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Link Between the Time-Space Behavior of Rainfall and
3D Dynamical Structures of Equatorial Waves in Global
Convection-Permitting Simulations

Hyunju Jung' 2 and Peter Knippertz'

nstitute of Meteorology and Climate Research, Karlsruhe Institute of Technology, Karlsruhe, Germany

Abstract Equatorial waves (EWs) control a considerable portion of tropical rainfall variability but
numerical models often struggle to capture them. Increased computing power now enables global simulations
with resolved deep convection, which is believed to produce more realistic EWs. Here we identify EWSs in
global ICON simulations with varying horizontal resolution by (a) filtering rainfall based on space-time
spectral analysis and (b) projecting wind and geopotential onto theoretical wave patterns. The simulations
demonstrate that Kelvin, mixed-Rossby gravity and equatorial Rossby waves are consistently represented,
regardless of model resolution and convective treatment. For smaller-scale inertio-gravity waves, however,
explicit convection appears to be a prerequisite. Surprisingly, the associated rainfall signals are not accompanied
by corresponding wind patterns but appear to be connected to mesoscale convective systems. This demonstrates
the importance of analyzing rainfall and dynamical aspects of EWSs jointly for a robust assessment.

Plain Language Summary Equatorial waves (EWs) are one of the most important weather
features in the tropics. They propagate east- or westward, and substantially modulate rainfall on spatial scales
from hundreds to ten thousands of kilometers and on temporal scales from a couple of days to several weeks.
However, weather forecasting and climate models often fail to accurately capture them, and it is a challenge to
objectively identify them in observational and model data. Here we investigate EWs in novel high-resolution
global simulations, which represent the Earth's atmosphere as realistically as possible, by employing two
different wave-identification methods, one that characterizes the time-space behavior of rainfall associated with
waves and the other their spatial pattern in wind and pressure. Our results show that some types of EWs exhibit
robust and realistic behaviors with little sensitivity to model configurations. However, small-scale wave types
show significant propagating signals in rainfall but no corresponding wind patterns as we would expect from
theory. We find that the time-space filter isolates large clusters of thunderstorms as small-scale waves, leading
to a misinterpretation. Thus, a complementary analysis of wind pattern is required to objectively detect EWs.

1. Introduction

Equatorial waves (EWs) are zonally propagating disturbances trapped at the equator. They can couple with
deep convection and thus control a considerable fraction of tropical rainfall variability (Kiladis et al., 2009;
Takayabu, 1994; Yasunaga & Mapes, 2012). The most important types are Kelvin waves (KW hereafter),
mixed-Rossby gravity waves (MRG), equatorial Rossby (ER) waves of the first meridional mode (ER) and west-
ward inertio-gravity waves of the first meridional mode (WIG1). Mesoscale convective systems are generally
associated with WIG1 (Nakazawa, 1988; Tulich & Kiladis, 2012), while synoptic-scale rainfall variability is
often modulated by eastward propagating EWs (Roundy & Frank, 2004). From a practical point of view, convec-
tively coupled EWs have potential for tropical rainfall predictions (Judt, 2020; Li & Stechmann, 2020; Ying &
Zhang, 2017), which may also enhance midlatitude predictability (Dias & Kiladis, 2019; Pante & Knippertz, 2019;
Scaife et al., 2017). EWs also interact with the Madden-Julian oscillation (Adames & Wallace, 2014; Zhang
et al., 2020), which create implications for climate prediction (Lin et al., 2006).

Extracting the EW signal from observational or model data is a challenge (Knippertz et al., 2022; Zagar
et al., 2022). In a recent methodological intercomparison study, Knippertz et al. (2022) found large discrepancies
when comparing filtering methods based on narrow windows in wavenumber-frequency space and applied to
precipitation and cloud fields from satellites and models, for example, Wheeler and Kiladis (1999, hereafter WK)
with those relying mostly on a spatial projection of dynamical fields (horizontal wind and geopotential) onto
theoretical patterns of EWs, for example, Yang et al. (2003, hereafter YP) and Zagar et al. (2009). YP identifies
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EWs defined by solutions to the rotating, shallow-water equations on the equatorial -plane (Matsuno, 1966) and
thus does not require coupling of the EWs to precipitation and clouds. The method can be easily applied to short
time windows of data and is thus suitable for real-time operational use (Yang et al., 2021). Due to the fundamental
differences between the approaches, Knippertz et al. (2022) recommended using a combination of two different
approaches to check for the robustness of the identified signals.

