)
from the National Environmental Satellite, Data and Information Service. The MSPPS
IWP product is retrieved using the AMSU-B sensor which has 5 channels ranging from
89 GHz to 183.3 GHz. AMSU is flown on the NOAA POES satellites. For further details
regarding the AMSU-B instrument, refer to Atkinson (2001). For a description of the
MSPPS IWP product and others derived from AMSU refer to Ferraro et al. (2005). As
the satellite NOAA-18 has the largest number of collocations with CloudSat, we have
chosen to focus on MSPPS data from NOAA-18 only. AMSU-B was replaced by the
Microwave Humidity Sounder (MHS), which is very similar in design to its predecessor
on NOAA18. MSPPS data used in this survey extend from October 2005 to December
2009.
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2.2.6 Satellite data set summary

Refer to Table 2 for an overview of the data sets used in this survey. The table provides
the short name, the instruments used in the retrievals, the satellite platforms and the
institutions associated with these products. Comparing satellite data sets of retrieved
IWP is not straight forward. One major contributing factor to this is the uncertainty in
determining the cloud top and cloud base from retrievals (Wu et al., 2009). This un-
certainty is inevitable as cloud-ice signals are generally stronger for high frequencies
(VIS, IR) than for low frequencies (passive microwave, radar). This is partly due to the
wavelength relative to the size of the cloud particles, influencing the particles scattering
properties. Retrievals of IWP based on microwave frequencies such as MSPPS and
CloudSat, have difficulties detecting thin Cirrus clouds, but can retrieve cloud informa-
tion deeper into thick ice clouds than retrievals based on IR or VIS instruments. On
the other hand, retrievals such as used in ISCCP, PATMOS-x and MODIS, detect more
thin clouds. In truth, all satellite IWP retrievals portray only part of the true IWP column
(Waliser et al., 2009). As a consequence, the distribution and, especially, the magni-
tude of IWP is expected to vary between data sets and this must be taken into account
when comparing data sets. As CloudSat IWP has been validated, CloudSat will be the
main reference data set. However, CloudSat is not suitable for climate model compar-
isons of monthly mean IWP. CloudSat spans a short time period of a mere 3 years and
also has poor horizontal coverage, as mentioned earlier. The short time span is espe-
cially important, in that models are not expected to model individual years but rather
climatic temporal ranges. Indeed, most of the time period in which CloudSat has been
operational, La Nina-type conditions have been dominant. Although the models cap-
ture inter-annual variations and may predict the correct variability, the timing of these
events will not coincide with the real world variation. Furthermore, the poor horizontal
coverage of CloudSat introduces problems of data sampling leading to aliasing effects,
which hampers any comparison studies to gridded data. Therefore we need to use
satellite data sets with longer temporal ranges and a higher spatial coverage. As both
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PATMOS-x and ISCCP have long temporal ranges, they capture the inter-annual vari-
ations of IWP, and can therefore be used to validate the models. PATMOS-x, MODIS
and MSPPS have high spatial coverage useful for spatial distribution comparisons to
models.

3 Observations and results
3.1 Zonal averages

Figure 1 depicts the zonal mean IWP for the satellite data sets, compared on a com-
mon period (July 2006 to April 2008). An uncertainty interval, indicated as the grey
shaded area, is included for reference and is based on the uncertainty of CloudSat
measurements (40%). Large differences between the satellite data sets are apparent.
As mentioned in Sect. 2.2.6, these differences can be attributed to instrumental sen-
sitivities and the retrievals used. MODIS is in best agreement with CloudSat, and is
the only satellite data set that has zonal averages inside CloudSat’s uncertainty inter-
val at all latitudes. The IWP distribution of MODIS appears to agree best outside the
tropics, as it has a sizable bias in the tropics, albeit within the CloudSat’s uncertainty.
PATMOS-x IWP distribution has a very large positive bias outside the tropics, but for
tropical latitudes, it is close to the upper limit of the CloudSat uncertainty. While MODIS
is in slightly better agreement with CloudSat than PATMOS-x in the tropics, their abso-
lute bias is about the same size. ISCCP appears to have much lower IWP values in
general, with particularly low values in the tropics, where convection dominates. We
attribute this mostly to the difficulty in achieving accurate retrievals of optically thick
clouds. MSPPS has the lowest zonal averages of IWP, probably because many clouds
are completely undetected. In contrast to ISCCP, MSPPS has its largest IWP averages
in tropical areas, whereas in mid-latitudes regions, which are dominated by less thick
ice clouds, MSPPS has very low values. This can be explained as MSPPS retrievals
are particularly sensitive to large ice particles associated with convective clouds. All
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passive satellite data sets perform very poorly over snow covered regions (not shown),
as a signal from the cold surface is often indecipherable from a signal from thick ice
clouds, and therefore erroneously detected as clouds with high IWP values. For this
reason all data outside the latitude range 60 S—60 N are not used.

