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Abstract Increasing computing resources allow us to run weather and climate models at horizontal
resolutions of 1-10 km. At this range, which is often referred to as the convective gray zone, clouds and
convective transport are partly resolved, yet models may not achieve a satisfactory performance without
convective parameterizations. Meanwhile, large fractions of the gravity wave (GW) spectrum become
resolved at these scales. Convectively generated GWs are sensitive to spatiotemporal characteristics of
convective cells. This raises the question of how resolved GWs respond to changes in the treatment of
convection. Two global simulations with a horizontal grid spacing of 5 km are performed, one with explicit
and one with parameterized convection. The latitudinal profiles of absolute zonal-mean GW momentum
flux match well between both model configurations and observations by satellite limb sounders. However,
the simulation with explicit convection shows ~30-50% larger zonal-mean momentum fluxes in the
summer hemisphere subtropics, where convection is the dominant source of GWs. Our results imply that
changes in convection associated with the choice of explicit versus parameterized convection can have
important consequences for resolved GWs, with broad implications for the circulation and the transport in
the middle atmosphere.

1. Introduction

Gravity waves (GWs) are important for driving the circulation and transport in the middle and upper atmo-
sphere and contribute to the exchange of constituents between the troposphere and the stratosphere. GWs
are mainly generated by orography (Lott & Miller, 1997; McFarlane, 1987), jets and fronts (Plougonven &
Zhang, 2014), and convection (Piani et al., 2000; Song & Chun, 2005; Stephan & Alexander, 2015). The grid
spacing required for an explicit simulation of the full GW spectrum would need to be fine enough to resolve
individual convective updrafts. Therefore, contemporary general circulation models (GCMs) use parame-
terizations for GWs, and there exist several methods for specifying the GW spectra from different sources.
Convective sources dominate GW generation in the tropics and subtropics, whereas jets, fronts, and orog-
raphy dominate in the midlatitudes. By tuning the independent GW source parameterizations separately, it
is therefore possible to tweak specific components of the atmospheric circulation system (e.g., Garcia et al.,
2017; Orretal., 2010). In this sense GW parameterizations have been an important tool for achieving realistic
large-scale circulation patterns in GCMs.

Convective cells, in particular, are underresolved, even at grid spacings of 1 km. Therefore, subgrid con-
vective processes are themselves often parameterized. Schemes for convective parameterizations implicitly
assume that the dynamical scale of the convection is significantly smaller than a grid box. With increasing
computational capacities, global models are now starting to run at resolutions of a few kilometers. These
grid spacings are still coarser than the cloud scale but finer than the intercloud separation scale. Since nei-
ther traditional parameterization schemes nor explicit dynamics are well suited to this intermediate regime,
it is commonly referred to as the gray zone (Prein et al., 2015).

At fine resolutions, GWs, too, can be treated in multiple ways. The 7-km GEOS-5 Nature Run (Gelaro &
Coathors, 2015), for instance, still used a parameterization for orographic GWs, and despite having a real-
istic generation of nonorographic GWs, their parameterization was necessary due to excessive dissipation
of the waves (Holt et al., 2017). Different setups are also used for simulations at resolutions much coarser
than the convective scale. In experiments discussed in Geller et al. (2013), the Kanto model with a 62.5-km
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resolution near the equator (Watanabe et al., 2008), for example, did not use any GW parameterization
but achieved a realistic circulation through very little dissipation at small scales. In the CAMS5 simulation
(Bacmeister et al., 2014) with a 25.5-km resolution near the equator, described in Geller et al. (2013), only
orographic GWs were parameterized. These examples hint at the challenges that will be encountered when
GCM resolutions approach the gray zone. Without GW parameterizations, important tuning parameters are
lost. As the experience with the Nature Run shows, it cannot be taken for granted that the generation of
resolved waves is realistic and that their drag forces result in the desired atmospheric circulation. Convec-
tively generated GWs may pose a particular problem, as their implementation in GCMs may rely on two
parameterizations building on top of each other (e.g., Beres et al., 2005; Choi & Chun, 2011; Kim et al., 2013;
Richter et al., 2010).