Weather and climate models still struggle to correctly represent EWs and convection parameterizations in the
models are thought to be an important reason for that (Bengtsson et al., 2019; Dias et al., 2018; Lin et al., 2006).
Advanced computing power is now allowing us to perform global high-resolution simulations with explicit
representation of convection (Satoh et al., 2017; Stevens et al., 2019). This opens up new avenues for permit-
ting multiscale interactions (Tomassini, 2020) and thus representing more realistic large-scale features such as
convectively coupled EWs. Judt and Rios-Berrios (2021, hereafter JRB21) used the WK method applied to rain-
fall coarse-grained to a 2.5° grid in order to identify EWs in the Model for Prediction Across Scales-Atmosphere
(MPAS-A) (Skamarock et al., 2012) from an intercomparison project of global convection-permitting models
(DYAMOND) (Dynamics of the Atmospheric general circulation Modeled On Non-hydrostatic Domain; Stevens
et al., 2019). They showed that it is explicit convection that improves rainfall variability associated with EWs
rather than model resolution itself, in particular with respect to inertio-gravtiy waves, which MPAS hardly
captures when using parameterized convection.

Going beyond JRB21, we address two important follow-up questions in this paper: (a) Are the conclusions of
JRB21 with respect to model resolution and convective treatment robust for different model formulations? (b)
Are the signals found in filtered rainfall accompanied by consistent dynamical structures, giving us confidence
that they are “true” EWs (see discussion in Knippertz et al., 2022)? To answer the first question, we compare the
results of JRB21 with corresponding analyses based on simulations using the ICON model (Icosahedral Nonhy-
drostatic Weather and Climate Model; Zingl et al., 2015) from DYAMOND. Although both models employ the
mass flux convective scheme developed by Tiedtke (1989), MPAS uses a scale-aware form, where horizontal
resolution determines how much convection is resolved (Wang, 2022), while ICON can represent convection
either explicitly or through the parameterization. To answer the second question, we employ both the WK and
YP methods to characterize EWs in the ICON simulations and use wave compositing techniques to relate results
from the two approaches to each other.

2. Data and Methods

We use nine different global simulations conducted with the ICON model version 2.1.02. The configuration
follows the DYAMOND protocol (Stevens et al., 2019). The simulations cover the period of 01 August-10
September 2016 and are initialized from the operational analyses of the European Centre for Medium-Range
Weather Forecasts (ECMWF) on the first day at 00UTC. Sea surface temperatures and sea ice cover are prescribed
using the ECMWF daily analysis. A detailed description of the model and experimental setup can be found in
Hohenegger et al. (2020).

The ICON experiments have horizontal grid spacings of 2.5, 5, 10, 20, 40, and 80 km. Deep and shallow convec-
tion parameterizations (Bechtold et al., 2008; Tiedtke, 1989) are experimentally turned off for all six resolutions.
For the three grid spacings between 20 and 80 km additional runs are conducted with parameterized deep and
shallow convection.

To compare the experiments to observations, we use the globally gridded rainfall product Integrated Multi-Satellite
Retrievals for Global Precipitation Measurement (GPM) (IMERG; Hou et al., 2014; Huffman et al., 2015), and
dynamical and thermodynamical fields from the ERAS reanalysis data set (Hersbach et al., 2020). Horizontal
winds and geopotential at 200 hPa are used for the YP approach, and 3D horizontal winds and temperature on
model levels for composite analyses. We interpolate model output and observational data to the same 1° lat-lon
grid, which can better represent mesoscale convective structures than the 2.5° grid used by JRB21. ERAS5 data are
instantaneous fields every 6 hr and we use rainfall accumulation over the past 6-hr from IMERG (00, 06, 12, and
18UTC). This creates a small mismatch in time with ERAS, which given the time scales of EWs, should not have
a large impact on our results. For simplicity, we refer to the IMERG and ERAS data as observations.