Figure 2 shows the zonal mean IWP for the models using all available data. An un-
certainty interval is also included here. However, for a fair comparison, CloudSat error
was combined with the uncertainty associated with differing model fractions of cloud-
ice mass to total column mass of ice particles. The fraction of cloud-ice is not disclosed
by the models in AR4, but cloud-ice fractions of two models, were presented in Figs. 10
and 11 in Waliser et al. (2009). These models are, the NASA Goddard finite-volume
Multi-scale Modeling Framework model (fvMMF hereafter) and the Weather Research
and Forecasting (WRF) model using the Reduced Acceleration in the VErtical (RAVE)
approach (RAVE hereafter). Through lack of options, these two models were chosen
to represent the upper and lower limits of cloud-ice fractions of all GCMs. RAVE gen-
erally has a consistently higher cloud-ice fraction over all latitudes compared to fvMMF.
Therefore, to estimate the upper limit of the uncertainty, we multiplied its zonal aver-
age cloud-ice fraction with the upper uncertainty boundary of CloudSat (see Fig. 1). In
the same manner, the lower uncertainty limit was determined by multiplying the zonal
average cloud-ice fraction of fvMMF with the lower boundary of CloudSat’s uncertainty.

It is clear that there are large differences between observed and modelled IWP aver-
ages, but also between the models themselves. With the exception of GISS, CloudSat
has IWP values between two to ten times higher than the climate models (compare
Fig. 1 and Fig. 2). The relatively low modelled IWP vales are mostly due to the dis-
tinctions made between modelled ice particles. Model IWP only represents cloud-ice
and does not include precipitating snow and graupel, whereas IWP from CloudSat (and
all other satellite data sets) represents all ice particles. However, set against the un-
certainty range based on the aforementioned cloud-ice condition in conjunction with
CloudSat’s uncertainty interval, it seems that the models may overestimate cloud-ice
around the mid-latitudes and slightly underestimate cloud-ice in the tropics. On the
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other hand, this statement is quite uncertain, as the actual cloud-ice fraction of the
models is not provided.

Additional uncertainties in comparing satellite to model data were highlighted in
Waliser et al. (2009). They explained the importance of diurnal sampling, i.e. pair-
ing the model data to equivalent satellite overpasses, as satellite retrieved IWP may
fluctuate in the order of £50% from the mean value in the tropics. They also mentioned
the need to take sensor and algorithm sensitivities into consideration when comparing
satellite to model measurements, in that sensitivities have an upper and lower limit,
while models do not. We have decided to neglect these effects, as this paper concerns
the comparison of modelled monthly mean IWP, to several satellite data on a climatic
time scale. Waliser et al. (2009) reported that even amongst some more sophisticated
models, their zonal averages were in disagreement with satellite data, albeit in the ver-
tical distribution of IWP (IWC). Figures 1 and 2 verify this, but much information is lost
by averaging zonally. In zonal averaging, information on the longitudinal inhomogeneity
of IWP distributions are lost. Therefore, in order to learn more about the differences in
IWP between data sets, we also assess the spatial distribution of IWP. In this way we
may understand if the differences are larger in some regions than others.

3.2 Spatial distribution of IWP

Figure 3 shows the spatial distribution of CloudSat IWP between 60N and 60S is
shown on a 5° grid. CloudSat has particularly elevated IWP values around the Indone-
sian archipelago, a region often referred to as the Tropical Warm Pool (TWP), because
of the very warm ocean in this region. This region has the highest IWP values globally.
The Inter-Tropical Convergence Zone (ITCZ) is clearly visible along the equator of the
Pacific and Atlantic Oceans. High values of IWP are observed over the TWP, ITCZ and
mid-latitude storm tracks. As there is a very large spread in IWP values across all data
sets, to facilitate a qualitative evaluation of the distributions, we first normalised the
data. Despite the distribution of gridded IWP values being highly non-Gaussian, the
magnitude of the mean and standard deviations of the data sets are somewhat linearly
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related. For example, data sets with large mean values tend to have large standard de-
viations. Due to this, we chose to normalise IWP by subtracting the area weighted total
mean IWP from the IWP distribution. By then dividing by the total standard deviation,
normalised IWP can be expressed in terms of standard deviations about the mean:

X=X
O-X

X=

The normalised IWP is denoted X, the original IWP is X, the total mean IWP is X
and the standard deviation of the gridded total IWP is o,. The latter two quantities are
scalars.

