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Abstract. An earlier method to determine the mean responseThe model captures the large-scale responses, most notably
of upper-tropospheric water to localised deep convective sysfor outgoing longwave radiation, but there are a number of
tems (DC systems) is improved and applied to the EC-Eartiimportant differences. DC systems appear to propagate east-
climate model. Following Zelinka and Hartmann (2009), sev-ward in the model, suggesting a strong link to Kelvin waves
eral fields related to moist processes and radiation from varinstead of equatorial Rossby waves. The diurnal cycle in the
ious satellites are composited with respect to the local maximodel is more pronounced and appears to trigger new con-
ima in rain rate to determine their spatio-temporal evolutionvection further to the west each time. Finally, the modelled
with deep convection in the central Pacific Ocean. Majorice water content anomaly peaks at pressures greater than
improvements to the earlier study are the isolation of DC500 hPa and in the upper troposphere between 250 hPa and
systems in time so as to prevent multiple sampling of the500 hPa, there is less ice than the observations and it does not
same event, and a revised definition of the mean backgroungersist as long after peak convection. The modelled upper-
state that allows for better characterisation of the DC-systemtropospheric cloud fraction anomaly, however, is of a com-
induced anomalies. parable magnitude and exhibits a similar longevity as the ob-
The observed DC systems in this study propagate westservations.
ward at~ 4 msL. Both the upper-tropospheric relative hu-
midity and the outgoing longwave radiation are substantially
perturbed over a broad horizontal extent and for periods
> 30h. The cloud fraction anomaly is fairly constant with 1 Introduction
height but small maximum can be seen around 200 hPa. The
cloud ice water content anomaly is mostly confined to pres-The impact of tropical deep convective (DC) systems on the
sures greater than 150 hPa and reaches its maximum arourPPer troposphere and their overall effect on the global cli-
450 hPa, a few hours after the peak convection. Consisteriate remain important areas of uncertainty. Deep convective
with the large increase in upper-tropospheric cloud ice wa-activity plays a vital role in the vertical transport of moisture
ter content, albedo increases dramatically and persists abo@d aerosols into the tropical upper troposphere and greatly
30 h after peak convection. influences the temperature lapse rate, humidity profile, and
Applying the compositing technique to EC-Earth allows the properties of clouds. Typically lasting 24 h, DC sys-

an assessment of the model representation of DC system&ms exhibit horizontal coverage that can span up to thou-
sands of square kilometreMépes and Houzel993 and
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provide a substantial source of precipitation in the tropics.surface is strongly absorbed by cloud®lin et al. 2011
Such a wide range of interaction leads to DC systems havind.iang et al, 2011). These sensors lack the ability to pene-
a significant impact on the top-of-atmosphere (TOA) radia-trate clouds and as such effectively report information only
tion balance via the generation of broad cirrus cloud shieldsfrom the upper-most part of clouds. On the other hand, the
The impact of deep convection on upper-tropospheric wa-high temporal resolution of geostationary data allows for the
ter has been studied, for example, bapes and Houze tracking of the horizontal movement of humidity patterns and
(1993, Webster et al.(1996, Chen et al.(1996, and the cirrus anvil generated by DC systerS®¢ien 2004).
Chen and Houz€1997 (including references therein) using  Polar orbiting satellites, in contrast, offer a much wider
infrared-derived cloud-top temperatures to identify tropical range of observation sensors, including measurements at mi-
convective activity that reaches high in the atmosphere. Othecrowave wavelengths having a better cloud penetration ca-
studies regarding tropical deep convection have been morpability. A major drawback of observations from polar or-
focused on investigating the interaction between DC systemsiting systems is the long time span between data acquisi-
and atmospheric variables, their effect on the incoming andions, a problem especially pronounced for low-latitude re-
outgoing radiation, as well as the transport of moisture intogions Kirk-Davidoff et al,, 2009. Thus, they do not allow
the upper tropospher&ién et al, 2004 Soden 2004 2000. for the horizontal tracking of the time evolution of indi-
Both Lagrangian $oden 2004 and Eulerian Zelinka and  vidual convective systems or other atmospheric processes.
Hartmann 2009 techniques have been used to investigateHowever, mean responses of such systems can be derived,
various aspects of DC systems, including the diurnal cycleas shown byField and Wood2007) andZelinka and Hart-
(Eriksson et a].2010. mann(2009 hereinafter ZH09). In ZH09, the anomalous re-
The representation of tropical variability and its impact on sponse of moist processes to deep convection, against an es-
the global atmosphere is an area of concern in climate protablished background state, was ascertained. The approach is
jections from global climate models (GCMs). From a mod- based on an objective identification of reference points cen-
elling perspective, problematic aspects often arise from thdred in space and time on maxima in satellite-derived rain
fact that convection acts on sub-grid scales and interacts withates (hereafter the term “DC system centre” refers only to
other atmospheric phenomena on a broad spatial and tenthe point of maximum rain rate (RR) and not the spatial cen-
poral scale Bechtold et al. 2008 Gerard et al.2009. In tre of a DC system). Data from numerous satellite overpasses
most current GCMs, such processes are handled implicithyare then averaged, according to the distance in time and space
by various parameterizations that can generate considerabte the identified DC system’s centre point, and a two- or
modelling uncertainties. Consequently, GCMs are constantlfthree-dimensional structure of different variables’ response
being evaluated as a means of addressing and reducing unceés-obtained. An individual event will be sampled for only a
tainties. Previous studies regarding the evaluation of GCMdew time bins and maybe for only part of the area consid-
using observations tend to employ straightforward seasonakred, but when averaging over thousands of DC systems the
or annual, means; therefore, they have an inherent time resanean patterns emerge. The data are averaged following the
lution of months or longer. However, at such timescales itdistance to fixed points. This compositing approach is advan-
is difficult to assess the realism and identify errors of in- tageous as it retains properties of individual DC systems that
dividual processesStephens et al2010. Evaluations of  would be lost in traditional spatial, or temporal, averaging
GCMs on shorter timescales are not as prevalent becausend creates high temporal resolution results that are able to
of the limited availability of suitable observational datasets. highlight aspects of atmospheric variability directly affected
While there are some observations with a temporal resolutiorby DC systemsKield and Woog2007).
on the order of hours, these are usually from ground-based In this study, the ZH09 compositing technique is extended
stations (for example, the Atmospheric Radiation Measureto diagnose convection-related and large-scale internal pro-
ment ProgramQian et al, 2012, or from very shortresearch cesses in the climate model, EC-Earth. This study is pre-
campaigns, with limited regional and/or temporal coverage,sented in two parts. This first part re-examines the identifi-
e.g. Aerosol Radiation and Cloud Processes affecting Arc-cation of the convective centre points employed in the ZH09
tic Climate (ARCPAC) and Airborne Tropical TRopopause study, presents data compilations not included in the ZH09
EXperiment (ATTREX). Finally, GCMs are currently being study (CloudSat-CALIPSO, Advance Microwave Sounding
evaluated with the aid of satellite simulators. Such evalua-Unit B, Microwave Humidity Sounder, Cloud and Earth Ra-
tions are often concerned with clouds and cloud feedbacldiant Energy System), and demonstrates the utility of the
processesBodas-Salcedo et al2008 Nam et al, 2012 method for diagnosing EC-Earth’s spatio-temporal evolu-
Klein et al, 2013. Currently, satellite simulators in models tion of deep convective processes over the central Pacific.
do not offer the full range of sensors included in this study. In Part 2, the methodology is also applied to the ECHAM6
Studies of DC systems often rely on data acquired usingand CAM5 models patrticipating in CMIP5 in a model inter-
geostationary sensors that operate in the infrared (IR) and/ocomparison and over both land and oceanic regions.
visible part of the spectrum. Visible sensors are daytime only,
and infrared radiation emission from the atmosphere and the
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2 Data threshold, along with a filter considering tlig difference to
the neighbouring channels (19 or 20 for AMSU, and 4 or 5
2.1 Observations for MHS).
Since data from several satellites are used, inter-satgjlite
2.1.1 Surface precipitation biases become an issue. Such biases have been investigated