However, even when the resolution of the model is sufficient to resolve a large fraction of the GWs consid-
ered, the use of a convective parameterization has a strong influence on the excited GWs (Kim et al., 2007;
Preusse et al., 2014). Miiller et al. (2018) showed that a convective parameterization inhibited the generation
of GWs by convection. They argued that this was due to a lack of variance in latent heating at small scales
and due to a lack of deep heating. However, their sensitivity test was based on an idealized zonally symmet-
ric aqua planet model without rotation and no background winds. Therefore, it is of high interest to consider
how global GW distributions may change in a start-of-the-art GCM when all convective parameterizations
are turned off.

This study seeks to assess how the properties of resolved GWs depend on the treatment of convection in sim-
ulations of 5-km horizontal resolution. Our analysis is based on two 1-week simulations of the icosahedral
nonhydrostatic (ICON) atmosphere model (Zdngl et al., 2014). One simulation is performed with and the
other one without a convective parameterization. We use the convection scheme of Bechtold et al. (2008),
which is used and optimized for operational weather forecasts by the German Weather Service with 6.5-
and 13-km horizontal grid spacings over Europe and surrounding regions, respectively. Thus, the convective
parameterization is tuned for high resolution.

Comparisons with observations are carried out to ensure that the model simulations are broadly realistic.
However, we do not present a detailed model evaluation. Section 2 introduces the simulations, observational
data, and analysis methods. Results are presented in section 3, and a summary is given in section 4.

2. Data and Methods

2.1. Numerical Simulations

The model simulations are performed with the operational weather forecasting model ICON (Zingl et al.,
2014) of the German Weather Service, which is jointly developed with the Max Planck Institute for Meteo-
rology. In contrast to the operational configuration, a horizontal resolution of 5 km is used, and no subgrid
parameterization for GW effects on the resolved flow is applied. As for the numerical weather forecasts, 90
levels are used in the vertical with a model top at 75 km. The vertical resolution in the stratosphere varies
between 400 and 1,500 m. The Klemp-type Rayleigh damping (Klemp et al., 2008) of vertical winds starts
at 44 km, above the levels analyzed in this study. Fast physics and tracer advection are computed ever 45 s,
convection every 630 s.

The model is run in two configurations, differing in their representation of convection. The first simulation,
referred to as “PC” (for parameterized convection), uses a bulk mass-flux parameterization for moist con-
vection (Bechtold et al., 2008; Tiedtke, 1989), and the second simulation, referred to as “EC” (for explicit
convection), does not use any subgrid representation of moist convection. Thus, the only difference between
EC and PC is the treatment of convection. GWs are not parameterized but explicitly generated in EC
and PC, as both simulations couple temperature tendencies from condensation to the dynamic variables
of the model.

Simulations are initialized from the operational analysis of the European Centre for Medium-Range Weather
Forecasts (ECMWF) on the 1 August 2016. Sea surface temperatures are constant and based on the ECMWF
reanalysis product at the initial time (1 August 2016, 00 UTC). Our study focuses on days 2 to 9 of the
simulations. This is to avoid artifacts due to the initialization in the first hours of the simulations and to
avoid a strong divergence of the atmospheric state between the two simulations and nature.
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2.2. Observational Data

We use 30-min 0.1° X 0.1° precipitation data from the Tropical Rainfall Measuring Mission (TRMM,;
Huffman et al., 2014) for a comparison of observed and simulated mean precipitation and precipitation
variability in the tropics and subtropics.