Figure 4 shows the normalised spatial distribution of IWP for the satellite data sets
on a common temporal range (July 2006 to April 2008). The top left panel is CloudSat
data on a 1° grid and the top right figure is CloudSat data on a 5° grid. As demon-
strated in the figure, retrieving spatial statistics from CloudSat data on a small grid is
inappropriate. Due to the highly variable nature of IWP, data measurements are too
sparse to attain a representative gridded monthly mean on a finer grid. Further spatial
statistics of CloudSat are calculated on a 5° grid. Judging from the spatial distribution
of MSPPS, it is obvious that its strength lies in detecting IWP of thick ice clouds, such
as associated with deep convection. This may be due to MSPPS insensitivity to small
ice particles and deep convective weather probably containing the highest fraction of
large ice particles. This can be seen through relatively elevated values over tropical
land masses where deep convection is also most common. Outside the tropics, many
clouds are undetected as they are not as dense, resulting in low IWP averages. ISCCP
shows low IWP values in general compared to CloudSat, PATMOS-x and MODIS, with
particularly low IWP values in the convection dominated tropics. Waliser et al. (2009)
argue that ISCCP IWP is expected to roughly apply to cloud-ice as it is insensitive to
precipitation. The zonal average of the RAVE model may indicate that some models
predict a larger fraction of cloud-ice at high-latitudes than the tropics (see Fig. 10e in
Waliser et al., 2009). The observed spatial distribution of ISCCP data in Fig. 4 is con-
sistent with that prediction. Figure 4 also supports our earlier analysis that in terms of
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magnitude, PATMOS-x is close to the upper uncertainty limit of CloudSat in the tropics,
with a somewhat larger positive bias within +60° of the equator. The PATMOS-x IWP
retrieval is strongly influenced by snow covered areas (not shown). Furthermore, Fig. 4
confirms that MODIS is in good agreement with CloudSat outside the tropics, but has a
clear negative bias in the tropics. In general, as expected, the satellite data sets agree
on the spatial distribution of key dynamical features such as the extent of the TWP and
ITCZ, but do not show the same level of agreement at higher latitudes. As mentioned in
Sect. 2.2, some differences in the magnitude and distribution of IWP between satellite
data sets are expected. There is a large negative bias for cloud-ice outside the tropics
in the MSPPS distribution, whereas IWP is relatively higher outside the tropics for data
sets using IR/VIS techniques, such as PATMOS-x, ISCCP and MODIS.

Figure 5 shows the spatial distribution of normalised IWP for the selected climate
models, averaged over all available years (approximately 100 years). The size and
location of key dynamical features differs between the models. All models show ele-
vated IWP averages around the oceanic westerlies of both hemispheres, although the
magnitude of IWP varies considerably. The models also depict, to a varying extent,
large regions of low IWP values in the tropical and subtropical Eastern Pacific and In-
dian Oceans. Notably, the ratio of magnitudes of IWP between tropical regions and
temperate regions varies greatly from model to model. The most obvious inter-model
differences lie in the tropics. The location of dynamical features in the tropics such as
TWP, ITCZ and subsidence zones is corroborated by observations in Fig. 4. Figure 5
(and Table 3, introduced later) indicate that it is at tropical latitudes that the models are
in greatest disagreement. Some models, (e.g. GISS and INM) show a large area of
elevated IWP, misplaced well west of the TWP. In addition, some models (e.g. GISS)
present a distinct dry zone along the equator deep into the TWP, also diminishing the
ITCZ. There is a strong local maximum over Southern China in some models, whilst
other models completely lack this feature. The GISS model has extremely elevated
values (orders of magnitude higher than its total mean IWP) in this area. This feature
is not corroborated by the distribution of IWP of any of our selected satellite data sets
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(see Fig. 4). It is also clear that some models (e.g. UKMO) have low IWP values in the
Tropics suggesting that IWP in convective clouds may not be included.

3.3 Monthly mean IWP

Modelled monthly mean IWP only very roughly represents the amount of ice in the
atmosphere, where small scale processes such as convection and processes depen-
dent on the diurnal cycle are parametrised. Figure 6 shows the histogram of CloudSat
IWP measurements from the combined regions of equatorial continental convection in
South America and Africa in March 2007. Intense convection in the region contributes
to a mean IWP of 180g/m? and a large variability of 743 g/m?. Despite high rainfall
amounts in these regions, the ratio of cloudy pixels is only ca. 40%. The median IWP
value of the cloudy pixels, defined as IWP >0 for CloudSat measurements, is only
39 g/mz. By comparison, the global mean of all CloudSat IWP measurements for the
same month (not shown) is 73 g/m2, and the median cloudy IWP value is 33 g/m2 for
the global IWP measurements. It is clear that the mean IWP is often very far from the
IWP experienced at any given time. It is also clear from Fig. 6 that the distribution of
IWP values is highly non-Gaussian, indicating that the use of Gaussian statistics, such
as mean and standard deviation may not be best way to represent the monthly state
of the atmosphere. Despite this, mean IWP is the common statistic used by models
and satellite data sets when representing the data on a monthly basis. As results show,
estimating the monthly cloud radiative forcing from monthly mean IWP is inappropriate,
such as due to the non-linearity of the cloud radiative feedback (e.g., Atlas et al., 1995).
This is especially valid in convective regions, where the mean and median cloud values
differ the most.