by John et al(2013 and found not to be so significant as to
Surface precipitation data, expressed as rain rate in Tnh prevent the combination used in this study. For the remainder
are taken from the TRMM Multi-satellite Precipitation Anal- of this study, this UTH dataset will simply be referred to as
ysis (TMPA) 3B42 version 6/6A dataset. A description of the AMSU.
dataset is given biduffman et al.(2007). Briefly, the dataset
is a combination of multiple precipitation estimates from sev-2.1.3 Cloud fraction and cloud ice water content
eral satellite sources, both microwave and infrared, as well
as both geostationary and polar orbiting. Whenever possibleThe nadir-looking CloudSat cloud-profiling radar operates at
surface rain gauges are used to scale the data. These dag GHz with a horizontal resolution of 2km and a vertical
when combined, provide a continuous TMPA hourly RR ev- resolution of 500 m. Since June 2006, the instrument has pro-
ery 3rd hour. Each of these ordinal hours consists of data colvided height-resolved cloud properties, for example, ice wa-
lected within£90 min of each hour. The dataset is provided ter content and cloud fractios{ephens et al2002. Cloud-
on a 025° grid betweent-50° latitude and with a time reso- Aerosol Lidar with Orthogonal Polarization (CALIOP) is a
lution of 3 h. For the purpose of this study, the TMPA datasetspace-borne lidar, on-board the Cloud-Aerosol Lidar and In-
is re-sampled to a°lgrid, which is slightly lower than EC- frared Pathfinder Satellite Observations (CALIPSO) satel-

Earth’s resolution (Sec®.2). lite, that operates at wavelengths 532 and 1064 WimKer
et al, 2007). This study uses the recently developed CloudSat
2.1.2 Upper-tropospheric humidity and CALIPSO Ice Cloud Property Product (2C-ICE), which

combines data from collocated CloudSat 2B-GEOPROF data
Upper-tropospheric humidity (UTH) — defined here as theand the measured attenuated backscattered coefficients from
Jacobian-weighted, average relative humidity with respeciCALIPSO’s 532nm channel. A detailed technical descrip-
to ice (%RH) from 500 to 200hPa — is derived from the tion of the 2C-ICE dataset can be found on the CloudSat
Advance Microwave Sounding Unit B (AMSU-B) and Mi- website:http://www.cloudsat.cira.colostate.edu/datalCDlist.
crowave Humidity Sounder (MHS) sensors on-board oper-php?go=list&path=/2C-ICE
ational satellites run by the National Oceanic and Atmo- The scattering properties at microwave and visible wave-
spheric Administration (NOAA) and the European Organi- lengths lead to very different sensitivities of CloudSat and
sation for the Exploitation of Meteorological Satellites (EU- CALIPSO. Thin clouds consisting of smaller particles are
METSAT). In this study, UTH retrievals are obtained from only detected by CALIPSO, while parts of the atmosphere
AMSU-B on NOAA-16 and NOAA-17, and from MHS on with a thicker cloud layer above are only probed by Cloud-
NOAA-18 and MetopA (all satellite observation angles in- Sat. The vertical extension of the overlapping region between
cluded). The AMSU-B/MHS sensors have a swath of aboutthe two instruments differs depending on several cloud vari-
2300km with a footprint resolution, at nadir, of approxi- ables, such as liquid and ice water mass and the associated
mately 20x 16 kn?. At the widest scan angels, the footprint particle size distributions. For the tropical region, the point
is around 64x 52kn?. UTH is retrieved using the bright- where CloudSat and CALIPSO show the same average cloud
ness temperaturdy) at 18331+ 1.00GHz, as described in  frequency is found consistently close to 200hPa, and for
Buehler and Joh(2009. This is channel 18 of AMSU-B and lower (higher) altitudes the CloudSat frequency is, in rough
channel 3 of MHS. The UTH is gridded to match EC-Earth’s terms, a factor two higher (lower) than CALIPSO (Sedn-
horizontal resolution ofs 0.7°. ston et al.2012 Fig. 4).

An important aspect of this dataset is cloud penetration.