The simulated GW momentum flux (GWMF) is compared to global maps of absolute GWMF at 30-km alti-
tude provided by the gravity wave climatology based on atmospheric infrared limb emissions (GRACILE)
climatology (Ern et al., 2018). GRACILE GWMF is derived from the satellite instruments High Resolution
Dynamics Limb Sounder (HIRDLS) and Sounding of the Atmosphere using Broadband Emission Radiom-
etry (SABER), both of which are infrared limb sounders. SABER measurements cover the altitude range
30-90 km, and HIRDLS covers 30-50 km. Vertical profiles of temperatures are retrieved along a track that
is approximately parallel to the satellite track. Each vertical profile is used to estimate the amplitude and
the vertical wavelength of the strongest wave component. The horizontal wavelength can be estimated
from vertical phase shifts between consecutive profiles when they are spaced <300 km apart. For each
pair of matching profiles, the GWMF is computed from the GW amplitude, vertical, and horizontal wave-
length (Ern et al., 2004, 2011). The data are averaged over 15° X 5° longitude-latitude boxes with steps of
5° x 2.5° longitude-latitude for HIRDLS and 30° X 20° longitude-latitude boxes with steps of 10° x 5°
longitude-latitude for SABER. Due to SABER's spatial sampling pattern, fewer pairs of vertical profiles are
available for the computation of GWMF (Ern et al., 2018). This measurement technique is sensitive to GWs
with horizontal wavelengths longer than ~100-200 km and vertical wavelengths longer than ~3 km. GWMF
from GRACILE should be considered a lower bound of the true flux because the along-track estimates of
horizontal wavelengths are greater or equal to the true horizontal wavelengths. Details of the measurement
sensitivities are described in Ern et al. (2018).

August has the advantage of strong activity of convective GWs in the Northern Hemisphere subtropics,
which is usually more pronounced than in the Southern Hemisphere subtropics during austral summer.
Furthermore, SABER continuously observes high southern latitudes during this month and is thus able to
capture GWs in the southern subpolar latitudes that primarily originate from orography, jets, and fronts.
To be able to compare the ICON simulations to average August distributions of GWMF of both HIRDLS
and SABER, we select the multiyear average August GW distributions of the GRACILE climatology, since
HIRDLS does not cover the year 2016.

2.3. Wave Analysis of Model Data
The GW horizontal pseudo-momentum flux is a function of the background density p,, the Coriolis
parameter f, the intrinsic frequency @, and the three-dimensional wind velocity perturbations (u’,v',w'),

2

(F,.F,) = p, (1 - %) (WW) )

where overlines denote averages over at least one wavelength. The computation of the terms w'w’ and v'w’
requires a spectral analysis to determine the covariance of the respective wind components. This is not pos-
sible here because the temporal resolution of the model output greatly exceeds typical GW periods, which
can be shorter than 10 min. We select an analysis method that permits the computation of GWMF at indi-
vidual time steps. The small-volume few-wave decomposition technique (S3D; Lehmann et al., 2012) has
several additional advantages over other common methods for extracting GW parameters, such as Fourier
analysis. First, S3D output variables, such as the GWMF and wave vector, are not functions of spectral space
but of physical space, providing local information on the GWs. Second, at each physical location the method
focuses on the wave that explains the most variance in the local three-dimensional temperature perturba-
tion field. In this sense S3D results are similar to the GRACILE climatology. The following computational
steps are carried out at 6, 12, 18, and 24 UTC of each day:

1. Regridding: Three-dimensional wind and temperatures are interpolated from the ICON grid to levels with
a 500-m vertical spacing, and to a 0.05° x 0.05° latitude-longitude grid.

2. Background removal: Perturbation temperatures are obtained by removing zonal waves of wave numbers
up to 18. In addition, we smooth the background by applying a Savitzky-Golay filter (Savitzky & Golay,
1964) in latitude and altitude direction based on third-order polynomials over 5° latitude and fourth-order
polynomials over 5-km altitude. These choices are designed to eliminate most planetary waves and to
focus the analysis on GWs. Sensitivity tests with cutoff wave numbers of 12 and 6, respectively, and no
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additional smoothing showed negligible differences, indicating the robustness of our results to the choice
of filtering and smoothing.

3. Cube subsets: As mentioned above, S3D is able to characterize the local properties of GWs. This is possible
because the method is applied to data inside small cubes. The three-dimensional filtered array of temper-
ature perturbations is split into subsets of cubes of 130-km width in the zonal and meridional directions
and 12-km depth. The cubes are centered at 30-km altitude, such that the bottom of a cube is located
well above the tropopause and the top is situated well below the sponge layer of the model. The cubes are
placed every 0.5° X 0.5° such that neighboring cubes overlap.

