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Abstract. An earlier method to determine the mean response
of upper-tropospheric water to localised deep convective systems (DC systems) is improved and applied to the EC-Earth
climate model. Following Zelinka and Hartmann (2009), several fields related to moist processes and radiation from various satellites are composited with respect to the local maxima in rain rate to determine their spatio-temporal evolution
with deep convection in the central Pacific Ocean. Major
improvements to the earlier study are the isolation of DC
systems in time so as to prevent multiple sampling of the
same event, and a revised definition of the mean background
state that allows for better characterisation of the DC-systeminduced anomalies.
The observed DC systems in this study propagate westward at ∼ 4 m s−1 . Both the upper-tropospheric relative humidity and the outgoing longwave radiation are substantially
perturbed over a broad horizontal extent and for periods
> 30 h. The cloud fraction anomaly is fairly constant with
height but small maximum can be seen around 200 hPa. The
cloud ice water content anomaly is mostly confined to pressures greater than 150 hPa and reaches its maximum around
450 hPa, a few hours after the peak convection. Consistent
with the large increase in upper-tropospheric cloud ice water content, albedo increases dramatically and persists about
30 h after peak convection.
Applying the compositing technique to EC-Earth allows
an assessment of the model representation of DC systems.

The model captures the large-scale responses, most notably
for outgoing longwave radiation, but there are a number of
important differences. DC systems appear to propagate eastward in the model, suggesting a strong link to Kelvin waves
instead of equatorial Rossby waves. The diurnal cycle in the
model is more pronounced and appears to trigger new convection further to the west each time. Finally, the modelled
ice water content anomaly peaks at pressures greater than
500 hPa and in the upper troposphere between 250 hPa and
500 hPa, there is less ice than the observations and it does not
persist as long after peak convection. The modelled uppertropospheric cloud fraction anomaly, however, is of a comparable magnitude and exhibits a similar longevity as the observations.

1

Introduction

The impact of tropical deep convective (DC) systems on the
upper troposphere and their overall effect on the global climate remain important areas of uncertainty. Deep convective
activity plays a vital role in the vertical transport of moisture
and aerosols into the tropical upper troposphere and greatly
influences the temperature lapse rate, humidity profile, and
the properties of clouds. Typically lasting ∼ 24 h, DC systems exhibit horizontal coverage that can span up to thousands of square kilometres (Mapes and Houze, 1993) and
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provide a substantial source of precipitation in the tropics.
Such a wide range of interaction leads to DC systems having
a significant impact on the top-of-atmosphere (TOA) radiation balance via the generation of broad cirrus cloud shields.
The impact of deep convection on upper-tropospheric water has been studied, for example, by Mapes and Houze
(1993), Webster et al. (1996), Chen et al. (1996), and
Chen and Houze (1997) (including references therein) using
infrared-derived cloud-top temperatures to identify tropical
convective activity that reaches high in the atmosphere. Other
studies regarding tropical deep convection have been more
focused on investigating the interaction between DC systems
and atmospheric variables, their effect on the incoming and
outgoing radiation, as well as the transport of moisture into
the upper troposphere (Tian et al., 2004; Soden, 2004, 2000).
Both Lagrangian (Soden, 2004) and Eulerian (Zelinka and
Hartmann, 2009) techniques have been used to investigate
various aspects of DC systems, including the diurnal cycle
(Eriksson et al., 2010).
The representation of tropical variability and its impact on
the global atmosphere is an area of concern in climate projections from global climate models (GCMs). From a modelling perspective, problematic aspects often arise from the
fact that convection acts on sub-grid scales and interacts with
other atmospheric phenomena on a broad spatial and temporal scale (Bechtold et al., 2008; Gerard et al., 2009). In
most current GCMs, such processes are handled implicitly
by various parameterizations that can generate considerable
modelling uncertainties. Consequently, GCMs are constantly
being evaluated as a means of addressing and reducing uncertainties. Previous studies regarding the evaluation of GCMs
using observations tend to employ straightforward seasonal,
or annual, means; therefore, they have an inherent time resolution of months or longer. However, at such timescales it
is difficult to assess the realism and identify errors of individual processes (Stephens et al., 2010). Evaluations of
GCMs on shorter timescales are not as prevalent because
of the limited availability of suitable observational datasets.
While there are some observations with a temporal resolution
on the order of hours, these are usually from ground-based
stations (for example, the Atmospheric Radiation Measurement Program; Qian et al., 2012), or from very short research
campaigns, with limited regional and/or temporal coverage,
e.g. Aerosol Radiation and Cloud Processes affecting Arctic Climate (ARCPAC) and Airborne Tropical TRopopause
EXperiment (ATTREX). Finally, GCMs are currently being
evaluated with the aid of satellite simulators. Such evaluations are often concerned with clouds and cloud feedback
processes (Bodas-Salcedo et al., 2008; Nam et al., 2012;
Klein et al., 2013). Currently, satellite simulators in models
do not offer the full range of sensors included in this study.
Studies of DC systems often rely on data acquired using
geostationary sensors that operate in the infrared (IR) and/or
visible part of the spectrum. Visible sensors are daytime only,
and infrared radiation emission from the atmosphere and the
Atmos. Chem. Phys., 13, 12043–12058, 2013