3.4 Total statistics

Table 3 contains the area-weighted mean IWP of the selected satellite and climate
model data sets for the total region (60 S—60 N) and the tropical region (30 S—30 N).
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We have only used monthly mean values from 2007 for the satellite statistics, as this
is the only full year where we have data from all data sets. As indicated, the satellite
data sets are in better agreement, in terms of spatial and temporal correlation in the
tropical region than in the total region. MODIS and PATMOS-x are in closest agreement
with CloudSat and are within, or close to CloudSat’s +£40% uncertainty interval in both
regions. MODIS is in better agreement in the total region (which includes the tropics)
than in the tropical region, whereas PATMOS-x tends to agree better with CloudSat
within the tropical region. PATMOS-x deviates strongly from the other data sets at
latitudes greater than 50° N/S (not shown). MSPPS has a large negative IWP bias in
both regions, clearly indicating a general problem with its IWP retrieval. ISCCP has a
large negative bias in general, tending towards a larger negative bias in the tropics. A
more detailed regional analysis of IWP averages is further presented in Sect. 3.6.

Month averages based on model data from 1900-2000, were used for the model sta-
tistical comparison. Due to the long time series, the inter-annual variability is captured
in the model statistics. Compared to the satellite data, the models, with the excep-
tion of GISS, clearly have much smaller IWP magnitudes, with averages ranging from
30-50% of the CloudSat average. As mentioned earlier, this is expected as model
IWP pertains to the cloud-ice portion of the IWP column only. For this reason we have
arbitrarily chosen ECHAM as a reference model for the models. In terms of spatial-
monthly correlation, the models appear in better agreement with each other in the total
region, whereas in the tropical region, the models deviate strongly from one another.
The models, except for INM, also have much higher IWP averages in the total region
than in the tropical region. UKMO exhibits nearly a factor 4 higher IWP values in the
total region, whereas INM has the same average for both regions. ECHAM, CCSM and
CSIRO are generally well correlated in both regions, but CCSM has much lower IWP
values. GISS has a very large IWP magnitude across all latitudes and clearly exhibits
problems modelling this quantity.

In summary, the satellite data sets are in better agreement in the tropics than outside
the tropics, especially in terms of spatial distribution of IWP. The climate models, on the
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other hand, appear to have the opposite relation.
3.5 IWP annual cycle

In this section, to check the model IWP variability compared to observations, we pro-
vide a qualitative evaluation of the large-scale annual cycle of IWP in the tropics (30 S—
30N). The annual cycle is measured here using the coefficient of variation (CV) (e.g.,
Mohapatra et al., 2007). CV is the variation of monthly mean IWP normalised by the
mean of the monthly averages. A value is assigned to each grid box using:

Ol
CVv=—

Where | is the mean IWP of all months per grid box and ¢ is the standard deviation of
the monthly means per grid box.

Figure 7 shows the annual cycle of observed and modelled IWP. PATMOS-x and IS-
CCP were chosen as observational data due to their long temporal ranges (25 and 24
years). Their long temporal ranges allow for the capture of the inter-annual variability,
which is present in the models. In the observed data, the spatial distribution of CV
indicates broad areas around the TWP, which on a relative scale have little variabil-
ity. This indicates semi-persistent year round rainfall in this region. As expected, the
yearly monsoonal activity gives rise to a large variability of monthly IWP near the In-
dian subcontinent, Northern Australia and Eastern Africa. Both PATMOS-x and ISCCP
also indicate a region with a strong annual cycle in the Eastern Pacific. This feature is
associated with an apparent “second ITCZ” that forms during March and April.

For the models, the annual cycle of IWP in CSIRO, ECHAM and INM closest resem-
bles those seen in observations. Although, CSIRO and ECHAM have much smaller
regions of low CV east and west of the TWP. CCSM underestimates the variability over
India and has an area with large CV values west of Australia, a feature not seen in the
observations or any other models. GISS completely lacks the area of low annual cycle
associated with the TWP and its adjacent areas, indicating too large variability here.
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The annual cycle in UKMO is very different from observations and other models. In
general, the models poorly reflect the observed distribution of CV, i.e. the annual cycle.
This indicates that important large scale seasonal processes in the tropics are poorly
represented by the models in AR4.

3.6 Statistics by region

Waliser et al. (2009) compared the average global, tropical (30° S—30° N) and extra-
tropical (>°N, S) IWP for both observational data sets and GCMs. They found these
averages were approximately the same for each satellite data set. Whereas for the
GCMs, they reported that extra-tropical averages were often more than a factor 2 larger
than the tropical averages. We have chosen to go a step further and analyse the
regional averages of satellite and model data in regions that, over all seasons, contain
quasi- homogeneous atmospheric conditions. We have defined 4 large regions, each
with a climate dominated by a large scale vertical motion of the atmosphere, either
subsiding or rising.

We have selected two very large subsidence zones west of South America and west
of South Africa, and these areas combined constitute the oceanic subsidence region
(ocean_sub). Tropical continental South America and Africa together constitute the
tropical continental convection region (trop_cont). The TWP and areas adjacent con-
stitute the Tropical Oceanic Convection region (warm_pool). The areas of mid-latitude
storms in the North Atlantic and North-West Pacific together constitute a region called
westerlies. The boundaries of these regions are chosen based on the spatial distribu-
tion of IWP of all satellite data sets, and the largest possible regions with similar IWP
distributions were selected. The extent of these regions are shown in Fig. 8.