Two EW identification methods are employed: WK, which filters rainfall based on narrow wavenumber-frequency
windows for each wave type and YP, which projects horizontal wind and geopotential fields at 200 hPa onto
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theoretical wave solutions. The former characterizes waves coupled to convection, while the latter identifies the
waves' dynamical signatures that can be caused by dry or moist processes. The 200-hPa fields show reduced
wave-convection coupling compared to the 850-hPa counterparts (not shown). Since the 40-day integration is
rather short for the WK method, we adopt the technique used in Janiga et al. (2018, see their Figure 2), such that
the 40-day model data are padded with two-year rainfall from IMERG beforehand and zeroes afterward. This
deviates from JRB21, who applied a simple zero padding after the simulation period only. Sensitivity tests have
shown that the finer 1° interpolation grid and different data-padding method somewhat reduce rainfall variance
caused by EWs but this should not affect the conclusions from this work. For the analyses of rainfall (filtered
and unfiltered) we regard averages over 5-15°N, where the rainfall maximum occurs during the simulation
period in late boreal summer (Stevens et al., 2019). YP separates east- and westward moving components in
a broad window of wavenumber and frequency before spatial projection. Here, we use wavenumbers 1-15 for
all EWs as in Knippertz et al. (2022). For wave period we use 1.25-2.5 days for WIG1 and 3-30 days for the
slower EWs (see Figure 2 in Yang et al., 2003). The meridional scale is set to 6° as in YP. Instead of a latitu-
dinal average, each wave type can be characterized by a characteristic latitude, where the variance of the fixed
pattern is large (Yang et al., 2021). Here we use u at 0° for KW, v at 0° for MRG, v at 8°N for ER and u at 0° for
WIGI, respectively. Tropical depression (TD) such as easterly waves are prominent in the northern hemisphere
during boreal summer. Since TDs have no eigenmodes, YP cannot identify them but WK detects them through
their characteristic wavenumber and phase speed. (TDs are shown in Figure S1 in Supporting Information S1
for reference).

A composite technique is used to link EWs detected by the two approaches. Rainfall is composited on the basis
of the YP wave-filtered dynamical structures and 3D dynamical and thermodynamical structures are composited
on the basis of the WK wave-filtered rainfall. For YP two dynamical variables in quadrature to each other are
selected to characterize the wave propagation as in Yang et al. (2021): du/dx and u at 0° for KW, v at 0° and u
at 10°N for MRG, v at 8° and u at 0° for ER, and v at 10°N and « at 0° for WIG1. For WK, normalized fields of
filtered rainfall and its tendency are used as in Schlueter et al. (2019), Yasunaga and Mapes (2012), and Riley
et al. (2011). The composites are then based for both cases on eight characteristic phases, with Phase 5 indicating
maximum rainfall in WK and maximum divergence in YP.

3. Results

We first present and discuss results for unfiltered rainfall, followed by analyses of KW, MRG, ER, and WIG1
for model grid spacings of 2.5, 20, and 80 km as well as a comparison to JRB21. (The full spectrum of models
and EWs is provided in Figures S1 and S2 in Supporting Information S1). The last part will discuss the wave
composites.

3.1. Unfiltered Rainfall

Figure 1 illustrates different characteristic behaviors of unfiltered rainfall from IMERG and the ICON simula-
tions. IMERG shows well defined propagating and stationary features with large dry gaps in between, leading to
an average rainfall of 0.28 mm h~! (Figure 1a). There are fast westward propagating features over Africa and the
downstream Atlantic as well as the eastern Pacific and indications of slow propagation over the western Pacific
and Maritime Continent. In the ICON simulations (Figures 1b—1j) rainfall is considerably more widespread,
leading to an overestimation of averaged rainfall by 10%-30%. For explicit convection (Figures 1b—1g), the
clear westward propagation over Africa and the downstream Atlantic is well captured. However, the coarsest
runs (40-80 km) unrealistically sharpen these structures, possibly due to some kind of wave-CISK mechanism
(Conditional Instability of the Second Kind; Charney & Eliassen, 1964; Houze Jr, 2004), leading to a large over-
estimation in mean rainfall and variance. Parameterized convection (Figures 1h—1j) favors rainfall over the Mari-
time Continent and Indian Ocean, with some indication for westward propagation. Mean rainfall and variance are
relatively consistent across the parameterized runs with the latter only about half that observed.