surface is strongly absorbed by clouds (John et al., 2011;
Liang et al., 2011). These sensors lack the ability to penetrate clouds and as such effectively report information only
from the upper-most part of clouds. On the other hand, the
high temporal resolution of geostationary data allows for the
tracking of the horizontal movement of humidity patterns and
the cirrus anvil generated by DC systems (Soden, 2004).
Polar orbiting satellites, in contrast, offer a much wider
range of observation sensors, including measurements at microwave wavelengths having a better cloud penetration capability. A major drawback of observations from polar orbiting systems is the long time span between data acquisitions, a problem especially pronounced for low-latitude regions (Kirk-Davidoff et al., 2005). Thus, they do not allow
for the horizontal tracking of the time evolution of individual convective systems or other atmospheric processes.
However, mean responses of such systems can be derived,
as shown by Field and Wood (2007) and Zelinka and Hartmann (2009, hereinafter ZH09). In ZH09, the anomalous response of moist processes to deep convection, against an established background state, was ascertained. The approach is
based on an objective identification of reference points centred in space and time on maxima in satellite-derived rain
rates (hereafter the term “DC system centre” refers only to
the point of maximum rain rate (RR) and not the spatial centre of a DC system). Data from numerous satellite overpasses
are then averaged, according to the distance in time and space
to the identified DC system’s centre point, and a two- or
three-dimensional structure of different variables’ response
is obtained. An individual event will be sampled for only a
few time bins and maybe for only part of the area considered, but when averaging over thousands of DC systems the
mean patterns emerge. The data are averaged following the
distance to fixed points. This compositing approach is advantageous as it retains properties of individual DC systems that
would be lost in traditional spatial, or temporal, averaging
and creates high temporal resolution results that are able to
highlight aspects of atmospheric variability directly affected
by DC systems (Field and Wood, 2007).
In this study, the ZH09 compositing technique is extended
to diagnose convection-related and large-scale internal processes in the climate model, EC-Earth. This study is presented in two parts. This first part re-examines the identification of the convective centre points employed in the ZH09
study, presents data compilations not included in the ZH09
study (CloudSat-CALIPSO, Advance Microwave Sounding
Unit B, Microwave Humidity Sounder, Cloud and Earth Radiant Energy System), and demonstrates the utility of the
method for diagnosing EC-Earth’s spatio-temporal evolution of deep convective processes over the central Pacific.
In Part 2, the methodology is also applied to the ECHAM6
and CAM5 models participating in CMIP5 in a model intercomparison and over both land and oceanic regions.
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2

Data

2.1
2.1.1

Observations
Surface precipitation

Surface precipitation data, expressed as rain rate in mm h−1 ,
are taken from the TRMM Multi-satellite Precipitation Analysis (TMPA) 3B42 version 6/6A dataset. A description of the
dataset is given by Huffman et al. (2007). Briefly, the dataset
is a combination of multiple precipitation estimates from several satellite sources, both microwave and infrared, as well
as both geostationary and polar orbiting. Whenever possible,
surface rain gauges are used to scale the data. These data,
when combined, provide a continuous TMPA hourly RR every 3rd hour. Each of these ordinal hours consists of data collected within ±90 min of each hour. The dataset is provided
on a 0.25◦ grid between ±50◦ latitude and with a time resolution of 3 h. For the purpose of this study, the TMPA dataset
is re-sampled to a 1◦ grid, which is slightly lower than ECEarth’s resolution (Sect. 2.2).
2.1.2

Upper-tropospheric humidity

Upper-tropospheric humidity (UTH) – defined here as the
Jacobian-weighted, average relative humidity with respect
to ice (%RHi ) from 500 to 200 hPa – is derived from the
Advance Microwave Sounding Unit B (AMSU-B) and Microwave Humidity Sounder (MHS) sensors on-board operational satellites run by the National Oceanic and Atmospheric Administration (NOAA) and the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT). In this study, UTH retrievals are obtained from
AMSU-B on NOAA-16 and NOAA-17, and from MHS on
NOAA-18 and MetopA (all satellite observation angles included). The AMSU-B/MHS sensors have a swath of about
2300 km with a footprint resolution, at nadir, of approximately 20 × 16 km2 . At the widest scan angels, the footprint
is around 64 × 52 km2 . UTH is retrieved using the brightness temperature (Tb ) at 183.31 ± 1.00 GHz, as described in
Buehler and John (2005). This is channel 18 of AMSU-B and
channel 3 of MHS. The UTH is gridded to match EC-Earth’s
horizontal resolution of ≈ 0.7◦ .
An important aspect of this dataset is cloud penetration.
The UTH retrieval assumes no scattering, but this normally
sound assumption begins to break down in a DC system’s
clouds. Ice particles scatter emitted microwave radiation and
lower the Tb , thereby causing an overestimation of UTH. Although these measurements are much less sensitive to clouds
than those from IR sensors (John et al., 2011), scattering is of
particular significance in convective regions, and the degree
of scattering is also dependent on satellite viewing angle.
This is taken into account when screening the data, which
involves the use of a cloud filter described in Buehler et al.
(2007). The two-part filter uses a scan-angle-dependent Tb
www.atmos-chem-phys.net/13/12043/2013/
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threshold, along with a filter considering the Tb difference to
the neighbouring channels (19 or 20 for AMSU, and 4 or 5
for MHS).
Since data from several satellites are used, inter-satellite Tb
biases become an issue. Such biases have been investigated
by John et al. (2013) and found not to be so significant as to
prevent the combination used in this study. For the remainder
of this study, this UTH dataset will simply be referred to as
AMSU.
2.1.3

Cloud fraction and cloud ice water content

The nadir-looking CloudSat cloud-profiling radar operates at
94 GHz with a horizontal resolution of ∼ 2 km and a vertical
resolution of 500 m. Since June 2006, the instrument has provided height-resolved cloud properties, for example, ice water content and cloud fraction (Stephens et al., 2002). CloudAerosol Lidar with Orthogonal Polarization (CALIOP) is a
space-borne lidar, on-board the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite, that operates at wavelengths 532 and 1064 nm (Winker
et al., 2007). This study uses the recently developed CloudSat
and CALIPSO Ice Cloud Property Product (2C-ICE), which
combines data from collocated CloudSat 2B-GEOPROF data
and the measured attenuated backscattered coefficients from
CALIPSO’s 532 nm channel. A detailed technical description of the 2C-ICE dataset can be found on the CloudSat
website: http://www.cloudsat.cira.colostate.edu/dataICDlist.
php?go=list&path=/2C-ICE.
The scattering properties at microwave and visible wavelengths lead to very different sensitivities of CloudSat and
CALIPSO. Thin clouds consisting of smaller particles are
only detected by CALIPSO, while parts of the atmosphere
with a thicker cloud layer above are only probed by CloudSat. The vertical extension of the overlapping region between
the two instruments differs depending on several cloud variables, such as liquid and ice water mass and the associated
particle size distributions. For the tropical region, the point
where CloudSat and CALIPSO show the same average cloud
frequency is found consistently close to 200 hPa, and for
lower (higher) altitudes the CloudSat frequency is, in rough
terms, a factor two higher (lower) than CALIPSO (see Johnston et al., 2012, Fig. 4).
2.1.4