The UTH retrieval assumes no scattering, but this normally2.1.4 Radiation
sound assumption begins to break down in a DC system’s
clouds. Ice particles scatter emitted microwave radiation andfOA outgoing longwave radiation (OLR) flux observations
lower theTy, thereby causing an overestimation of UTH. Al- are provided by the Cloud and Earth Radiant Energy Sys-
though these measurements are much less sensitive to cloutean (CERES) sensors on-board the Aqua and Terra satellites.
than those from IR sensordahn et al.2011), scatteringis of  The hourly Single Satellite Footprint (SSF) cloud edition 3A
particular significance in convective regions, and the degrednourly dataset is chosen for this study. This product com-
of scattering is also dependent on satellite viewing anglebines CERES sensor data with information from the Mod-
This is taken into account when screening the data, whicterate Resolution Imaging Spectroradiometer (MODIS) and
involves the use of a cloud filter describedBnehler et al.  the Visible and Infrared Scanner (VIRS) sensors. The level-
(2007. The two-part filter uses a scan-angle-dependgnt 2 SSF dataset is taken from both satellites. Because each
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sensor has been radiometrically inter-calibrated, the two sen- In this study a subset of variables is compared with the
sors can be considered as one. The data are then gridded ¢dserved retrievals. They are RR, UTH, cloud fraction, ice
a regular grid £ 0.7°) following the resolution of EC-Earth  water content, OLR, and albedo. The surface precipitation
(Sect.2.2). An in-depth description of the CERES sensor is used in this study is the sum of the stratiform and convective
given byWielicki et al. (1996 and a discussion of the mea- precipitation. UTH is taken as the grid-box mean relative hu-
surement uncertainty, which is primarily due to calibration midity with respect to ice. Albeday, is calculated as

error and estimated to be abatbWm~2, can be found in

Loeb et al.(2009. Level-2 data do not contain albedo and , _ 1 _ SWhet (1)
therefore this is calculated using a formulation obtained from SWin ’
the CERES team.

where SWet is the model's TOA net (incoming minus re-
flected) short-wave radiation, and $Ws the product of

the solar constant and the cosine of the solar zenith angle.
Albedo was derived for zenith angles betweérafid 85.
Inclusion of higher angles was found to give less stable re-
Its.

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 di-

research/ifsdogs The model configuration has a horizon- © '~ . X
tal grid resolution of~ 0.7° (T255 spectral truncation) and /'>'°" with the output frequency. Non-accumulated variables
are interpolated to the centre of the time steps in order to

91 hybrid pressure-sigma coordinate levels with a model top .
at 01hPa and vertical grid spacing increasing with heightmaltCh the accumulated variables.
(~400m in the upper troposphere). The model time step is

set to 45 min and the output frequency is every 3rd hour.3 Method

Prescribed boundary conditions, such as sea surface temper-

ature, are taken from ERA-Interim monthly means. In this study, the core idea of ZH09 is maintained, but the
Deep convection in EC-Earth is represented with a submethodology has been modified in some aspects. The mo-
grid cumulus convection parameterization. The process igjvation for changes arises from the fact that the selection
described using a bulk mass flux scheme with a pair of enyf 53 pDC system in ZHO9 ignored the potential for cross-
training and detraining (updraught and downdraught) plumes;ontamination of the time bins, which may have caused an
(Tiedtke 1989 Bechtold et al.2004 200§. The model has  ypintentional smoothing of the results, and that their defini-
prognostic variables for cloud liquid, cloud ice (pristine ice tion of the background state included the anomaly itself. Fol-
crystals), precipitating rain and precipitating snow (icé ag-jowing a recommendation in ZH09, the spatio-temporal win-

gregates), in addition to a prognostic sub-grid cloud frac-qq\y is increased. This section summarises the ZH09 method
tion. The stratiform cloud scheme is basedliedtke(1993 and the adjustments made in this study.

with modifications described iRorbes et al(2011). All vari-

ables have sources and sinks from the stratiform microphys3.1  Zelinka and Hartmann (2009

ical processes and detrainment from the convection param-

eterization is also a source of cloud liquid, cloud ice andZH09 used data from polar orbiting satellites to assess at-
cloud fraction. The prognostic variables therefore represenmospheric effects of DC systems during the period 2003 to
both stratiform cloud as well as anvil cloud associated with2005 for a part of the equatorial Pacific Oceah {®& 15’ N
deep convection. In addition to the prognostic rain and snowand 120 to 160 E). Identification of a DC system’s centre
precipitation from the stratiform scheme, there is also a di-was done by using RR from the TMPA dataset (same version
agnostic convective core precipitation from the convectionas used here). This multiple-satellite dataset allows for the
scheme. A sub-grid precipitation fraction is diagnosed withinidentification of DC system centres with a spatial and tem-
the model but this was not available as output for this study,poral resolution of @5° and 3 h, respectively, though ZH09
so this hydrometeor fraction is missing when comparing toanalysed TMPA after first averaging the data tedsolution.

the “cloud fraction” derived from the 2C-ICE product. How-  Candidates for DC systems were selected from RRs ex-
ever, for the ice water content comparison, a snow water coneeeding the 90th percentile-(1.6 mmh1), which con-

tent derived from the convective core snow flux is added totributed about 57% of the total RRO for that region and

the stratiform cloud ice and snow water contents in order toperiod 2003 to 2005. Adjacent grid spaces containing RRs
be more representative of the total hydrometeor content obexceeding the threshold were averaged into one distinct re-
served in the 2C-ICE dataset. Note that while both stratiformalisation. This method assumes that the selected RR values,
cloud ice and precipitating snow are considered in the radianow taken as the centre point in both space and time for peak
tion calculations, the convective core snow is not. convection, coincides closely with the strongest convection.