4. Sinusoidal fit: The S3D algorithm is applied to data inside each cube separately. The algorithm performs
a three-dimensional sinusoidal fit to the temperature perturbations, maximizing the explained variance.
Unlike spectral methods like Fourier transforms, vertical and horizontal wavelengths of the fitted waves
can exceed the respective cube dimensions. Our choice of cube size focuses the analysis on waves of verti-
cal wavelength <40 km and horizontal wavelength <1,300 km. This spectral range is consistent with the
GRACILE climatology. Our choice of cube size was informed by empirical values from previous studies
(Krisch et al., 2017; Lehmann et al., 2012). Quantities derived from the wave fit include the GW amplitude
T and the zonal, meridional, and vertical wave numbers (k, I, and m). From these parameters GWMF is
computed as

2 A 2

by =305 (A) (L) @
where g denotes the gravitational acceleration, N the buoyancy frequency, p, the background density,
and T, the background temperature. Our assumption of upward wave propagation fixes the propagation
direction of the wave.

5. Data collection: S3D results from all cubes are collected on a 0.5° X 0.5° grid, corresponding to the spacing
of the cubes.

To ensure that a different time sampling of the satellite and model data does not significantly change the
results presented here, we repeated the analysis with composites created from identical local times. The
resulting changes, which could in principle result from the existence of a diurnal cycle or a different viewing
geometry on the ascending versus the descending branches of the satellites, were found to be only about
10% of the overall uncertainties.

3. Results

As the main focus here is on GWs generated by convection, we first examine convective sources in EC and
PC in terms of precipitation rates. Despite having averaged over 7 days, we can still distinguish small-scale
structures in the precipitation field of EC that are not present in PC (Figures 1b and 1c). For example, PC
precipitation over Africa is spatially more coherent than EC or TRMM. In addition, PC lacks precipitation
peaks in the tropical Indian Ocean and the northeastern Bay of Bengal (Figure 1d). The small areas of peak
precipitation values in EC are indicative of strong rainfall events.

In addition to mean precipitation, we examine the standard deviation of 30-min precipitation rates
(Figures 1e-1h). A larger standard deviation is associated with a more frequent occurrence of intense 30-min
precipitation rates, and GWs are forced most strongly during the developing and mature stages of convection.
Therefore, 30-min standard deviations serve as a good indicator of GW-generating convection. The standard
deviation of precipitation in EC is much greater than in PC or TRMM observations, suggesting that convec-
tion is underresolved in EC; without a convective parameterization large instabilities are required to trigger
convection in a column of the model. Therefore, at the relatively coarse resolution of 5 km, convection in
EC occurs less frequently but is stronger than in PC or in observations. Although TRMM variability may be
underestimated (Tan & Duan, 2017), variability in PC is even weaker than in TRMM, except for a narrow
band of high standard deviation over Africa (Figure 1h). These findings suggest that EC may produce GWs
of larger amplitudes compared to PC.

Before analyzing the simulated GWMF, it is instructive to examine Fourier power spectra of stratospheric
winds (Figure 2). The 30-km spectra of EC and PC zonal winds exhibit the expected k=3 dependence at large
scales (small zonal wave numbers) with a transition to a shallower slope, slightly steeper shallower than
k™3, at the mesoscale (Skamarock, 2004). The power spectra of vertical velocity are more or less flat in both
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Figure 1. (a-c) Mean precipitation and (e-g) standard deviation of precipitation based on simulated (EC and PC) and

observed (TRMM) 30-min data; (d) difference between (b) and (c); (h) difference between (f) and (g).
TRMM = Tropical Rainfall Measuring Mission; EC = explicit convection; PC = parameterized convection.
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Figure 2. Fourier power spectra of simulated zonal winds (solid lines) and
vertical winds (dotted lines) at 30-km averaged between 5° S and 5° N and
normalized by their values at the shortest wave number. Wave numbers
corresponding to wavelengths of 35 and 60 km are marked by black dashed
lines. Blue dashed lines show slopes of k=53 (shallow) and k=3 (steep).