Radiation

TOA outgoing longwave radiation (OLR) flux observations
are provided by the Cloud and Earth Radiant Energy System (CERES) sensors on-board the Aqua and Terra satellites.
The hourly Single Satellite Footprint (SSF) cloud edition 3A
hourly dataset is chosen for this study. This product combines CERES sensor data with information from the Moderate Resolution Imaging Spectroradiometer (MODIS) and
the Visible and Infrared Scanner (VIRS) sensors. The level2 SSF dataset is taken from both satellites. Because each
Atmos. Chem. Phys., 13, 12043–12058, 2013
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sensor has been radiometrically inter-calibrated, the two sensors can be considered as one. The data are then gridded to
a regular grid (≈ 0.7◦ ) following the resolution of EC-Earth
(Sect. 2.2). An in-depth description of the CERES sensor is
given by Wielicki et al. (1996) and a discussion of the measurement uncertainty, which is primarily due to calibration
error and estimated to be about ±5 W m−2 , can be found in
Loeb et al. (2009). Level-2 data do not contain albedo and
therefore this is calculated using a formulation obtained from
the CERES team.
2.2

Climate model

The global climate model used in this study is an emerging version of EC-Earth, version 3 (uncoupled). This version
is based on the seasonal forecast version of the European
Centre for Medium-Range Forecast (ECMWF) Integrated
Forecast System (IFS) Cycle 36r4 (http://www.ecmwf.int/
research/ifsdocs). The model configuration has a horizontal grid resolution of ∼ 0.7◦ (T255 spectral truncation) and
91 hybrid pressure-sigma coordinate levels with a model top
at 0.1 hPa and vertical grid spacing increasing with height
(∼ 400 m in the upper troposphere). The model time step is
set to 45 min and the output frequency is every 3rd hour.
Prescribed boundary conditions, such as sea surface temperature, are taken from ERA-Interim monthly means.
Deep convection in EC-Earth is represented with a subgrid cumulus convection parameterization. The process is
described using a bulk mass flux scheme with a pair of entraining and detraining (updraught and downdraught) plumes
(Tiedtke, 1989; Bechtold et al., 2004, 2008). The model has
prognostic variables for cloud liquid, cloud ice (pristine ice
crystals), precipitating rain and precipitating snow (ice aggregates), in addition to a prognostic sub-grid cloud fraction. The stratiform cloud scheme is based on Tiedtke (1993)
with modifications described in Forbes et al. (2011). All variables have sources and sinks from the stratiform microphysical processes and detrainment from the convection parameterization is also a source of cloud liquid, cloud ice and
cloud fraction. The prognostic variables therefore represent
both stratiform cloud as well as anvil cloud associated with
deep convection. In addition to the prognostic rain and snow
precipitation from the stratiform scheme, there is also a diagnostic convective core precipitation from the convection
scheme. A sub-grid precipitation fraction is diagnosed within
the model but this was not available as output for this study,
so this hydrometeor fraction is missing when comparing to
the “cloud fraction” derived from the 2C-ICE product. However, for the ice water content comparison, a snow water content derived from the convective core snow flux is added to
the stratiform cloud ice and snow water contents in order to
be more representative of the total hydrometeor content observed in the 2C-ICE dataset. Note that while both stratiform
cloud ice and precipitating snow are considered in the radiation calculations, the convective core snow is not.
Atmos. Chem. Phys., 13, 12043–12058, 2013

In this study a subset of variables is compared with the
observed retrievals. They are RR, UTH, cloud fraction, ice
water content, OLR, and albedo. The surface precipitation
used in this study is the sum of the stratiform and convective
precipitation. UTH is taken as the grid-box mean relative humidity with respect to ice. Albedo, α, is calculated as
α = 1−

SWnet
,
SWin

(1)

where SWnet is the model’s TOA net (incoming minus reflected) short-wave radiation, and SWin is the product of
the solar constant and the cosine of the solar zenith angle.
Albedo was derived for zenith angles between 0◦ and 85◦ .
Inclusion of higher angles was found to give less stable results.
The radiation and precipitation variables are accumulated
fields over the three hourly output frequency time, and they
are converted to mean values and rates, respectively, by division with the output frequency. Non-accumulated variables
are interpolated to the centre of the time steps in order to
match the accumulated variables.
3