2.2 Climate model

The global climate model used in this study is an emerg-
ing version of EC-Earth, version 3 (uncoupled). This version
is based on the seasonal forecast version of the Europea
Centre for Medium-Range Forecast (ECMWF) Integrated
Forecast System (IFS) Cycle 36rittp://www.ecmwf.int/
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A typical DC system can cover thousands of%mand  That is, the satellite data are averaged according to the time
the resulting effects on the atmosphere extend over eveand geographic distance to the DC system centre points. The
larger areas. Accordingly, ZH09 considered a geographtemporal bins are 3 h apart, with48 h and 48 h as the first
ical area of size 11x 11° around the “centre” of each and last bins respectively. With the exception of the TMPA
DC system over a time range df24h divided into time  dataset, which is re-sampled td, the latitude and longitude
bins separated by 3h. They calculated the mean of all datéins arex~ 0.7° wide and have a total coverage ®f21° in
from satellite passes falling into each spatio-temporal bineach dimension.
over the 3yr period, resulting in a composite depicting the
mean evolution of the DC systems observed. This averag3.3 Expanding the study
ing compensates for the fact that a specific DC system is
observed by a Sun-synchronous sensor, at best, twice e largely different set of sensors is considered in this study
ery 24 h separated by 12h. Figuteexemplifies the out- that both complements the results already reported in ZH09
come of this averaging process. The OLR data in the panelénd also simplifies the comparison with models. Cloud in-
are divided into the different satellites, Aqua (a) and Terraterference is not only an inherent issue for satellite sounding
(b), and then by RR, strongest 50% (c) and weakest 50%%ut also complicates strongly the comparison to model data.
(d), in order to better illustrate some aspects discussed ifror this reason, “all sky” OLR has been chosen instead of
Sect.4.2 In the remaining two panels, the data are com-the “clear sky” OLR. Also, an additional extension to this
bined into a single composite. Equatorial passage times fostudy is the examination of a DC system’s effect on the TOA
Aqua and Terra are 01:30 LST/13:30 LST (local solar time) net short-wave radiation through its effect on albedo. In addi-

and 10:30/22:30 LST, respectively. tion, UTH is taken from microwave observations rather than
from Atmospheric Infrared Sounder (AIRS). This is moti-
3.2 Modifications of the methodology vated by the need to reduce cloud interference in the data be-

cause the AIRS retrieval rejects scenes with a cloud fraction
The selected geographical area for the study is bounded by 70% John et al.2011, Liang et al, 201J). Rather than us-
+15 in latitude and 140 to 28 in longitude. A sub-area ing passive cloud retrievals, as in ZHQ9, this study employs
around New Guinea is masked out in order to avoid land-the active sensors on-board CloudSat and CALIPSO to de-
based convection that has a different diurnal cycle. The refive cloud fraction and cloud ice water content.
gion described is used for selecting the centre points of DC The modified ZH09 approach is applied to evaluate the
systems, but the data that are compiled can extend outside tiyolution of deep convection in a GCM. DC systems inside
given boundaries. The time period used is 2007 to 2008. Théhe model are also identified using RR. We ensure that only
relative time window is set te-48 h, and the spatial window convection generated by the model’'s deep convection scheme
of the composite mean is set to°2t 21°. When display- are chosen by using a diagnostic flag that identifies when this
ing the plots of the spatial mean and the anomaly, the win{articular scheme is active. The model and TMPA are pro-
dow size is often reduced in order to better focus on the DCcessed in their native grids using different thresholds for the
system’s signature. The orientation of each composite andPC systems’s RR because of the difference in their peak RR
anomaly plot is north to south and west to east such that théntensities. The maximum RR in the modeRslOmmir?,
latitude and longitude values are setta(° to 1¢° fromthe  While in the TMPA dataset itis 70mm L. Taking the 90th
DC centre values. percentile of each RR source results in a much larger TMPA

There are cases when two or more RR values above theample size than for the model. The TMPA sample would in
threshold occur in adjacent space or time bins and are highlyhis case introduce a bias towards the weaker cases. This is
likely part of the same convective system. Selecting such DGsolved by taking the strongest 11000 cases in each dataset.
systems would result in overlap in the time dimension andMatching the sample size removes the need to consider the
introduce a smoothing effect. This is solved by sorting thedifferent RR intensities and removes sampling biases.
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 x 12° and+18h are removed from the pro- 4 Results and discussion
cessing chain. The highest remaining RR becomes a new DC
system centre and so forth. In comparison to earlier works (ZHO®{orvath and Soden
Using the satellite RR retrievals, a centre point for each 0f2008 Soden 2004, this study takes a step forward by ex-

the most intense DC systems inside the region is determinedending both the temporal and horizontal coverage. Perhaps
in both time #o, and spacedxg, yo). Thisis followed by apro-  the most important aspect is the extension backward in time
cessing of data from a range of satellite sensors. Each satete obtain a more robust estimate of the background state. On
lite observation, atxs, ys, ts), contributes to the final average the other hand, there exist studies following the detrained air
for the relative time Ar), latitude (Ay) and longitude Ax) over five days using trajectories estimated by wind data taken
bin encompassingAx, Ay, At) = (xs— x0, Ys — Y0, Is — 10). from models Luo and Rossow2004 Wright et al, 2009,

www.atmos-chem-phys.net/13/12043/2013/ Atmos. Chem. Phys., 13, 1202858 2013
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(a) Aqua
Oh

-18h -15h -12h -9h -6h -3h 3h 6h 9h 12h 15h 18h

(b) Terra

(c) Combined strongest RR

(d) Combined weakest RR

OLR [W m?
180 185 190 195 200 210 220 230 240 250 260 270

Fig. 1. OLR composite means, averaged as described in S&from the CERES sensors on-board the Sun-synchronous satellites Terra
and Aqua. Frieze&) and(b) show OLR for all DC systems for each sensor separately. In p&)esd(d) the two sensors are combined,

but the DC systems have been divided: friézeincludes the top 50% (21.6 to Wmm h_l) of the 11 000 strongest cases, and friéde
shows the remainder. The spatial extent of each plotis<122°.