EC = explicit convection; PC = parameterized convection.

simulations. Dissipative mechanisms set in at large wave numbers, caus-
ing a rapid decay of energy at scales smaller than 12 times the grid scale.
Thus, the simulations can be expected to resolve wavelengths >60 km.
Moreover, EC has relatively more power at large wave numbers than PC.
While the origin of the k3 slope is not fully understood at the mesoscale
(Skamarock, 2004), GWs have been suggested as a contributing factor to
explain this slope (Dewan, 1979; VanZandt, 1982). Therefore, the shal-
lower spectrum in EC could result from an increased dominance of GWs
at scales smaller than the mesoscale, as was also argued in Liu et al.
(2014). The slope of the vertical velocity power spectrum is also shallower
in EC. If this argument holds, then the energy spectra would imply more
and/or stronger GWs in EC. Malardel and Wedi (2016) examined verti-
cally integrated kinetic energy spectra in simulations with and without
parameterized deep convection at 5- and 9-km horizontal resolutions per-
formed with the hydrostatic Integrated Forecasting System (IFS) of the
ECMWEF. They also reported shallower slopes in the simulations that did
not parameterize deep convection.

The time-averaged absolute GWMF at 30 km, derived from S3D, is indeed
greater in EC than in PC. For a quantitative comparison of GWMF mag-
nitudes, Figure 3a shows zonal mean values of simulated and observed
GWMF. EC and PC agree well in the Southern Hemisphere, where con-
vection is not the dominant source of GWs in August. This is expected

(a) Zonal-mean absolute GWMF
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Figure 3. (a) Zonal-mean simulated GWMF and climatological August GWMF observed by SABER and HIRDLS from
the GRACILE climatology at 30 km. August 2016 data are only shown for SABER, as they are not available from
HIRDLS. Also shown are SABER data for the 2005-2007 HIRDLS period. (b) Zonal averages of the precipitation
standard deviation shown in Figures 1le-1g. TRMM = Tropical Rainfall Measuring Mission; EC = explicit convection;
PC = parameterized convection; GWMF = gravity wave momentum flux; SABER = Sounding of the Atmosphere using
Broadband Emission Radiometry; HIRDLS = High Resolution Dynamics Limb Sounder.
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Figure 4. August absolute GWMF at 30 km observed by (a) SABER and (b) HIRDLS from the GRACILE climatology
(plotted at the resolution of the GRACILE climatology; 10° X 5° longitude-latitude for SABER and 5° x 2.5°
longitude-latitude for HIRDLS); (c and d) simulated absolute GWMF computed with S3D for 2-9 August 2016 (plotted
at a resolution of 0.5° x 0.5°); (e) difference between (c) and (d). The horizontal resolution in (e) is reduced to 4° x 4°
to reduce graininess. EC = explicit convection; PC = parameterized convection; GWMF = gravity wave momentum
flux; SABER = Sounding of the Atmosphere using Broadband Emission Radiometry; HIRDLS = High Resolution
Dynamics Limb Sounder.

because the treatment of convection does not have a first-order impact on other GW exciting mechanisms.
GWMF at 55°-65° S is slightly greater in PC. However, our analysis is based on only 1 week, such that small
differences in this region may be caused by few strong GW events related to jet instabilities or wind bursts
over orography. At 55°-65° S 1% of our S3D-derived GWMF data account for ~26% of the time mean zonal
mean GWMF, and 0.1% of the data account for 9% of the GWMF. These values, which hold for EC and PC, are
consistent with high-pressure balloon measurements from the Vorcore campaign and satellite observations
at 50°-65° S (Hertzog et al., 2012).

To the north of 20° S, in contrast, GWMF in EC is always ~30-50% greater than in PC. This is consistent
with the greater precipitation variability in EC (Figure 3b). The secondary precipitation peak at ~5°S, which
is seen in TRMM and EC, likely stems from the Indian Ocean (Figure 1). There is no evidence for a corre-
sponding GWMF signature in Figure 3a, which is most likely a result of wind filtering. At 5° S zonal winds
turn from easterly to westerly at ~22-km altitude, whereas at 0-30° N easterly winds prevail from the surface
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Figure 5. Latitude-longitude boxes chosen for a regional analysis of precipitation, vertical velocities, and gravity waves.