Method

In this study, the core idea of ZH09 is maintained, but the
methodology has been modified in some aspects. The motivation for changes arises from the fact that the selection
of a DC system in ZH09 ignored the potential for crosscontamination of the time bins, which may have caused an
unintentional smoothing of the results, and that their definition of the background state included the anomaly itself. Following a recommendation in ZH09, the spatio-temporal window is increased. This section summarises the ZH09 method
and the adjustments made in this study.
3.1 Zelinka and Hartmann (2009)
ZH09 used data from polar orbiting satellites to assess atmospheric effects of DC systems during the period 2003 to
2005 for a part of the equatorial Pacific Ocean (5◦ to 15◦ N
and 120◦ to 160◦ E). Identification of a DC system’s centre
was done by using RR from the TMPA dataset (same version
as used here). This multiple-satellite dataset allows for the
identification of DC system centres with a spatial and temporal resolution of 0.25◦ and 3 h, respectively, though ZH09
analysed TMPA after first averaging the data to 1◦ resolution.
Candidates for DC systems were selected from RRs exceeding the 90th percentile (> 1.6 mm h−1 ), which contributed about 57 % of the total RR > 0 for that region and
period 2003 to 2005. Adjacent grid spaces containing RRs
exceeding the threshold were averaged into one distinct realisation. This method assumes that the selected RR values,
now taken as the centre point in both space and time for peak
convection, coincides closely with the strongest convection.
www.atmos-chem-phys.net/13/12043/2013/
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A typical DC system can cover thousands of km2 , and
the resulting effects on the atmosphere extend over even
larger areas. Accordingly, ZH09 considered a geographical area of size 11◦ × 11◦ around the “centre” of each
DC system over a time range of ±24 h divided into time
bins separated by 3 h. They calculated the mean of all data
from satellite passes falling into each spatio-temporal bin
over the 3 yr period, resulting in a composite depicting the
mean evolution of the DC systems observed. This averaging compensates for the fact that a specific DC system is
observed by a Sun-synchronous sensor, at best, twice every 24 h separated by 12 h. Figure 1 exemplifies the outcome of this averaging process. The OLR data in the panels
are divided into the different satellites, Aqua (a) and Terra
(b), and then by RR, strongest 50 % (c) and weakest 50%
(d), in order to better illustrate some aspects discussed in
Sect. 4.2. In the remaining two panels, the data are combined into a single composite. Equatorial passage times for
Aqua and Terra are 01:30 LST/13:30 LST (local solar time)
and 10:30/22:30 LST, respectively.
3.2

Modifications of the methodology

The selected geographical area for the study is bounded by
±15 in latitude and 140 to 260◦ E in longitude. A sub-area
around New Guinea is masked out in order to avoid landbased convection that has a different diurnal cycle. The region described is used for selecting the centre points of DC
systems, but the data that are compiled can extend outside the
given boundaries. The time period used is 2007 to 2008. The
relative time window is set to ±48 h, and the spatial window
of the composite mean is set to 21◦ × 21◦ . When displaying the plots of the spatial mean and the anomaly, the window size is often reduced in order to better focus on the DC
system’s signature. The orientation of each composite and
anomaly plot is north to south and west to east such that the
latitude and longitude values are set to −10◦ to 10◦ from the
DC centre values.
There are cases when two or more RR values above the
threshold occur in adjacent space or time bins and are highly
likely part of the same convective system. Selecting such DC
systems would result in overlap in the time dimension and
introduce a smoothing effect. This is solved by sorting the
DC systems in order of decreasing RR. The position of the
highest RR is classified as a DC system centre, and all other
RRs within 12◦ × 12◦ and ±18 h are removed from the processing chain. The highest remaining RR becomes a new DC
system centre and so forth.
Using the satellite RR retrievals, a centre point for each of
the most intense DC systems inside the region is determined,
in both time, t0 , and space, (x0 , y0 ). This is followed by a processing of data from a range of satellite sensors. Each satellite observation, at (xs , ys , ts ), contributes to the final average
for the relative time (1t), latitude (1y) and longitude (1x)
bin encompassing (1x, 1y, 1t) = (xs − x0 , ys − y0 , ts − t0 ).
www.atmos-chem-phys.net/13/12043/2013/
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That is, the satellite data are averaged according to the time
and geographic distance to the DC system centre points. The
temporal bins are 3 h apart, with −48 h and 48 h as the first
and last bins respectively. With the exception of the TMPA
dataset, which is re-sampled to 1◦ , the latitude and longitude
bins are ≈ 0.7◦ wide and have a total coverage of ≈ 21◦ in
each dimension.
3.3

Expanding the study

A largely different set of sensors is considered in this study
that both complements the results already reported in ZH09
and also simplifies the comparison with models. Cloud interference is not only an inherent issue for satellite sounding
but also complicates strongly the comparison to model data.
For this reason, “all sky” OLR has been chosen instead of
the “clear sky” OLR. Also, an additional extension to this
study is the examination of a DC system’s effect on the TOA
net short-wave radiation through its effect on albedo. In addition, UTH is taken from microwave observations rather than
from Atmospheric Infrared Sounder (AIRS). This is motivated by the need to reduce cloud interference in the data because the AIRS retrieval rejects scenes with a cloud fraction
> 70 % (John et al., 2011; Liang et al., 2011). Rather than using passive cloud retrievals, as in ZH09, this study employs
the active sensors on-board CloudSat and CALIPSO to derive cloud fraction and cloud ice water content.
The modified ZH09 approach is applied to evaluate the
evolution of deep convection in a GCM. DC systems inside
the model are also identified using RR. We ensure that only
convection generated by the model’s deep convection scheme
are chosen by using a diagnostic flag that identifies when this
particular scheme is active. The model and TMPA are processed in their native grids using different thresholds for the
DC systems’s RR because of the difference in their peak RR
intensities. The maximum RR in the model is ≈ 10 mm h−1 ,
while in the TMPA dataset it is ≈ 70 mm h−1 . Taking the 90th
percentile of each RR source results in a much larger TMPA
sample size than for the model. The TMPA sample would in
this case introduce a bias towards the weaker cases. This is
solved by taking the strongest 11 000 cases in each dataset.
Matching the sample size removes the need to consider the
different RR intensities and removes sampling biases.