but those analyses are restricted to the period after peak corrstantaneous values. However, it is very likely that this sig-
vection. The results of this study are presented and discusseathl is a real difference, with high rain rates underestimated
by first examining the probability density function of the total in the model. Moreover the frequency of light rain, typi-
RR and the diurnal distribution of the DC systems (Fly.  cally < 1.0mmh, is overestimated in the model. Similar
This is followed by a look at the composite mean (Y. findings, highlighting the poor representation of the PDF of
and then the anomaly (Fig4, 5, and6). In many of the re-  surface precipitation in models, were reportedSigphens
sults, a propagation of the mean DC system anomaly is diset al. (2010. Despite the underestimate of high RR in the
cernible after peak convection. This section concludes withmodel, the average precipitation is in fact higher in EC-Earth
a look at the time—longitude behaviour of the DC systems(x~ 0.20mmHt 1) than in TMPA ¢ 0.14mmiT ).

and a discussion of their propagation westward, or eastward, The PDF of TMPA DC systems (lower left plot) over 24 h
with equatorially trapped waves. In each subsequent sectiorshows a predominance from late evening21h, to mid-

the observations are presented followed by the model. morning the next day;- 9h. From the early morning max-
imum PDF of~ 2%, the frequency of DC systems decreases
4.1 Rain rate statistics during the day to a clear minimum around 18Jepes and

Houze (1993, using infrared satellites to classify “cloud

Figure2 (top) shows the probability density functions (PDFs) clusters”, found a shiftin the peak times of DC systems based
of the RR data taken in their native grid resolutions (TMPA ©n their horizontal coverage (intensity). We do not see this
0.25° and EC-Earth @°) plus the TMPA data re-sampled shift explicitly in the figure, but its presence is implied by
to 1° and 2. The RR in both the model and TMPA (native the aliasing seen in Fid. Alcala and Desslef2002 Fig. 6),

and re-sampled grid) show a monotonic decline in frequenc)psing data from the Tropical Rainfall Measuring Mission
going towards the higher RR. While TMPA (native) reports (TRMM) satellite, found some variation in the peak times
RR up to~ 70mm T2, the highest precipitation in EC-Earth for DC systems over ocean, albeit for one season. The re-
is ~ 10mmhrL. This difference is partly explained by the sults of this study compare better wiesbitt and Zipser
spatial resolutions for the two datasets, but a re-sampling 0f2003, who, also using data from the TRMM satellite and
TMPA to 1° resolution (green curve), of 2esolution (black  for a three-year period, found a peak occurrence of DC sys-
curve), shows that the model strongly underestimates the fretems in the early morning over ocean. An examination of the
quency of intense RR. Another possible contributor to themodel’s DC systems (lower right plot) reveals a similar peak
difference is the fact that the model data are a temporal averRR occurrence after midnight. The duration of this maximum
age over a three-hour period, whereas the observations at8 the PDF in the model, however, is considerably shorter.
more likely to be made up of only a few overpasses dur-

ing the three-hour period, which is more representative of
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4.2 Averaging considerations lites are, therefore, reflected in the results. This aliasing is
apparent in Figl, where averages from two different sen-

With the exception of the TMPA dataset, all satellites usedSCrs are compared. For CERES Aqua, discontinuities in the

in the study are in Sun-synchronous orbits. A sensor in sucfime series are seenall2h, 0h, and 12h, while for CERES

an orbit performs measurements around the Equator at twg €' this pattern is shifted to15h, —3h, and 9h. This is
fixed local solar times that are twelve hours apart. Conse__conssten_t with the fact that Terra has an ascending node that
quently, the spatio-temporal occurrence of peak convectiori® 3 earlier. _

becomes significant because the peak occurs at night and oc- Aliasing effects are much less pronounced in the results of
cupies a small part of the diurnal cycle. This means that somé&H09, despite the fact that they only used datasets from sin-
time bins will be preferentially influenced by DC systems. 9!€ Sun-synchronous satellites (TMPA excluded). As seen in

Thus, an aliasing effect is created between the sampling of /9- 3 at the geographical centre point, a high RR is main-

the Sun-synchronous satellites and the diurnal cycle of cont@inéd between at least3h and 3h. In ZHO9 the RR data

vection. The overpass times of the Sun-synchronous satel€"€ analysed for each time bin in isolation (Séptand itis
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likely that many persistent, intense convective systems werdil the anomaly extends beyond the grid box after 15 h. There-
each inserted as separate DC systems, causing the same orfie, the true extent of the anomaly and its magnitude remain
to be sampled multiple times and smoothing out aliasing. Thaundetermined. Locally, UTH can be elevated to about 40 per-
area selected by ZHO09 includes convection over land, that hasentage points above a background state db %.

another diurnal cycle, which can also affect the results. The cloud ice water content and cloud fraction results
are noisy. Although CloudSat and CALIPSO provide a high
4.3 Spatial patterns number of observations, the atmospheric volume sampled

is roughly three orders of magnitude smaller than for pas-
The spatio-temporal evolution of RR (TMPA re-sampled to sive instruments. This is due largely to the sensors’ respec-
1), UTH, cloud ice water content, cloud fraction, albedo, andtive swaths, which are- 2km for CloudSat and 2300 km for
OLR are shown in Figs3 and4. Figure4 shows the anoma- AMSU-B. This gives a much smaller sampling coverage for
lies isolated from the background state for a subset of thanstruments with narrow swaths. In addition, the time series
variables that are least noisy. The background state is takeare also disturbed by aliasing. The cloud fraction and cloud
as the zonal mean over the first twelve hours of the com-ice content are lower at12 h, 0 h, and 12 h than for the ad-
posite period. More precisely, for each latitude, the meanjacent time bins. For these reasons cloud ice water content
state is computed as the average over all longitude bins o&nd cloud fraction variables are not included in EFigwhile
the —48 h to—39 h time bins. Because ZH09 computed the these variables are problematic, they still offer an opportu-
background state as the average over all horizontal bins fonity to get an idea of the 3-D atmospheric response, which
the entire composite period, it included the anomaly and waswill be taken up in Sec#.4.1
therefore perturbed from a true background state. One must A peak in the albedo~f 0.43) occurs sometime around
bear in mind that the horizontal extent of the anomaly is the3 h. There is a drop in mean OLR caused by the DC systems’
mean of the 11 000 cases and does not represent a single Difouds that culminates around 3 h-at80 W n¥. Moreover,
system. In this section the words “mean” and “anomaly” will there is a distinct broadening of the spatial extent of the OLR