The regions are selected to enclose areas of strong precipitation and are referred to as (left to right) the African
Monsoon, the Asian Monsoon, the West Pacific, and Middle America.

up to 40 km. To exclude that differences between GWs in EC and PC result from different large-scale winds,
we confirmed that differences in zonal-mean zonal winds between EC and PC are small, typically <10% (not
shown). Both simulations reproduce the observed latitudinal variation of GWMF reasonably well. However,
the comparison to satellites should be considered a qualitative one, as observations represent several years
of August, whereas the model data consist of only 7 days. In the SABER data for August 2016, GWMF in the
Southern Hemisphere polar vortex is ~20% lower on zonal average, while convective GWMF in the North-
ern Hemisphere subtropics is somewhat stronger. The greater GWMFs south of 50° S in HIRDLS compared
to SABER result from HIRDLS's ability to sample shorter horizontal wavelengths and a favorable observa-
tional geometry at these latitudes. It is encouraging that ICON matches the observed latitudinal profiles
without using any type of GW parameterization for unresolved waves.

Figures 4c and 4d show the global distributions of absolute GWMF at 30 km. It confirms the larger GWMF in
EC in both the Northern Hemisphere midlatitudes and the tropics/subtropics (Figure 4e). At these latitudes
convective sources are prevalent. The eastern United States, between the Gulf of Mexico and the Great Lakes,
is one example of a region with little topography and substantial differences between the GWMF in EC and
PC. This region is one of the four low-latitude hot spots in satellite measurements (Figures 4a and 4b); strong
GWMF is also observed over the West Pacific, South Asia, and at 10°-30° N over Africa. These hot spots can
all be identified in EC and PC, with better-matching magnitudes in EC.

To examine simulated GW properties in greater detail, we now focus on the four regions of Figure 5, which
are subjectively chosen to enclose areas of strong precipitation variability (cf. Figure 1). We will refer to
them as the African Monsoon, the Asian Monsoon, the West Pacific, and Middle America, respectively. As
expected from Figure 1f, strong precipitation rates occur more frequently in EC. In the Asian Monsoon, the
West Pacific, and Middle America, precipitation rates exceeding 10 mm/hr are about 10 times more frequent
in EC compared to PC (Figures 6d, 6f, and 6h). In the African Monsoon, the agreement between PC and EC
is better, even though both simulations produce more frequently large precipitation events than observed
by TRMM, which may point to a common bias in convection over land. This closer match of precipitation
strengths over Africa between EC and PC may result from a stronger forcing of precipitation that could stem
from orography or from a stronger diurnal cycle over land compared to the oceans. GWMF magnitudes are
greater in EC than in PC in all four regions (Figures 6a, 6c, 6e, and 6g).

To confirm that surface precipitation rates have a direct impact on GWMF at 30-km altitude, which is well
above the level of convective GW sources, Figures 7a and 7b examine the relationship between 15-min
5 km X 5 km surface precipitation rates on tropospheric vertical velocities at altitudes of z = 5, 10, and
15 km within the same vertical column. By standard thermodynamical arguments, stronger precipitation
rates are associated with greater heating rates and greater vertical velocities. This is reflected in the mono-
tonic increase of mean vertical velocities at z = 5 km and z = 10 km with increasing precipitation rates.
At z =5 km EC simulates greater mean vertical velocities, but the vertical velocity statistics of EC and PC
are similar in that there is substantial overlap of their interquartile ranges. At z = 10 km the differences
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Figure 6. For the four regions shown in Figure 5, the occurrence fraction of (a, c, e, and g) 1° x 1° absolute GWMF
magnitudes at 30 km in EC and PC, and (b, d, f, and h) 30-min 20 km X 20 km precipitation rates in EC, PC, and
observations from TRMM. The scales for horizontal averaging are chosen to represent the typical horizontal scales of
GWs and deep convection, respectively. The unphysical drop of the TRMM histograms at 50.8 mm/hr results from the
processing of satellite data. Specifically, memory limitations made it necessary to encode values in the data format
character, which created an artificial upper bound at 50.8 mm/hr. Thus, the drop only appears over the ocean and not
over land, where rain gauges are included. GWMF = gravity wave momentum flux; TRMM = Tropical Rainfall
Measuring Mission; EC = explicit convection; PC = parameterized convection.