4

Results and discussion

In comparison to earlier works (ZH09; Horváth and Soden,
2008; Soden, 2004), this study takes a step forward by extending both the temporal and horizontal coverage. Perhaps
the most important aspect is the extension backward in time
to obtain a more robust estimate of the background state. On
the other hand, there exist studies following the detrained air
over five days using trajectories estimated by wind data taken
from models (Luo and Rossow, 2004; Wright et al., 2009),
Atmos. Chem. Phys., 13, 12043–12058, 2013
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Fig. 2. Probability density functions (PDFs) (top) of the total precipitation over the central Pacific region. The curves are normalised by
2: Probability
density
functions
(top)
of the
total of
precipitation
overTMPA
the central
Pacific
dividing the Fig.
total number
of cases in
each bin
by the bin(PDF)
size and
the total
number
valid data points.
in its native
resolution (red
curve), re-sampled to 1◦ (green curve) and 2◦ (black curve), and the model (blue curve). Bivariate PDF of TMPA’s DC systems (bottom left)
region. The curves are normalised by the dividing the total number of cases in each bin by the bin
per LST, while the bottom right panel is the same but for EC-Earth. Note the different x axis ranges.

size and the total number of valid data points. TMPA in its native resolution (red curve), re-sampled
to 1° (green
curve) and 2° (black curve), and the model
curve). Bivariate
of TMPA’s
DC aliasing is
Averaging
considerations
lites(blue
are, therefore,
reflectedPDF
in the
results. This
1, where
from
twothe
different senapparent
Fig.
systems (bottom left) per LST, while the bottom right
panel isinthe
same
but foraverages
EC-Earth.
Note
sors
are
compared.
For
CERES
Aqua,
discontinuities
in the
With the exception
the TMPA
differentof
x-axis
ranges.dataset, all satellites used
time
series
are
seen
at
−12
h,
0
h,
and
12
h,
while
for
CERES
in the study are in Sun-synchronous orbits. A sensor in such
Terra this pattern is shifted to −15 h, −3 h, and 9 h. This is
an orbit performs measurements around the Equator at two
consistent with the fact that Terra has an ascending node that
fixed local solar
are twelve
apart.
ConseThetimes
PDF that
of TMPA
DC hours
systems
(lower
left plot) over 24 h shows a predominance from late
is 3 h earlier.
quently, the spatio-temporal occurrence of peak convection
Aliasing
effects
much less
pronounced
evening,
∼
21
h
to
mid
morning
the
next
day,
∼
9
h.
From the
earlyare
morning
maximum
PDFinofthe results of
becomes significant because the peak occurs at night and ocZH09,
despite
the
fact
that
they
only
used
from sincupies a small
diurnal cycle.
Thissystems
means that
some during the day to a clear minimum arounddatasets
∼ 2part
%, of
thethefrequency
of DC
decreases
18 h.
gle
Sun-synchronous
satellites
(TMPA
excluded).
As
seen in
time bins will be preferentially influenced by DC systems.
Mapes
and
Houze
(1993),
using
infrared
satellites
to
classify
”cloud
clusters”,
found
a
shift
in
the
Fig.
3,
at
the
geographical
centre
point,
a
high
RR
is
mainThus, an aliasing effect is created between the sampling of
tained
between
at
least
−3
h
and
3
h.
In
ZH09
the
RR
data
the Sun-synchronous
and the diurnal
cycle
of horizontal
conpeak timessatellites
of DC systems
based on
their
coverage (intensity). We do not see this shift
were
analysed
for
each
time
bin
in
isolation
(Sect.
3),
and
it is
vection. The overpass times of the Sun-synchronous satel4.2

www.atmos-chem-phys.net/13/12043/2013/

11

Atmos. Chem. Phys., 13, 12043–12058, 2013

12050

M. S. Johnston et al. 2013: Part 1: A methodology for evaluating climate models

likely that many persistent, intense convective systems were
each inserted as separate DC systems, causing the same ones
to be sampled multiple times and smoothing out aliasing. The
area selected by ZH09 includes convection over land, that has
another diurnal cycle, which can also affect the results.
4.3

Spatial patterns

The spatio-temporal evolution of RR (TMPA re-sampled to
1), UTH, cloud ice water content, cloud fraction, albedo, and
OLR are shown in Figs. 3 and 4. Figure 4 shows the anomalies isolated from the background state for a subset of the
variables that are least noisy. The background state is taken
as the zonal mean over the first twelve hours of the composite period. More precisely, for each latitude, the mean
state is computed as the average over all longitude bins of
the −48 h to −39 h time bins. Because ZH09 computed the
background state as the average over all horizontal bins for
the entire composite period, it included the anomaly and was
therefore perturbed from a true background state. One must
bear in mind that the horizontal extent of the anomaly is the
mean of the 11 000 cases and does not represent a single DC
system. In this section the words “mean” and “anomaly” will
refer to Figs. 3 and 4 respectively.
4.3.1

Observations

High RR means are strongly focused around the DC systems
centre point, and significant deviations from the background
state are confined to ±6 h, ±2◦ in latitude and ±3◦ in longitude. The region of elevated mean RRs shows a shift, i.e.
“propagates”, westward at ≈ 4 m s−1 . This region of higher
RR is better illustrated in the anomaly plot (Fig. 4) where
a somewhat symmetrical pattern, in time, of change in RR
is evident and centred around the time of peak convection.
ZH09 also identified a mean westward movement of about
≈ 6 m s−1 , which is consistent with the movement of synoptic disturbances observed in the ITCZ (Reed and Recker,
1971). An extended discussion of this movement is given in
Sect. 4.4.3.
A general feature common to all the observations is the
presence of an eastward-sloping gradient in the results. The
geography of the region chosen for this study sets the Tropical Warm Pool, a region known for having the highest occurrence of tropical convection, in the western-most portion of
the box. This gradient of higher values to the west is therefore
the result of the fact that a higher activity of deep convection
is found there. One can clearly see this gradient in Figs. 1
and 3 and later on in Fig. 4.
The AMSU data show an area of increased mean UTH
at about 0 h. The horizontal extent of the core of the DC
system continues to increase radially after peak convection
until about 6 h. At this point in time, the feature covers
≈ 3 × 104 km2 . Afterwards, the core begins to decrease in
humidity and expansion of the UTH is seen only radially unAtmos. Chem. Phys., 13, 12043–12058, 2013