JRB21 also found an overall overestimation of mean rainfall in MPAS and an underestimation of variance with
a marked degradation for parameterized convection. A noticeable difference to ICON is that in MPAS all wave
propagation is weakened when parameterized convection is used, indicating an overall lower sensitivity to reso-
lution and convective treatment in ICON that we will analyze further in the following subsections.
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Figure 1. Hovmoller diagrams covering the period 01 August—10 September 2016 of unfiltered precipitation averaged over 5-15°N [mm h~'] from IMERG satellite
data (obs) and ICON model simulations. Bold numbers indicate the horizontal grid spacing of each run; conv marks the runs with parameterized convection. The
numbers on the top right denote the mean precipitation averaged over the simulation period and latitudinal belt (5-15°N) [mm h~'] and their variance in time and
longitude [mm? h~?] are denoted in parenthesis. The color scheme is identical to JRB21 to facilitate comparison.

3.2. Kelvin Waves

Figure 2 shows a superposition of the results based on WK applied to rainfall and on YP using dynamical fields
at 200 hPa for the different wave types, allowing for a qualitative comparison between the two methods. For a
quantitative comparison, variance for each wave type and fraction of the total variance are shown in Figures S3
and S4 in Supporting Information S1. In Section 3.7, the WK and YP waves are linked by composite analyses.
We begin with a discussion of KWs. In the observations (Figure 2a), several well developed KWs are discernible
with propagation speeds of 10-12 m s~!, particularly over the Pacific Ocean. Rainfall signals should be expected
in areas of maximum upper-level divergence, and thus with easterlies shifted by a quarter wavelength to the west
(and westerlies to the east, not shown). Rainfall activity in the central Pacific in late August is in fact accompanied
by such anomalies but that is not true for all KWs identified from rainfall. One possible reason is that according to
theory, KWs are symmetric about the equator with maximum zonal wind anomalies and divergence there. During
our study period, rainfall maxima are shifted far into the northern hemisphere, which may lead to a general
mismatch between the WK and YP results.

The corresponding ICON simulations (Figures 2b-2f) all show KW structures in rainfall with consistent phase
speed (10-12 m s~') but with some—rather unsystematic—variation in intensity and geographical occurrence.
Physically consistent phase relationships to zonal wind can be detected in the simulations, broadly similar to the
observations. Occasionally, KW wind signals propagate faster than the signals in rainfall (e.g., in the 20-km run
with parameterized convection), possibly indicating dry propagation with a larger equivalent depth. Rainfall vari-
ances of KW (Figure S3a in Supporting Information S1) are robust across the runs but underestimated relative
to observations, except for the 80-km explicit run, while their wind variances are slightly overestimated (Figure
S4a in Supporting Information S1). For both rain and wind, the fraction of the total variance is consistent with
the observations (3%—4% for rainfall in Figure S3b in Supporting Information S1 and 6%-9% for wind in Figure
S4b in Supporting Information S1). An exception is for rainfall variance when the horizontal grid is too coarse to
explicitly represent deep convection (Ax > 20 km).

3.3. MRG Waves

In observations MRG-filtered rainfall signals propagate westward with a fast speed of 15-20 m s~! (Figure 2g).
MRG activity is mostly restricted to the Indian and Pacific Oceans, and weakens in the course of the study period.
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Figure 2. Hovmoller diagrams covering the period 01 August—10 September 2016 of filtered precipitation averaged over
5-15°N [mm h~'] (shading) and filtered upper-level wind (contour) from IMERG satellite data and ERAS (obs), respectively,
as well as corresponding ICON model simulations. The contour lines show easterly wind anomalies for KW and WIG1 and
northerly wind anomalies for mixed-Rossby gravity waves and ER, with contours of 1, 3, 5, and 10 m s~'. Bold numbers
indicate the horizontal grid spacing of each run; conv marks the runs with parameterized convection. The color scheme is
identical to JRB21 to facilitate comparison.
There are also indications for a slow eastward group propagation consistent with MRG theory. MRG rainfall
signals tend to move faster over the Pacific than Indian Ocean, which may be associated with a Doppler shift
caused by the opposing low-level winds related to the Walker circulation (Takasuka et al., 2019). The theoretical
structure of an MRG as used in YP implies that equatorial northerlies are accompanied by divergence at 10°N,
favoring convection there. This is consistent with Figure 2g showing frequent overlap between northerly wind
anomalies and enhanced rainfall in 5-15°N. The propagation speeds of MRG identified by the YP method are
largely consistent with those by the WK method.
MRGs in the ICON runs (Figures 2h—21) largely agree with those in the observations in terms of their phase speed
and wind-rain relation, but there are also some considerable differences. The 20-km parameterized run matches
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better with the observations than the 2.5-km run in terms of geographical locations of rainfall activity and fraction
of the total rainfall variance (Figure S3b in Supporting Information S1). The other runs show various deviations
from the observations, including an eastward shift of the activity (even all the way to Africa in the 80-km explicit
run) and a mismatch of rain and wind propagation in the 80-km parameterized run. These differences demon-
strate that high resolution and explicit convection are no simple cure to representing EW's and that it is the subtle
coupling of dynamical and thermodynamical effects that need to be represented well in the model.