The area-weighted mean and the regional fraction of IWP was calculated for satellite
data sets and models for the chosen regions. The regional fraction in percent (IWP,)
is defined:

IWP g

IW|:)rel = W
0

(1)
12203

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
10, 12185-12224, 2010

IWP spatial
distribution
comparison

S. Eliasson et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/12185/2010/acpd-10-12185-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/12185/2010/acpd-10-12185-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

where IWP 4 is the mean IWP value for a given region and IWP, is mean IWP from
the total region (60S — 60N) for each data set. This quantity was included for clarity,
as the difference in the mean IWP between data sets is large. The aforementioned
statistics are provided in Table 4 with IWP,, given in brackets. The mean IWP in the
total region has been included in the table as a reference (far right).

3.6.1 Regional observations

All satellite data sets, except for PATMOS-x, are in agreement in the oceanic sub-
sidence regions, and their IWP fraction relative to the total mean lies between 4—
8%. PATMOS-x has high IWP averages in these regions (3x larger than CloudSat).
PATMOS-x can detect thinner ice clouds than CloudSat can, such as clouds induced
from gravity waves or remnant outflow from distant convection, but this is not likely
the cause of PATMOS-x’s high relative values in these regions as MODIS, also based
on similar spectral channels, does not show the same result. It is more likely that
PATMOS-x has a problem here.

In the westerlies region, ISCCP has the highest relative fraction of the total average
(1.9), PATMOS-x and MODIS have the same fraction (1.6), CloudSat (1.4) and MSPPS
has the lowest fraction (0.4). This supports the notion that the cloud-ice fraction of the
total IWP may be larger in this region. As mentioned earlier, ISCCP is mainly sensitive
to cloud-ice and CloudSat is more sensitive to larger particles. MSPPS clearly has
much too low IWP averages in this region.

As expected, the reverse is true for the maritime tropical convective region. MSPPS
and CloudSat have the highest fractions (2.6 and 2.3) followed by PATMOS-x and
MODIS (1.9 and 1.8), whilst ISCCP has the lowest fraction (1.5). This supports the
notion that clouds may have a higher fraction of precipitating cloud particles to small
cloud-ice particles in this region compared to in the westerlies regions. The average
IWP has approximately the same relative fraction in continental convective regions as
for the maritime region, albeit a little less, with the strong exception of MSPPS. MSPPS
average IWP for the tropical continental region is nearly a factor five higher than its total
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average. This could be as MSPPS best detects deep convection, and deep convection
is generally more intense and more frequently occurring over land (Hong et al., 2005).
The results of the regional comparison further confirm the general assumptions on the
different satellite data set properties presented in Waliser et al. (2009). Problems asso-
ciated with comparing data sets where there are large diurnal variations of IWP, such
as over the maritime continent are assumed to be small in the this study. CloudSat,
NOAA18 (for MSPPS) and Aqua (for MODIS) are platforms in the A-train, and their
local overpass times at the equator are around 01:45a.m. and 13:45p.m. As ISCCP
is based on geostationary satellites and PATMOS-x is based on composite data from
several sun-synchronous satellites, they may deviate from the other data sets due to
different diurnal sampling.

The models are in agreement with satellite data in terms absolute IWP in the oceanic
subsidence regions, however on a relative scale they are not. All models except UKMO,
have a relative IWP of between 27%—42%, whereas UKMO has a relative IWP value of
7%. The climate models are in greatest agreement with observed data in the Wester-
lies region. As modelled IWP should be lower than satellite retrieved IWP by definition,
this probably indicates that the models tend to overestimate IWP in these regions. The
exceptions are GISS and UKMO. GISS has very large IWP values and UKMO has a
relative IWP value a factor three larger than its total average. In the convective regions
all of the models have particularly low absolute and relative IWP values compared to
the satellite data sets. This is especially pronounced in the tropical continental regions.
UKMO stands out with very low IWP in these regions, merely around 30% of the to-
tal IWP. The low modelled IWP averages in this region are at least in part due to the
low cloud-fraction, but in addition it may also indicate insufficient moist convection. It
has previously been shown that climate models have strong limitations in modelling the
diurnal cycle (Dai and Trenberth, 2004), of which may cause the models to underesti-
mate the convection induced by surface heating. Also, the model regional results may
reflect the better availability of surface and atmospheric data at mid-latitudes, which en-
ables better parametrisations and tuning for the mid-latitudes. Whereas the tropics are
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largely made up of oceans and monitored by a very sparse network of measurement
sites, leading to poorer results.