til the anomaly extends beyond the grid box after 15 h. Therefore, the true extent of the anomaly and its magnitude remain
undetermined. Locally, UTH can be elevated to about 40 percentage points above a background state of ∼ 45 %.
The cloud ice water content and cloud fraction results
are noisy. Although CloudSat and CALIPSO provide a high
number of observations, the atmospheric volume sampled
is roughly three orders of magnitude smaller than for passive instruments. This is due largely to the sensors’ respective swaths, which are ∼ 2 km for CloudSat and 2300 km for
AMSU-B. This gives a much smaller sampling coverage for
instruments with narrow swaths. In addition, the time series
are also disturbed by aliasing. The cloud fraction and cloud
ice content are lower at −12 h, 0 h, and 12 h than for the adjacent time bins. For these reasons cloud ice water content
and cloud fraction variables are not included in Fig. 4. While
these variables are problematic, they still offer an opportunity to get an idea of the 3-D atmospheric response, which
will be taken up in Sect. 4.4.1.
A peak in the albedo (≈ 0.43) occurs sometime around
3 h. There is a drop in mean OLR caused by the DC systems’
clouds that culminates around 3 h at ≈ 80 W m2 . Moreover,
there is a distinct broadening of the spatial extent of the OLR
anomaly after peak convection, and this is also seen in the
CF. The spreading of the CF and OLR is not reflected in
the albedo, which suggests a reduction in the cloud optical
thickness radially from the centre of the DC systems’ core,
but with a stronger gradient latitudinally.
4.3.2

EC-Earth

This section discusses the use of the ZH09 method to evaluate DC systems’ evolution in the GCM EC-Earth. The
model’s performance is discussed and its representation of
DC systems is highlighted within the capability of this compositing method. We also underscore the value of the technique for model evaluation as complementary to more traditional comparisons of temporal averages, since it provides
a more targeted analysis of the deep convective processes in
the model. Part 2 of the study will go a step further and extend the comparison to include two other prominent models.
The compilation of model data is relatively straightforward, as the data are continuous in all dimensions, with the
exception of albedo. Consequently, no aliasing effect is seen
in the other variables. The RR shows a similar symmetry
around 0 h to the observations but indicates a mean eastward
movement of DC system. This implies a predominance of
Kelvin waves over easterly waves, in contrast to the observations (Wheeler and Kiladis, 1999; Lin et al., 2008; Hendon
and Wheeler, 2008). More on this in Sect. 4.4.3.
There is a mean background cloud ice content of
∼ 2 to 4 mg m−3 , compared to the observations, which despite being noisy, has mean values up to ∼ 12 mg m−3 . In
the centre of the DC system composite, the cloud ice water content exceeds, locally, 20 mg m−3 at its maximum at
www.atmos-chem-phys.net/13/12043/2013/
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Fig. 3. Composite mean friezes for RR, UTH, IWC, CF, albedo, and OLR. CF and IWC are given for 200 hPa. The time bins between ±18 h
are shown and the spatial size of each plot is a 12◦ × 12◦ box. For each frieze pair, observations are on top and the model is given directly
below.
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3 h with an horizontal coverage of about 4◦ × 4◦ . The model
shows significant decrease of ice by 9 h. The peak in the
mean 200 hPa cloud fraction occurs around 6 h.
Several factors complicate the interpretation of the albedo
response in the model. The derivation of albedo is limited to
daytime and is greatly affected by the solar zenith angle as
well as the representation of the DC systems’ diurnal cycle
in the model. There is a nighttime peak, with a long duration of several hours, in the cycle of the observations (Fig. 2,
lower right plot). The model misses the duration of early
morning peak, and even the PDF during the daylight hours
is lower than what is observed. With so many DC systems
occurring at night, not enough time bins will have daylight.
This creates an especially strong dependence on the accuracy
of the model’s diurnal cycle representation. Furthermore, the
EC-Earth configuration chosen for this study is close to that
submitted to the fifth phase of the Coupled Model Intercomparison Project. In this configuration the radiation scheme
is called every 3 h, rather than 45 min (the model time step
used for this study), and the radiation calculations are done
on a coarser horizontal grid before being interpolated to 0.7◦ .
Thus, the diurnal cycle generated will be based on fewer temporal and horizontal grid points as well as involving interpolation. This treatment is a computational trade-off that could
contribute to the differences with respect to CERES (Fig. 3).
One way to separate the effects of the model’s representation
of the diurnal cycle of DC systems and their radiative effects
is to restrict the solar zenith angle. This limitation produces
much more stable results that match more closely the observations. Therefore, what is seen in Figs. 3 and 4 is model
albedo restricted to cases where the solar zenith angles are
≤ 45◦ .
While many of the oscillatory effects have been removed
by the solar angle restriction, the model albedo still misses
much of the extent and timing of the elevated reflection
caused by the deep convective clouds. A maximum albedo
of ∼ 0.35, somewhere between 3 and 6 h, is significantly less
than the ∼ 0.5 observed by CERES. Also, some time bins,
−9 h and −6 h, for example, show a slightly higher albedo
that is latitudinally broader than observed. This suggests that
there are too many clouds being produced and/or that the optical depth of clouds, away from the DC systems, is too high.
This results in a higher background albedo in the model than
seen in the observations. Consequently, the anomaly seen in
Fig. 4 is of much smaller spatial extent and weaker in intensity than what is observed by CERES.
The model’s minimum in OLR occurs from around 3 h to
6 h, which is in good agreement with CERES, although the
drop in the core of the DC system is seen approximately 3 h
earlier in the observations. The composite shows that both
the model and observations report a mean DC system whose
effect on the OLR is of similar horizontal size and magnitude.