between EC and PC are more pronounced. For a given precipitation rate, EC produces substantially greater
vertical velocities. Values in the 99th percentile can reach ~20 m/s in EC. Resolved convective updrafts lead
to higher vertical velocities in the upper troposphere in EC. Miiller et al. (2018) also found that a convec-
tive parameterization in their idealized model with a 20-km grid spacing suppressed deep modes of tropical
latent heating, which strongly supports our hypothesis. Large vertical velocities at z = 15 km could be
associated with overshooting convection or with GWs. Both phenomena are affected by advection or lat-
eral propagation, respectively, such that at z = 15 km a strong relationship between vertical velocities and
precipitation is no longer found (Figure 7c).
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Figure 7. (a,c, and e) The relationship between simulated vertical velocities at altitudes of 5, 10, and 15 km,
respectively, with surface precipitation rates. Data are based on 5 km X 5 km grid boxes at 0°~30°N. The 15-min periods
of precipitation accumulation precede the times at which vertical velocity distributions are computed. Data are binned
into 5-mm precipitation intervals to compute statistical properties of vertical velocity: average (black horizontal line),
interquartile range (box), 10th and 90th percentile (vertical lines), and outliers within the 99th percentile (dots). (b,d,
and f) Occurrence frequencies of vertical velocities at altitudes of 5, 10, and 15 km, respectively, also based on 5 km X 5
km data at 0°-30° N. EC = explicit convection; PC = parameterized convection.

The stronger vertical velocities in EC (Figure 7) combined with the more frequent occurrence of strong pre-
cipitation rates in EC (Figures 6b, 6d, 6f, and 6h) explain the increased occurrence of large vertical velocities
at 5- and 10-km altitude (Figures 7b and 7d), which are still found at 15 km (Figure 7f). These are indica-
tive of stronger GW sources in EC. Yet differences at the source level may not necessarily translate into
differences at 30 km. Wave propagation could differ between the four focus regions or between the simula-
tions if the background wind profiles were sufficiently different. However, the simulated zonal wind profiles
are very similar between the four regions (Figure 8a; note that the curves in Figure 8a are offset by 1 m/s). In
addition, PC and EC simulate nearly identical zonal wind profiles for each region (Figure 8b; note that the
curves in Figure 8b are offset by 0.1 m/s). Because of the vertical extent of the S3D cubes, GWMF cannot be
computed at low altitudes. Thus, to approximate GWMF we compute the vertical profiles of the zonal mean
zonal momentum flux F, = p,u'w’ from 20 km upward (Figure 8c). F, decreases with altitude at nearly
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Figure 8. (a and b) Vertical profiles of zonal wind for the four regions shown in Figure 5. (a) The average of EC and PC
(curves are offset by 1 m/s); (b) the difference between the EC and PC (curves are offset by 0.1 m/s). (c) Vertical profiles
of zonal mean zonal momentum flux F, = pou’w’ computed every 5-km altitude, averaged between 0° and 30°N. p, is
the background density, and (u’,w’) is computed from data with a horizontal resolution of 100 km x 100 km with
variability at scales >1,000 km removed. EC = explicit convection; PC = parameterized convection.

identical rates in EC and PC. This provides further evidence that differences in GWMF at 30 km are not
strongly affected by GW propagation but originate from different convective properties in EC and PC.

Figure 9 shows the spectral distribution of GWMF inside each region as a function of wave propagation
direction and ground-based phase speed. The number next to each panel gives the average GWMF inside
each region in units of millipascals. Each plot is normalized to allow for a comparison of the shape of the
spectra. The average GWMF in EC is ~30-100% greater than in PC, as one may expect from Figures 6a,
6¢c, 6¢, and 6g. The spectra between EC and PC do not only differ in terms of their amplitude, but also in
terms of their spectral distribution. Spectra in EC are broader in both phase speed and propagation direction.
Thus, at 30-km EC is associated with relatively more fast waves and more northward, southward, and west-
ward, instead of mainly eastward propagation, with again the exception of the African Monsoon. EC closely
matches the satellite-derived GWMF magnitudes; deviations from SABER are <7% and deviations from
HIRDLS are <5% with the exception of the West Pacific (right-hand side of Figure 9). GWMF magnitudes
in PC are everywhere much smaller than the satellite-derived values.