As mentioned earlier, Waliser et al. (2009) found tropical, extra-tropical and global
averages for all models and data sets. For example, by attaining a tropical average
by latitude only, large areas with high IWP, such as trop_cont and warm_pool are aver-
aged with large dry regions, such as ocean_sub along with large deserts (e.g. Sahara).
Whereas, the average IWP of the extra-tropics is attained from regions with, in general,
less extreme IWP differences. This regional comparison indicates that additional im-
portant information can be attained by comparing data sets and models on a regional
basis, such as done here. Our results show that the IWP magnitude of the tropical
“wet” regions is approximately a factor 2 higher than the extra-tropical “wet” regions
for CloudSat. The GCMs show that IWP associated with the westerlies are generally
twice as high as the total average, in accordance with Waliser et al. (2009). This survey
showed additionally that modelled IWP in tropical continental regions is markedly lower
than over tropical maritime convective regions. This may be predicted as ice clouds as-
sociated with convection over land, may have low cloud-ice fractions by comparison.
Amongst the chosen subset of models, the spatial distribution of IWP is best modelled
by ECHAM followed by CSIRO. UKMO is in largest disagreement with observations, in
that it has much too low tropical IWP values and has quite high values in the westerlies.
GISS has a very high IWP bias compared to all data sets, but is also in disagreement
with the relative distribution of IWP.

4 Discussion and summary

The large discrepancies in modelled IWP distributions shown throughout this article
reflect the difficulty in modelling this quantity. A major contributing factor to this is
the lack of detailed cloud-ice measurements to constrain the models with. Although
satellite data sets of IWP now span 25 years, their level of detail and accuracy on cloud
ice are limited. The introduction of the CloudSat Profiling Radar is a leap forward for the
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modelling community in addressing the problems in cloud-ice simulation. In contrast
to the IWP data from passive sensors, CloudSat provides information on the vertical
structure of clouds, which is essential information in modelling fields such as IWP.

In contrast to models, CloudSat IWP represents the total mass of ice, including grau-
pel and snow, which are not included in model IWP. As discussed in detail in Waliser
et al. (2009), the distinction between different ice categories is natural and simple from
a model point of view, but hard or even impossible from a measurement point of view.
The only reasonably well defined quantity to measure is total IWP, but to what extent
satellite data sets represent this depends strongly on the technique used.

CloudSat was recently used as the main reference data set of IWP, in a study where
the distribution of modelled IWC was tested in two prognostic GCMs in Waliser et al.
(2009). It was shown that there are differences in vertical distribution of IWP between
the models and CloudSat. However, CloudSat’s temporal range is too short to assess
climate models on longer time scales. For this, we must utilise data sets with long tem-
poral ranges. The influence of inter-annual variations would otherwise lead to biased
climatic statistics.

As seen in Sects. 3.1 and 3.2, the satellite data sets have very different magnitudes
and distributions of IWP. ISCCP, PATMOS-x and MSPPS disagree considerably with
CloudSat at high latitudes, and only MODIS was shown to be in reasonable agreement
across all latitudes. As there was considerable nonconformity of IWP measurements at
high latitudes, satellite-model comparisons were deemed dubious outside the tropics.
On the other hand, the good agreement between satellite data sets in the tropics (30 S—
30N) enabled a comprehensive study of model performance here. We compared all
satellite data sets to CloudSat in search for suitable data sets for model comparisons.
PATMOS-x and MODIS are closest to CloudSat on a monthly mean basis, where they
have biases in the tropics of approximately 31 2 (41%) and -27 2 (-36%), respec-
tively, compared to CloudSat. Despite having a larger bias, PATMOS-x is a better
reference data set because it is in reasonable agreement with CloudSat and is much
longer than MODIS.
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As reflected by results presented here, climate models disagree on the magnitude
and spatial distribution of IWP, confirming the results of Waliser et al. (2009). Generally,
the models have much lower IWP values than indicated by satellite data sets. The dis-
agreement is strongest in regions with persistent convection, where the amount of IWP
is generally strongly underestimated by most models. Some models such as INM and
CCSM have particularly low total averages of IWP, less than 20% of the observed IWP.
The UKMO model has very low averages in the tropics, and high averages outside the
tropics. The GISS model is the exception, it has much higher IWP values than observed
by satellite, across all latitudes. In this, one must consider that only the cloud-ice part
of the total IWP is represented by the models here and that the cloud-ice fraction may
vary between 10-50% depending on the latitude and the model (Waliser et al., 2009).
Despite negative biases of more than 60g/ m? (70%), ECHAM and CSIRO were the
two models in best agreement with the “observed” data in terms of magnitude and
spatial correlation. The remaining models (except GISS) have lower IWP values in the
tropics and their spatial distribution is poorly correlated with the observed distribution.

To put the quantity “monthly mean IWP” into perspective, the distribution of IWP
values during a single month was analysed in Sect. 3.3. It was shown that the mean
month IWP is the mean of very different atmospheric states, and the distribution is
highly non-Gaussian.

For the climate of IWP distributions to be modelled correctly, they must also capture
the annual cycle. We compared the modelled spatial distribution of the annual cycle of
monthly mean IWP to observations. This was done by studying fields of the coefficient
of variation. For example, we expect a high monthly variability, in regions such as the
Indian sub-continent and Northern Australia, and a low variability in regions such as
near the equator over the Indonesian archipelago, as seen in observations (top panels
in Fig. 7). Section 3.5 shows that most models differ from the “observed” data in terms
of where and how strong their annual cycle of IWP is. This may indicate that important
seasonal features such as the Indian monsoon may not be simulated satisfactorily.
Additionally, a regional comparison study in Sect. 3.6 showed that the models (except
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GISS) underestimate IWP magnitudes in convective regions in the tropics. Particularly
in the continental convection regions, the models have consistently very low averages.