Atmos. Chem. Phys., 13, 12043–12058, 2013

4.4

Spatially averaged anomaly time series

The time evolution of geographically averaged anomalies
is shown in Figs. 5 and 6. The domain size for this additional averaging is set to ±6.5◦ latitude and ±10.5◦ longitude (Fig. 5) and ±3◦ latitude and ±10.5◦ longitude (Fig. 6)
of the centre point. This is done in order to avoid including
areas outside the impact region of the convection and to better focus on the core of DC system. The background state
is taken as the mean of the first four time bins, which is to
say from −48 h to −39 h. The evolution of domain average
albedo, OLR, UTH, and RR anomalies over 96 h is shown in
Fig. 5, while vertical profiles of spatial-mean cloud ice water content and cloud fraction are shown in Fig. 6. The 2CICE dataset is excluded from the results displayed in Fig. 5
because of relatively poor sampling, as seen in the cloud ice
water content and cloud fraction panels of Fig. 3. Rather than
exhibiting relatively smooth and monotonic growth and decay, the spatial average anomalies, with the exception of the
TMPA RR, tend to be rather oscillatory in both the observations and model, with several local minima and maxima notable in the UTH, OLR, and albedo curves. These features,
which in many cases are likely sampling artefacts, complicate attempts to objectively quantify the anomaly’s exact
magnitude, onset, and duration.
4.4.1

Observations

Figure 5 shows that the mean RR anomaly, at its most
intense, rises ≈ 0.09 mm h−1 above the background state.
There is a monotonic increase of the RR starting from about
−15 h to peak convection and decreasing in a similar manner up to 15 h. The OLR and UTH anomalies’ changes are
negatively correlated; however, the UTH seems to peak a bit
later than the OLR minimum at ≈ 18 h, at about 3 percentage
points above the background state. Similar to the OLR, the
UTH anomaly lasts for a longer time after peak convection.
However, while the OLR tends towards complete relaxation
close to 48 h, the UTH seems to achieve this sometime thereafter. The OLR anomaly reaches its minimum at about 3 h
with a value of ≈ −8 W m2 . Finding a maximum albedo is
hampered by the aliasing artefacts discussed earlier, but this
variable shows a response to the changes in clouds prior to
and post peak convection.
Figure 6 shows the temporal evolution of the 2C-ICE
spatially averaged and smoothed profiles of cloud fraction
anomaly (left column) and cloud ice water content anomaly
(right column) between 500 and 100 hPa. The maximum
of the cloud fraction occurs about 5 h after peak convection, but, for ice water content, this occurs sometime around
peak convection. Cloud fraction anomaly response is greatest (∼ 7 percentage points) at pressures ≤ 300 hPa, but there
is also a clear response at pressures ≥ 300 hPa reflecting the
core of the convective event. In contrast, the largest cloud
www.atmos-chem-phys.net/13/12043/2013/
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Fig. 5. Observed (solid) and modelled (dashed) anomalies in albedo, OLR, UTH, and RR, averaged over a region spanning ±6.5◦ latitude
and ±10.5◦ longitude of the composite centre point. The background state (i.e. the zero level) is taken as the average of −48 h to −39 h.

precipitation flux to ice water content using an assumed constant fall speed. The signature of the DC system ice water
content anomaly in the model (Fig. 6) extends into the upper
troposphere to similar levels as the observations and, at a ratio of about one to three, injects less ice at the higher altitudes
than seen in the 2C-ICE data. Ice reaching levels from 200 to
150 hPa persists for ∼ 20 h, which is shorter than the observations. The timing of the cloud ice water content maximum
is situated around 0 h, slightly earlier than in the observations, but there is also a distinct diurnal cycle with secondary
maxima at ±24 h not seen in the observed ice water content
anomaly. It is clear from the lower left panel of Fig. 6 that
the model’s diurnal cycle of convection is stronger in than
observed, and the duration of the diagnostic convective ice
flux, present only when the deep convection parameterization is active, is limited, leading to the distinct separation of
ice water content maxima in time.
4.4.3

DC systems propagation

We have seen in many of the upper-tropospheric variables a
distinct movement of the DC systems’ anomaly, within the
Eulerian framework, throughout the composite period. Previous studies have identified this propagation as being associated with equatorially-trapped waves, mainly Kelvin and
equatorial Rossby waves. These waves are excited by DC
systems and their interaction contributes directly to the observed atmospheric variability in tropics (Žagar et al., 2004;
Bechtold et al., 2008). Tropical waves propagate zonally with
time, but their interaction with tropical convection is complex
(Wheeler and Kiladis, 1999; Hendon and Wheeler, 2008, and
references therein). While Kelvin waves propagate eastward,
equatorial Rossby waves move in the opposite direction and
tend to be the slower moving of the two. A robust investigation of the interaction of equatorially trapped waves and
Atmos. Chem. Phys., 13, 12043–12058, 2013

convection is beyond the scope of this study; therefore, these
waves will be mentioned only in relationship to the “propagation”, defined as the net movement with time of the local
maximum rain rate.
In the observations, the motion is distinctly westward, indicating interaction with equatorial Rossby waves. However,
the zonal elongation of the anomaly, seen in Fig. 4 (top-most
panel), suggests that some DC systems also move eastward,
even though these are few and do not seem to be the most
intense. The nature of the compositing technique results in a
shifting of the local maximum RR in the direction the majority of the DC systems moved. One method to better highlight
the statistical motion of the DC systems is the use of a time–
longitude plot of the DC system composite mean. The results
are depicted in Fig. 7.
Two major points are seen in Fig. 7. The first is the obvious
westward motion of the precipitation maximum with time in
the observations (dashed red line), but an eastward propagation in the model (dashed black line). The model does seem
to show some precipitation “tracking” westward (dashed red
line) in a similar direction as observed, but the eastward propagation of DC systems is clearly dominant. This suggests
that precipitation propagation associated with Kelvin waves
are dominating in the model while equatorial Rossby waves
are dominating in the observations. Also, the model seems
to trigger precipitation earlier than in the observations. This
can be seen in the right panel of Fig. 7 as EC-Earth appears
to initiate precipitation simultaneously across a broad region.
In the TMPA dataset, the precipitation is more focused and
initiates about 3 h prior to peak convection. The second point
is the diurnal cycle of the precipitation anomaly, which is
stronger in the model than in the observations. In addition,
there is a slow westward progression of the diurnal anomalies
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Fig. 6. Observed (top row) and modelled (bottom row) anomalies
in (left column) IWC and (right column) CF, averaged over a region spanning ±3◦ latitude and ±10.5◦ longitude of the composite
centre point. The background state is computed in the same manner as Fig. 5. The 2C-ICE plots are smoothed used a running mean
window of 12 h.