refer to Figs3 and4 respectively. anomaly after peak convection, and this is also seen in the
CF. The spreading of the CF and OLR is not reflected in
4.3.1 Observations the albedo, which suggests a reduction in the cloud optical

thickness radially from the centre of the DC systems’ core,

High RR means are strongly focused around the DC systembut with a stronger gradient latitudinally.
centre point, and significant deviations from the background
state are confined t&6h, +2° in latitude and+3° in lon- 4.3.2 EC-Earth
gitude. The region of elevated mean RRs shows a shift, i.e.
“propagates”, westward at 4ms-1. This region of higher  This section discusses the use of the ZH09 method to eval-
RR is better illustrated in the anomaly plot (Fi4). where  uate DC systems’ evolution in the GCM EC-Earth. The
a somewhat symmetrical pattern, in time, of change in RRmodel’s performance is discussed and its representation of
is evident and centred around the time of peak convectionDC systems is highlighted within the capability of this com-
ZHO09 also identified a mean westward movement of aboutpositing method. We also underscore the value of the tech-
~6ms1, which is consistent with the movement of syn- nique for model evaluation as complementary to more tra-
optic disturbances observed in the ITGZeed and Recker  ditional comparisons of temporal averages, since it provides
1971). An extended discussion of this movement is given in a more targeted analysis of the deep convective processes in
Sect.4.4.3 the model. Part 2 of the study will go a step further and ex-

A general feature common to all the observations is thetend the comparison to include two other prominent models.
presence of an eastward-sloping gradient in the results. The The compilation of model data is relatively straightfor-
geography of the region chosen for this study sets the Tropiward, as the data are continuous in all dimensions, with the
cal Warm Pool, a region known for having the highest occur-exception of albedo. Consequently, no aliasing effect is seen
rence of tropical convection, in the western-most portion ofin the other variables. The RR shows a similar symmetry
the box. This gradient of higher values to the west is thereforearound 0 h to the observations but indicates a mean eastward
the result of the fact that a higher activity of deep convectionmovement of DC system. This implies a predominance of
is found there. One can clearly see this gradient in Figs. Kelvin waves over easterly waves, in contrast to the observa-
and3 and later on in Fig4. tions Wheeler and Kiladis1999 Lin et al., 2008 Hendon

The AMSU data show an area of increased mean UTHand Wheelgr2008. More on this in Sec4.4.3
at about Oh. The horizontal extent of the core of the DC There is a mean background cloud ice content of
system continues to increase radially after peak convection- 2 to 4mgnt3, compared to the observations, which de-
until about 6h. At this point in time, the feature covers spite being noisy, has mean values up~d2mgnt3. In
~ 3 x 10°km?. Afterwards, the core begins to decrease inthe centre of the DC system composite, the cloud ice wa-
humidity and expansion of the UTH is seen only radially un- ter content exceeds, locally, 20mgfhat its maximum at
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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 hié®feen
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below.
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3 h with an horizontal coverage of about»4 4°. The model 4.4 Spatially averaged anomaly time series
shows significant decrease of ice by 9h. The peak in the

mean 200 hPa cloud fraction occurs around 6 h. The time evolution of geographically averaged anomalies
Several factors complicate the interpretation of the albedqg shown in Figs5 and 6. The domain size for this addi-
response in the model. The derivation of albedo is limited t04j5n 4 averaging is set t&6.5° latitude and+10.5° longi-
daytime and is greatly affected by the solar zenith angle ag,qe (Fig.5) and-+3° latitude and+10.5° longitude (Fig.6)
well as the representation of the DC systems' diurnal cyclef the centre point. This is done in order to avoid including
in the model. There is a nighttime peak, with a long dura- 5reas outside the impact region of the convection and to bet-
tion of several hours, in the cycle of the observations (Eig. e focus on the core of DC system. The background state
lower right plot). The model misses the duration of early js taken as the mean of the first four time bins, which is to
morning peak, and even the PDF during the daylight hourssay from—48h to—39 h. The evolution of domain average
is lower than what is observed. With so many DC systemsamedo, OLR, UTH, and RR anomalies over 96 h is shown in
occurring at night, not enough time bins will have daylight. £ 5 while vertical profiles of spatial-mean cloud ice wa-
This creates an especially strong dependence on the accuragy; content and cloud fraction are shown in FegThe 2C-
of the model’s diurnal cycle representation. Furthermore, th§cg gataset is excluded from the results displayed in Fig.
EC-Earth configuration chosen for this study is close to thatyacquse of relatively poor sampling, as seen in the cloud ice
submitted to the fifth phase of the Coupled Model Intercom-\yater content and cloud fraction panels of FgRather than
parison Project. In this configuratior) the radiation_schemeexhibiting relatively smooth and monotonic growth and de-
is called every 3h, rather than 45 min (the model time stepgay, the spatial average anomalies, with the exception of the
used for this study), and the radiation calculations are donerppa RR, tend to be rather oscillatory in both the observa-
on a coarser horizontal grid before being interpolated70.0  tions and model, with several local minima and maxima no-
Thus, the diurnal cycle generated will be based on fewer temigpie in the UTH, OLR, and albedo curves. These features,
poral and horizontal grid points as well as involving interpo- \yhich in many cases are likely sampling artefacts, compli-

lation. This treatment is a computational trade-off that could ¢ 54e attempts to objectively quantify the anomaly’s exact
contribute to the differences with respect to CERES (Bjg. magnitude, onset, and duration.