3.4. ER Waves

Figure 2m shows ER identified in observations by the two methods. Five significant signals in rainfall can be

detected to propagate westward with a speed of 3-5 m s™!

, with an outstanding signal over the Indian Ocean
in the middle of the investigation period. According to the ER spatial structure used in YP, meridional wind at
8°N coincides with divergence around this latitude and thus should favor convection. However, this relationship
is hardly evident from Figure 2m, where the wind signals propagate much faster (10~12 m s~!). This may be
related to wave variability coupled to convection in WK and uncoupled in YP. Also, the Asian summer monsoon
might influence the meridional structures of ER. Finally it is worth noting that the lower limit for wave periods is

6.25 days for WK and 3 days for YP, such that fast signals are suppressed by the WK filter.

Interestingly, the explicit runs (Figures 2n—2p) consistently show a very similar behavior, that is, marked indi-
vidual events at almost all longitudes with a slow propagation in rainfall and a fast propagation in winds. In
contrast, parameterized convection generally exhibits a closer alignment in propagation between wind and rainfall
(Figures 2q—2r). Furthermore, ER significantly contributes to the total rainfall variance in the parameterized runs
(5%—6%), even more than for the observations (2%) (Figure S3b in Supporting Information S1). This indicates
that somehow parameterized convection responds more sensitively to the rotational (or balanced) flow of ERs
than the more chaotic explicit convection (Raymond et al., 2015). Nevertheless, the results from the explicit
runs closely match the observed variability and propagation speed.

3.5. WIG1 Waves

Finally for WIG1, the observations (Figure 2s) show strong and frequent rainfall signals over the Maritime Conti-
nent, downstream of Africa and occasionally elsewhere with 4% contribution to the total rainfall variance (Figure
S3b in Supporting Information S1), while the corresponding u wind signals based on YP are very weak with
0.4% contribution (Figure S4b in Supporting Information S1). (WIG2 shows the same tendency of strong rainfall
signals but weak wind signals, Figures S1-S4 in Supporting Information S1). This strongly suggests that the
signals WK identifies do not show theoretical dynamical structures (further discussed in Section 3.7).

For WIGI, the ICON runs show a significant difference of rainfall signal between explicit and parameterized
convection. For the former WIG1 contributes 2%—4% to the total rainfall variance and for the latter only 1%
(Figure S3b in Supporting Information S1). Explicit runs with 2.5- and 20-km grid spacing show a strong activity
over the African-Atlantic area but not over the Maritime Continent. The 80-km run with explicit convection has
unrealistically strong signals at all longitudes, as already evident in the unfiltered rainfall. Moreover, in all ICON
runs WIGI hardly contributes to the total equatorial meridional wind variance (<1% in Figure S4b in Supporting
Information S1). It is therefore questionable if WK isolates random small-scale features of rainfall as WIG1. We
address this with composite analyses in Section 3.7.

3.6. Comparison to MPAS Results

The results described above have shown that the relationship between EWs, model resolution and convective
treatment are complex in ICON. To first order, ICON consistently produces KW, MRG, and ER signals across all
considered resolutions and convective treatments, despite underestimation of rainfall variance, and variations in
geographical distribution and wind-rain relationship. An exception is the somewhat unrealistic 80-km run with
explicit convection that produces large wave-related variance in rainfall but a low relative contribution by EWs.
Only WIGI-filtered rainfall demonstrates a fundamental difference between explicit and parameterized runs with
the latter showing very little activity overall. Again, the 80-km explicit run appears somewhat overdoing activity.