5 Conclusions

IWP data from CloudSat, although likely to be the best estimate of total IWP, are not
a sulfficient to judge the climatology of IWP. The CloudSat data record is too short to
account for inter-annual variations. We have evaluated five IWP data sets by comparing
them to CloudSat in their period of overlap, in terms of distribution and magnitude
of monthly mean IWP. ISCCP, one of the longest data sets, has low IWP values by
comparison and has particularly low values in the tropics. MSPPS has the lowest IWP
values of the data sets. This data set, based on passive microwave measurements has
very low values in regions outside the tropics, though it has strength in detecting deep
convective clouds. MODIS and PATMOS-x behaved most like CloudSat, with MODIS
being in better agreement. PATMOS-x has a temporal range of 25 years compared to
MODIS approximately 10 years.

Although it is difficult to compare retrieved IWP to modelled IWP, by utilising long
term data sets such as PATMOS-x, the climate model community has 25 years of data
with which to constrain their IWP distributions. We compared the magnitude and dis-
tribution of modelled IWP of a subset of models from the IPCC AR4 to observed IWP
distributions. Our results are consistent with John and Soden (2006) and Waliser et al.
(2009) that there are large discrepancies between the climate models used in AR4.
We showed that all models appear to have problems modelling the spatial distribution
of IWP. This is especially true in tropical convective regions, where the models have
relatively very low IWP averages compared to observations. Comparisons of statisti-
cal quantities associated with spatial distribution, regional IWP and the annual cycle of
IWP, consistently show that ECHAM is the GCM from AR4 closest to satellite observa-
tions.
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In future studies, we would like to enhance our understanding of the differences be-
tween the observational data sets. This should be done on a pixel level on coincidental
data, rather than using monthly means. We believe that utilising the long satellite data
sets of IWP is key to constraining model IWP distributions. Future satellite sensors that
measure IWP more directly than current sensors, such as the one proposed in Buehler
et al. (2007), would also be desirable.
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Table 1. IPCC Gilobal Climate Models. This table provides an overview of the resolution and

country of origin for the subset of IPCC AR4 models used in this study.

Short Name Horizontal Atm. Model Name Institute
Resolution Layers
ECHAM 1.9x1.9° 19 ECHAM5/MPI-OM Max Planck Institute
for Meteorology
(Germany)
CCSM 1.4x1.4° 26 Community Climate System Model, National Centre for
version 3.0 (CCSM3) Atmospheric Research
(USA)
CSIRO 1.9%x1.9° 18 CSIRO Mark 3.0, Commonwealth Scientific
Climate System Model and Industrial
Research Organisation
(Australia)
GISS 5x5° 15 GISS ModelE-R atmospheric, NASA Goddard Institute
General Circulation Mode for Space Studies (GISS)
(USA)
INM 5x4° 21 INMCM3.0 Institute of Numerical
Mathematics, Russian
Academy of Science
UKMO 1.25x1.875° 38 Hadley Centre Hadley Centre for Climate

Global Environmental Model,
version 1 (HadGEM1)

Prediction and Research
and UK Met office
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Table 2. Satellite data sets. First part of the table contains the short name of the satellite
data set used in this study, the satellite instrument, and the number of satellite channels in a
radiance spectrum. Second part shows the type of product used for IWP and the temporal
coverage for the data set. Only data from the Aqua satellite are used in the MODIS data set
and only data from the NOAA 18 satellite are used in the MSPPS data set.

Short Name Type Platform(s) Sensor Spectrum No. Ch.
ISCCP VIS/IR Geostationary: Spectrometers 0.6, 11 um 2
GOES, GMS, METEOSAT
Polar: NOAA
PATMOS-x  VIS/IR NOAA-15,16,17,18 AVHRR 0.6—12 pm 5
MODIS VIS/IR Aqua MODIS 0.6-142um 13
MSPPS MV (passive) NOAA-18 MHS 89-183GHz 5
CloudSat MV (active) CloudSat CPR 94GHz 1
Short Name Data Product Temporal Range
ISCCP Month mean WP from different cloud classes 198 307—200 806

on an equal area grid (ca. 250 x 250 km).
PATMOS-x  Month mean IWP product on equal area grid (ca. 50 x 50km). 198 201-200 804

MSPPS IWP footprint product. 200501-200912
MODIS Month mean IWP product on 1° grid 200207-200812
CloudSat Radar Only IWP footprint product. 200607-200908
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Table 3. Monthly mean IWP Statistics for selected satellite data sets and climate models.
Statistics are provided for the total region (60 S—60 N) and the tropical region (30 S—30 N). The
Satellite data comparison is from 2007, and all data sets are on a common spatial resolution
of 5° with CloudSat chosen as the reference data set. Model statistics are based on the month
averages derived from 100 years of data on a 5° grid. As model IWP can not be readily com-
pared to satellite data, ECHAM has been arbitrarily chosen as the reference model for these
statistics.