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#4-1 Observations
much more stable results that match more closely the obser-
vations. Therefore, what is seen in Figsand4 is model  Figure 5 shows that the mean RR anomaly, at its most
albedo restricted to cases where the solar zenith angles aietense, rises 0.09mmh ! above the background state.
<45, There is a monotonic increase of the RR starting from about
While many of the oscillatory effects have been removed—15h to peak convection and decreasing in a similar man-
by the solar angle restriction, the model albedo still missesner up to 15h. The OLR and UTH anomalies’ changes are
much of the extent and timing of the elevated reflection negatively correlated; however, the UTH seems to peak a bit
caused by the deep convective clouds. A maximum albeddater than the OLR minimum at 18h, at about 3 percentage
of ~ 0.35, somewhere between 3 and 6 h, is significantly lesgpoints above the background state. Similar to the OLR, the
than the~ 0.5 observed by CERES. Also, some time bins, UTH anomaly lasts for a longer time after peak convection.
—9h and—6 h, for example, show a slightly higher albedo However, while the OLR tends towards complete relaxation
that is latitudinally broader than observed. This suggests thatlose to 48 h, the UTH seems to achieve this sometime there-
there are too many clouds being produced and/or that the opafter. The OLR anomaly reaches its minimum at about 3 h
tical depth of clouds, away from the DC systems, is too high.with a value of~ —8Wn?. Finding a maximum albedo is
This results in a higher background albedo in the model tharhampered by the aliasing artefacts discussed earlier, but this
seen in the observations. Consequently, the anomaly seen wariable shows a response to the changes in clouds prior to
Fig. 4 is of much smaller spatial extent and weaker in inten-and post peak convection.
sity than what is observed by CERES. Figure 6 shows the temporal evolution of the 2C-ICE
The model’s minimum in OLR occurs from around 3 h to spatially averaged and smoothed profiles of cloud fraction
6 h, which is in good agreement with CERES, although theanomaly (left column) and cloud ice water content anomaly
drop in the core of the DC system is seen approximately 3 h(right column) between 500 and 100 hPa. The maximum
earlier in the observations. The composite shows that bothof the cloud fraction occurs about 5h after peak convec-
the model and observations report a mean DC system whostion, but, for ice water content, this occurs sometime around
effect on the OLR is of similar horizontal size and magnitude. peak convection. Cloud fraction anomaly response is great-
est ¢~ 7 percentage points) at pressure800hPa, but there
is also a clear response at pressured00 hPa reflecting the
core of the convective event. In contrast, the largest cloud
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Fig. 4. Anomaly friezes for RR, UTH, albedo, and OLR. All other aspects of the figure are a3. Hilge zero line is indicated by a bold line.

ice water content anomaly-(20 mgnt3) occur at pressures Figure6 clearly illustrates that the model’s cloud fraction

> 300hPa, but significant up to at least 150 hPa. anomaly is greatest at pressure800hPa, reaching a maxi-
mum between 0 h and 6 h. The response of clouds in between
4.4.2 EC-Earth 250 hPa and 150 hPa is in good agreement with the 2C-ICE

observations, with both maxima very close to 200 hPa. How-
The model OLR follows, in general, the observations andever, there is a clear underestimation of clouds in the model
has, roughly, similar timing of its minimum after peak con- at pressures greater than 300 hPa in the model. A contributing
vection (Fig.5) in the observations. However, the model’s re- factor for this is the different definition of clouds in the obser-
sponse of about —5Wn? at its minimum is either equal to  vational data and the model output. The 2C-ICE cloud frac-
or warmer than the observations after peak convection. Withtion includes precipitating hydrometeors, whereas the model
regards to albedo, the restriction placed on the solar zenitleloud fraction does not. Precipitation fraction was not avail-
angle, while producing a better mean composite match withable from the model for this study. Furthermore, a separation
CERES, results in a reduced sample size. Nevertheless, th&f precipitating and non-precipitating clouds could be done
model albedo anomaly follows the observations, albeit beingfollowing, for example Chen et al(2011), but this goes be-
systematically lower than that measured by CERES. yond the scope of this study.

The maximum value of the RR anomaly remains close to  Although the cloud fraction diagnostic from the model
the observations but shows a fast rise to peak convection andoes not contain precipitating snow, the ice water content
a quicker relaxation than TMPA. The initiation of new con- used here does include cloud ice, precipitating stratiform
vection according to the diurnal cycle;24h and 24h, is  snow (e.g. from convective anvils) and precipitating convec-
stronger in the model than the observations. The model RRive snow produced in the convective updraught. The lat-
anomaly peaks at aboutl® mm ! but, unlike the observa- ter is a diagnostic variable and is converted offline from a
tions, falls off sharply after peak convection.
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and=+10.5° longitude of the composite centre point. The background state (i.e. the zero level) is taken as the aved&detof-39 h.

precipitation flux to ice water content using an assumed con<onvection is beyond the scope of this study; therefore, these
stant fall speed. The signature of the DC system ice watewaves will be mentioned only in relationship to the “propa-
content anomaly in the model (Fi§) extends into the upper gation”, defined as the net movement with time of the local
troposphere to similar levels as the observations and, at a ranaximum rain rate.

tio of about one to three, injects less ice at the higher altitudes In the observations, the motion is distinctly westward, in-
than seen in the 2C-ICE data. Ice reaching levels from 200 talicating interaction with equatorial Rossby waves. However,
150 hPa persists for 20 h, which is shorter than the obser- the zonal elongation of the anomaly, seen in Bi¢fop-most
vations. The timing of the cloud ice water content maximum panel), suggests that some DC systems also move eastward,
is situated around 0 h, slightly earlier than in the observa-even though these are few and do not seem to be the most
tions, but there is also a distinct diurnal cycle with secondaryintense. The nature of the compositing technique results in a
maxima at+24h not seen in the observed ice water contentshifting of the local maximum RR in the direction the major-
anomaly. It is clear from the lower left panel of Figthat ity of the DC systems moved. One method to better highlight
the model’s diurnal cycle of convection is stronger in than the statistical motion of the DC systems is the use of a time—
observed, and the duration of the diagnostic convective icdongitude plot of the DC system composite mean. The results
flux, present only when the deep convection parameterizaare depicted in Figz.

tion is active, is limited, leading to the distinct separation of Two major points are seen in Fig.. The first is the obvious

ice water content maxima in time. westward motion of the precipitation maximum with time in
) the observations (dashed red line), but an eastward propaga-
4.4.3 DC systems propagation tion in the model (dashed black line). The model does seem

We h i fth heri iabl to show some precipitation “tracking” westward (dashed red
d.e' ave seen in mafnyho ItDCe upper-troposp e|r|c V‘T"L'f"‘ ES fine) in a similar direction as observed, but the eastward prop-
istinct movement of the systems” anomaly, within the agation of DC systems is clearly dominant. This suggests