How does that relate to the results of JRB21? For KW, JRB21 found that convective parameterization slows down
the propagation speed, which we do not observe for ICON. This means that to represent KW, MPAS benefits from
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resolving convection, while little sensitivity is found in ICON. In MPAS, MRGs are consistent across different
model configurations with some variations in variance, geographical maxima and propagation speed, broadly
similar to our findings. For ER, JRB21 also found rather consistent results across all model configurations in
close agreement with ICON. Finally WIG1 in ICON confirms a behavior shown in MPAS that associated rainfall
signals are very weak with parameterized convection, while explicit convection emphasizes the activity over
Africa and the Atlantic. (This geographical preference is also observed in tropical depression in both models, see
Figure S1 in Supporting Information S1). Why the phase speed and variance of KW are more robust in ICON
than in MPAS is unclear, as both in principle use a similar convection scheme (Tiedtke, 1989) but only the latter
adapts the portion of parameterized convection depending on grid resolution (Wang, 2022). It is possible that
couplings with other parameterizations or with the dynamical core create this difference but such links are hard
to disentangle.

3.7. Composites

Figure 2 has revealed some striking differences between EWs detected using WK applied to rainfall and using YP
applied to dynamical fields. Here we link the two methods using compositing techniques to shed some light into
the structures of the identified signals. We concentrate on MRGs, for which we saw a good correspondence in
Hovmoller diagrams, and WIG1 with very little wind signals overall. (The entire analyses can be found in Figures
S5-S9 in Supporting Information S1).

Using the wind fields of YP as the basis, we can see a strong modulation of rainfall through MRGs (Figure 3a).
The amplitude is similar across all configurations but shifted to higher values in ICON compared to IMERG.
Maxima occur in Phase 5 (equatorial northerlies), as predicted by theory, in all runs but the two coarse-resolution
explicit runs, where it occurs in Phase 4. This demonstrates that despite some subtle differences in the Hovmoller
diagrams the mean relationships are robust. In strong contrast, the corresponding analysis for WIG1 (Figure 3b)
shows no meaningful variation and inconsistencies between the model configurations, likely related to the overall
weak wind signals.

When we take the opposite perspective and composite meteorological fields averaged over 5-15°N on the
basis of wave phases from WK-filtered rainfall at the same latitudes, robust MRG structures become evident.
For the wet Phase 5, northerly wind anomalies at 200 hPa are found (Figure 3c) as theory predicts. Wind
structures then tilt toward lower phases below and above that level, forming an elbow structure. The corre-
sponding analysis for temperature (Figure 3e) shows a baroclinic structure with warm anomalies in the lower
troposphere before Phase 5 and at 300 hPa in Phase 5 with an opposite tilt in the lower stratosphere. These
vertical structures resemble those described in other observational studies (Kiladis et al., 2009; Wheeler
et al., 2000).

The vertical structures of wind and temperature from the 2.5-km run correspond well to those in the observations
despite an underestimation of the lower-stratospheric temperature anomalies (Figures 3d and 3f). The other runs
also exhibit realistic vertical structures (Figure S4 in Supporting Information S1), indicating that MRG-rainfall
coupling is produced well by ICON, irrespective of convective treatment and wave-identification method.

For WIG1 both observations and the ICON model show a weak modulation of temperature and zonal wind
with the wave phase based on WK-filtered rainfall (Figures 3g—3j). If WIG1 existed during the study period,
the composite analyses would present some sinusoidal patterns as for MRG. An intriguing point is that the
associated signals are not small but show a westerly anomaly at high levels and an easterly anomaly at low
levels, while the temperature shows a trimodal structure (cold-warm-cold). Such structures are typical for Afri-
can Easterly Waves (Kiladis et al., 2006), which are active during this time of year over the area where we find
WIGI (Figure 2). These environmental conditions are typical for the formation of westward moving mesoscale
convective systems (MCSs), the rainfall signature of which then projects into the WIG1 wavenumber-frequency
window without showing the corresponding dynamical structures. The modulations indeed are consistent with
this interpretation. After the rainfall maximum in Phase 5, low-level easterlies increase, caused by downward
momentum transport from the African easterly jet. Meanwhile, low-level cooling is caused by cold pools and
midlevel heating by latent heat release in the stratiform part of the MCS. It is well known that models with param-
eterized convection struggle to realistically represent the complicated convective dynamics of MCSs (Marsham
et al., 2013; Pante & Knippertz, 2019; Pantillon et al., 2015).
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Figure 3. Composite of unfiltered rainfall on the basis of (a) mixed-Rossby gravity waves (MRG) and (b) WIG1 wave phase identified by the YP method. Composite
of unfiltered horizontal wind and temperature anomalies on the basis of (c—f) MRG and (g—j) WIG1 wave phase identified by the WK method. Composited variables
are averaged over 5—15°N.