Total Tropics
Data sets Mean Std Bias RMSD R Mean Std Bias RMSD R
CloudSat 77 90 0 0 1.00 75 104 0 0 1.00
ISCCP 33 28 -44 88 0.61 23 23 -52 101 0.79
PATMOS-x 109 83 32 71 073 105 97 31 72 0.80
MODIS-aqua 58 44 -19 67 0.75 48 47 -27 76 0.82
MSPPS-noaail8 12 18 -65 103 0.64 15 22 -60 108 0.74
AR4-ECHAM 34 22 0 0 1.00 24 18 0 0 1.00
AR4-CCSM 18 13 -15 20 0.88 12 9 -12 17 0.79
AR4-CSIRO 42 35 8 22 0.85 25 22 1 15 0.76
AR4-GISS 211 234 177 284 0.56 115 169 91 187 0.31
AR4-INM 11 6 -23 29 0.66 10 7 -15 21 0.65
AR4-UKMO 39 46 5 34 0.75 11 12 -13 22 0.39
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Table 4. Area-weighted mean IWP [%] for selected regions. The regional fraction of IWP (in
%) denoted IWP,,,, follows the regional mean in brackets and is given in relation to the mean
IWP for the total region (60 S—60 N). All available data have been used to retrieve the mean
values. The local equatorial passing times for CloudSat, MODIS and MSPPS in this study are
around 13:45 and 01:45 as they are in the A-train. PATMOS-x is a composite data set from
several sun-synchronous satellites and ISCCP is based on geostationary satellites.

Data set ocean_sub trop_cont  warm_pool westerlies  total
CloudSat 47(6) 161.3(209) 175.8(227) 106.8(138) 77.3
ISCCP 22(7) 41.8(140) 459(154) 57.0(191) 29.8
PATMOS-x 16.0 (15) 183.3(173) 197.4 (187) 164.1 (155) 105.7
MODIS-aqua 44(8) 95.3(163) 104.7 (179) 91.9(157) 58.5
MSPPS-noaa18 0.5(4) 59.9(488) 31.4(256) 48(39) 123
AR4-CSIRO 7.1(17) 26.0(62) 52.1(124) 98.1(234) 41.9
AR4-ECHAM 9.0(27) 39.9(118) 44.0(130) 61.9(184) 33.7
AR4-GISS 50.6 (23) 192.1(88) 152.4(70) 447.9(206) 217.7
AR4-INM 4.6 (42) 9.7(90) 16.0(148) 15.0(188) 10.9
AR4-CCSM 4.9 (27) 149 (81) 229(125) 36.5(198) 184
AR4-UKMO 2.8(7) 10.2 ( 26) 12.8(32) 118.2(300) 394
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Fig. 1. Zonal averages of IWP from satellite data. The grey shaded area is the reference
uncertainty interval, based on the uncertainty of CloudSat measurements (40%). The satellite
data sets are averaged over the time period where the satellite data set temporal ranges overlap
(July 2006 to April 2008).
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Fig. 2. Zonal averages of IWP for climate models from 100 years of monthly mean data.
The upper and lower limits of the uncertainty range is based on a combination of CloudSat
measurement uncertainties and the fraction of cloud-ice mass to total column mass of ice
particles of two models presented in Waliser et al. (2009). See Sect. 3.1 for details. A factor
0.5 is applied to AR4-GISS in order for it to be visible in the domain of this figure.
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Fig. 4. Normalised satellite data of IWP, for their common temporal range (July 2006 to April
2008). IWP is normalised [unit-less] by subtracting the gridded area-weighted total mean and
dividing by the total standard deviation. Figure titles contain the gridded mean and standard
deviation (g/ m2) of each data set for latitudes 60 S—60 N. The absolute IWP averages can be
re-acquired using these values. CloudSat is shown both on a 1° (left) and 5° (right) grid to
illustrate how the dependence on the grid size influences the spatial statistics of CloudSat.
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Fig. 5. Same as Fig. 4, except for model data, and all available monthly IWP data are used.
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Fig. 6. Histogram of CloudSat IWP in a region of frequent strong convection. The region
studied here is the combined regions of equatorial continental convection in South America
and Africa and the month is March 2007. IWP is shown in intervals of log(IWP). General IWP
statistics from the region are provided in the text box. The vertical line intersecting the histogram
represents mean IWP of the month.

12222

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 12185-12224, 2010

IWP spatial
distribution
comparison

S. Eliasson et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/12185/2010/acpd-10-12185-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/12185/2010/acpd-10-12185-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

PATMOS-x

ST

AR4-IN

— L (U7

Fig. 7. Coefficient of variation, depicting the annual cycle of IWP. The top two panels are
the data sets, PATMOS-x and ISCCP, both of which have sufficiently long temporal ranges to
capture the inter-annual variability of IWP. The bottom six panels are the subset of models used

in this survey.
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Fig. 8.

(green).
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Schematic of regions chosen for statistical comparison. Tropical Continental zones
(red), Tropical maritime convective zone (blue), subsidence zones (black) and Westerlies
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