E_ulerlan fr_amework_, th“?t_‘gho“_t the ComF’PS'te pen_od. I:’re'that precipitation propagation associated with Kelvin waves
vious studies have identified this propagation as being assq

. . . ) . are dominating in the model while equatorial Rossby waves
ciated W'th equatorially-trapped waves, mainly Kglvm and re dominating in the observations. Also, the model seems
equatorial Rosspy'waves._ These waves are excited by D 0 trigger precipitation earlier than in the observations. This
systems and their interaction contributes directly to the ob-._ - 1o seen in the right panel of Fitjas EC-Earth appears
served atmospheric variability in tropicgggar et al.2004

) . toinitiate precipitation simultaneously across a broad region.
Bechtold et al.2009. Tropical waves propagate zonally with |, 4,0 T\PA dataset, the precipitation is more focused and
time, but their interaction with tropical convection is complex

(Wheeler and Kiladis1999 Hendon and Wheele2008 and initiates about 3 h prior to peak convection. The second point

) . ! s the diurnal cycle of the precipitation anomaly, which is
references therein). While Kelvin waves propagate eastwarc%

1 Rossb i th ito di ) tronger in the model than in the observations. In addition,
equatorial Rossby waves move In the opposite lreqtlon aNGhere is a slow westward progression of the diurnal anomalies
tend to be the slower moving of the two. A robust investi-

gation of the interaction of equatorially trapped waves and
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2C-ICE IWC Anomaly {mg "] 2C-ICE CF Anomaly % The ZHQ09 study has been improved by expanding the
filtering of DC systems to the time dimension, which re-
duces multiple sampling of a single event but unfortunately
exposes the method’s vulnerability to aliasing effects, es-
pecially 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 ZHQ09, the background state
is computed from the first 4 time bins;48h 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 av-
erages are calculated usiah.5° latitude and+10.5° lon-
gitude for Fig.5 and+3° latitude andt10.5° longitude for
Fig. 6.

The observed DC systems move westward at about4ms
on average. DC systems humidify the upper troposphere,
causing an increase in RH that peaks around 20 percent-
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Time [h] g ] or 4] Time [h] UTH persist for at least 48 h following peak convection. Val-
ues of UTH and OLR cover a large horizontal area that
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Fig. 6. Observed (top row) and modelled (bottom row) anomalies significantly narrower horizontal extent than both the OLR

in (left column) IWC and (right column) CF, averaged over a re- and UTH. A mgxmgm in the cloud fraction anomaty ¢
gion spanningt3° latitude andt10.5° longitude of the composite percentage points) is reachec_i between 590 and 150hPa at
centre point. The background state is computed in the same mar2found 5h and the anomaly, in total, persists for over 50 h.
ner as Fig5. The 2C-ICE plots are smoothed used a running meanFOr cloud ice water content, a maximum20mgnT3, is
window of 12 h. concentrated around 0 h and at levels close to 450 hPa.
The diagnosis of convection in EC-Earth shows that, de-

spite some differences, the model is able to capture the essen-
in the model (dashed orange line), which is not apparent ing| signatures of the DC systems’ anomaly, in good agree-
the TMPA dataset. ment with the observations. The upper-tropospheric humid-
ity anomaly (%RH) peaks about the same time as the AMSU
dataset and indicates a similar2 percentage point maxi-
mum. However, when looking at the composite means, the

Evaluation and continued development of climate models rehumidity can rise above 80% locally, whichs10 percent-
quire novel approaches for confronting GCM output with 2J€ points above the observations. _
observations, especially at the process level. It has already The model's mean and anomalous OLR are in good agree-
been shown that models can have, for example, global meari§ent with the observations. The albgdo anomaly also follow;
that agree well with observations due to compensating erroré€ general pattern of the observations, but its magnitude is
(Stephens et 31201Q Waliser et al,2011). It is therefore es- 5|gn|f|cant!y underesnmated. The upper-tropospheric effe_cts
sential to establish whether the model representation of ke convection in the model last about 24 h, but the convective
physical processes is correct and evaluate different parts d?recipitation core does not last as long as in the observations
the model with different evaluation techniques. and the model has a more pronounced repetition in the pre-
The use of multiple satellite sensors for GCM evaluation cipitation pattern. The model upqer-represents.cloud fraction
gives us the opportunity to try to answer more questionsat pressure I_evels_ 350hPa. Th|§ is at Ie_ast partially bt_ec_ause
about moist and in-cloud processes, particularly in the UIO_the observations include cloud ice particles and precipitating
per troposphere. In this study, one methodology for examinydrometeors, whereas the model cloud fraction does not in-
ing the evolution of DC systems is modified and applied to cludg the contribution .from precipitating stratiform or con-
a climate model. Tropical deep convection is the main focus Vective snow. The vertical profile of the model's cloud frac-

but the method should be applicable to all convection of ation anomaly indicates that most of the clouds generated by
localised nature. its DC systems are concentrated at pressgr890hPa and

persist longer than 48h in total. The cloud ice water con-
tent anomaly in the model is similar to the observations but

5 Summary and conclusion
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TMPA EC-Earth
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Fig. 7. Hovmoller 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 becess, which must first agree with observations in order to in-
found at pressure levels greater than 500 hPa, whereas treease model fidelity.
observations’ maximum anomaly occurs from about 350 to This study is a demonstration of the use of compositing
500 hPa. satellite data of DC systems from polar orbiting sensors for
The propagation in the composite mean of the DC sys-evaluation of climate models. Much more can be done with
tems in the model is opposite to the observations. This sugthis technique, such as employing the use of satellite simu-
gests that Kelvin waves interact more with DC systems inlators and a more thorough investigation of the interaction
the model, thereby creating the appearance of an eastwalgetween equatorially trapped waves and DC systems. These
movement. Figur& shows that the model initiates convec- issues, along with application of the methodology to other
tion early across a broad region,16° longitude, focuses climate models, and other regions, will be the topic of Part 2.
the convection area as time approaches peak convection, and
then relaxes the precipitation again across a similarly broad
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