4.

Conclusions

Judt and Rios-Berrios (2021, JRB21) reported that resolved deep convection provides more realistic simulations of

EWs, particularly the inertio-gravity type of waves, than parameterized deep convection in the MPAS simulations
from DYAMOND (Stevens et al., 2019). Inspired by their work, we have characterized EWs in the corresponding
ICON simulations by employing a combination of two different filtering approaches for a robust comparison of

EWSs: one based on a wavenumber-frequency method using rainfall (Wheeler & Kiladis, 1999, WK) and the other

bas

ed on a spatial-projection method using upper-level wind and geopotential (Yang et al., 2003, YP).

The main conclusions are summarized as follows:

1.

All ICON runs produce westward propagating features in unfiltered rainfall, broadly corresponding to obser-
vations. Compared to the observations, ICON produces more widespread rainfall patterns, leading to an over-
estimation of mean rainfall, which was also found for MPAS. Rainfall variance is underestimated for parame-
terized convection but overestimated for the experimental coarse-resolution explicit ICON runs (Ax > 20 km).
A discernible distinction between the two models is that the westward propagation was suppressed for param-
eterized convection in MPAS (JRB21).

In the ICON model, Kelvin (KW), mixed-Rossby gravity (MRG) and equatorial Rossby (ER) waves are
largely consistent in terms of propagation speed and variance, irrespective of resolution, convective treat-
ment and wave-identification method. Wave-related variances in rainfall are generally underestimated but
their contributions to the total rainfall variance is realistic, except for the explicit runs with coarse resolu-
tions (Ax > 20 km). Variances in horizontal winds are consistent with the observations. Furthermore, we
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demonstrate that MRG robustly modulates rainfall and vertical structures of winds and temperature. Our
results of wave-filtered rainfall largely agree with JRB21 but KW phase speed is less sensitive to model
configuration in ICON than MPAS.

3. Westward inertio-gravity waves (WIG1) exhibit a big difference between explicit and parameterized convec-
tion in both ICON and MPAS when using the WK approach. However, their wind signals (YP) are very
feeble, irrespective of convective treatment, indicating no corresponding dynamical structure of WIG1. A
composite analysis, which links the two approaches, reveals that this spurious signal is not a classical EW
but likely signal from MCSs, amongst others associated with African Easterly Waves, which are in fact better
represented with explicit convection, as previous studies have shown.

Given the limited simulation period available, the main conclusions presented here may not hold for other seasons,
as each wave type has its own annual cycle (Wheeler et al., 2000). Slow-moving waves such as ER in particular
might be different over a longer time integration. A new generation of convection-permitting climate models will
become available for better sampling in the foreseeable future (Palmer & Stevens, 2019). Despite these caveats,
our application of both the WK and YP tools ensures detected EWs from two complementary perspectives and
helps avoid misinterpretation of signals from one method (see Knippertz et al., 2022, for a detailed discussion).
The robustness of large-scale EWs to model configuration in ICON is encouraging. This bodes well for a success-
ful use of ICON in different resolutions for weather and climate predictions in the future.

Data Availability Statement

IMERG data are available through the NASA earth data portal (https://doi.org/10.5067/GPM/IMERG/3B-HH/06).
The ERAS data on pressure levels can be found at the Copernicus Climate Change Service (C3S) Climate Data
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Archival and Retrieval System (MARS) (https://apps.ecmwf.int/data-catalogues/eraS/?class=ea). DYAMOND
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