in the model (dashed orange line), which is not apparent in
the TMPA dataset.
5

Summary and conclusion

Evaluation and continued development of climate models require novel approaches for confronting GCM output with
observations, especially at the process level. It has already
been shown that models can have, for example, global means
that agree well with observations due to compensating errors
(Stephens et al., 2010; Waliser et al., 2011). It is therefore essential to establish whether the model representation of key
physical processes is correct and evaluate different parts of
the model with different evaluation techniques.
The use of multiple satellite sensors for GCM evaluation
gives us the opportunity to try to answer more questions
about moist and in-cloud processes, particularly in the upper troposphere. In this study, one methodology for examining the evolution of DC systems is modified and applied to
a climate model. Tropical deep convection is the main focus,
but the method should be applicable to all convection of a
localised nature.
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The ZH09 study has been improved by expanding the
filtering of DC systems to the time dimension, which reduces multiple sampling of a single event but unfortunately
exposes the method’s vulnerability to aliasing effects, especially when relying on single Sun-synchronous satellites
such as CloudSat. This problem can be addressed by using
datasets consisting of data from multiple satellites, such as
the AMSU dataset. Unlike in ZH09, the background state
is computed from the first 4 time bins, −48 h to −39 h. We
would remind the reader that some averages discussed here
are averages of the composite mean taken over more focused
regions relative to the DC systems’ centre. This is done to
better highlight features of the convective core. Anomaly averages are calculated using ±6.5◦ latitude and ±10.5◦ longitude for Fig. 5 and ±3◦ latitude and ±10.5◦ longitude for
Fig. 6.
The observed DC systems move westward at about 4 m s−1
on average. DC systems humidify the upper troposphere,
causing an increase in RH that peaks around 20 percentage points above background levels locally (Fig. 4). Elevated
UTH persist for at least 48 h following peak convection. Values of UTH and OLR cover a large horizontal area that
broadens after peak convection. The albedo anomaly shows
significantly narrower horizontal extent than both the OLR
and UTH. A maximum in the cloud fraction anomaly (∼ 7
percentage points) is reached between 500 and 150 hPa at
around 5 h and the anomaly, in total, persists for over 50 h.
For cloud ice water content, a maximum ∼ 20 mg m−3 , is
concentrated around 0 h and at levels close to 450 hPa.
The diagnosis of convection in EC-Earth shows that, despite some differences, the model is able to capture the essential signatures of the DC systems’ anomaly, in good agreement with the observations. The upper-tropospheric humidity anomaly (%RHi ) peaks about the same time as the AMSU
dataset and indicates a similar ∼ 2 percentage point maximum. However, when looking at the composite means, the
humidity can rise above 80% locally, which is ∼ 10 percentage points above the observations.
The model’s mean and anomalous OLR are in good agreement with the observations. The albedo anomaly also follows
the general pattern of the observations, but its magnitude is
significantly underestimated. The upper-tropospheric effects
of convection in the model last about 24 h, but the convective
precipitation core does not last as long as in the observations
and the model has a more pronounced repetition in the precipitation pattern. The model under-represents cloud fraction
at pressure levels > 350 hPa. This is at least partially because
the observations include cloud ice particles and precipitating
hydrometeors, whereas the model cloud fraction does not include the contribution from precipitating stratiform or convective snow. The vertical profile of the model’s cloud fraction anomaly indicates that most of the clouds generated by
its DC systems are concentrated at pressures ≤ 300 hPa and
persist longer than 48 h in total. The cloud ice water content anomaly in the model is similar to the observations but
Atmos. Chem. Phys., 13, 12043–12058, 2013
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Fig. 7. Hovmöller diagrams of RR centred on composite DC systems, for (left) TMPA observations and (right) EC-Earth simulations. The
lines drawn on the figures are visual aids indicating the various directions of motion discussed in the text.

is spatially much smaller, as the model’s maximum can be
found at pressure levels greater than 500 hPa, whereas the
observations’ maximum anomaly occurs from about 350 to
500 hPa.
The propagation in the composite mean of the DC systems in the model is opposite to the observations. This suggests that Kelvin waves interact more with DC systems in
the model, thereby creating the appearance of an eastward
movement. Figure 7 shows that the model initiates convection early across a broad region, ∼ 16◦ longitude, focuses
the convection area as time approaches peak convection, and
then relaxes the precipitation again across a similarly broad
area. Furthermore, the model triggers new convection in a
manner that places the next event more to the west than the
previous. Finally, precipitation in the observations is much
more localised than in the model.
The extension of the ZH09 methodology to a climate
model enables one to deduce the mean atmospheric response
to convection. For example, the mean horizontal extent of
anomalies and their magnitude can be ascertained and are
directly comparable with satellite estimates. However, direct
objective analysis of the model anomalies is hampered by oscillatory patterns in the time series of many of the variables.
Nevertheless, this study can be compared to the seasonal averages of, for example, layered cloud fraction over the western Pacific (e.g. Johnston et al., 2012, Fig. 4), or temporally
averaged OLR as in Waliser et al. (e.g. 2011, Fig. 2b). While
these figures can highlight regions where the model and observations disagree, they do not point to an underlying cause.
The compositing method discussed in this study brings the
evaluation process a step closer to the model’s internal pro-
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cess, which must first agree with observations in order to increase model fidelity.
This study is a demonstration of the use of compositing
satellite data of DC systems from polar orbiting sensors for
evaluation of climate models. Much more can be done with
this technique, such as employing the use of satellite simulators and a more thorough investigation of the interaction
between equatorially trapped waves and DC systems. These
issues, along with application of the methodology to other
climate models, and other regions, will be the topic of Part 2.
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