The shift to higher phase speeds in EC is consistent with the higher temporal variability of precipitation
in EC (Figure 1). Linear theory predicts that deeper convection triggers broader spectra of GWs with peaks
at relatively higher phase speeds. In addition, broader spectra are associated with convection that is more
confined in its horizontal extent (Beres et al., 2004, 2005). Our analysis of precipitation characteristics in
EC and PC is consistent with more intense and spatially confined convection in EC. Thus, the different
treatment of convection between the two simulations is associated with changes in the morphology of typical
GW generating clouds.
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Figure 9. GWMF as a function of phase speed (radius; 5 m/s bins, spider-web circles mark 30, 60, and 90 m/s,
respectively) and propagation direction (angle; 16 directions, east is to the right). GWMFs in each region are
normalized by their totals. Numbers above each diagram give the average GWMF at 30 km inside each region in units
of megapascals. Tables on the right-hand side show the average GWMF at 30 km observed by SABER and HIRDLS
from the GRACILE climatology in units of megapascals (top row), and the deviations of the simulate GWMFs from this
satellite climatology (in percent). EC = explicit convection; PC = parameterized convection; GWMF = gravity wave
momentum flux; SABER = Sounding of the Atmosphere using Broadband Emission Radiometry; HIRDLS = High
Resolution Dynamics Limb Sounder.

4. Conclusions

We analyze the differences between stratospheric GWs in two global simulations of 1 week of August
with a horizontal grid spacing of 5 km. One simulation parameterizes convection (referred to as PC); the
other does not (referred to as EC). EC is associated with greater precipitation variability; in PC strong pre-
cipitation events occur less frequently. Consistent with stronger convective GW sources in the Northern
Hemisphere subtropics, where convection is the dominant source of GWs, zonal mean absolute GWMF is
~30-50% greater in the explicit simulation, while regional differences can reach ~100%. The GWMF spec-
trum associated with EC is broader in terms of wave amplitude, phase speed, and propagation direction.
We argue that this is due to stronger, deeper, and more spatially confined heating in the explicit simu-

STEPHAN ET AL.

4457



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2018JD030073

Acknowledgments

The work of C. C. Stephan and H.
Schmidt was supported by the
Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)
project SCHM 2158/5-2, which is part
of the DFG researcher group FOR 1898
(MS-GWaves). The work of M. Ern, P.
Preusse, and C. Strube was supported
by the DFG projects ER 474/4-2 and
PR 919/4-2 (MS-GWaves/SV), which
are also part of MS-GWaves. The GPM
IMERG Final Precipitation data were
provided by the NASA/Goddard Space
Flight Center's Precipitation Processing
System, which develop and compute
the GPM IMERG Final Precipitation as
a contribution to the Global
Precipitation Measurement (GPM)
mission, and are archived at the NASA
GES DISC, doi: https://doi.org/10.
5067/GPM/IMERG/3B-MONTH/05.
‘We would like to thank David Bolvin
from the IMERG team for helping us
understand the TRMM data shown in
Figure 6, and Stefan Kinne and
Christian Kummerow for contacting
him on our behalf. The GRACILE data
set is available at https://doi.org/10.
1594/PANGAEA.879658. Data from
numerical simulations are stored by
the Excellence in Science of Weather
and Climate in Europe (ESiWACE)
project at the German Climate
Computing Center (DKRZ) and can be
made available upon request. We thank
the HIRDLS and SABER instrument
teams for creating and maintaining the
satellite data sets. HIRDLS level 2 data
are freely available via the NASA
Goddard Earth Sciences Data and
Information Services Center (GES
DISC) at http://disc.sci.gsfc.nasa.gov/
Aura. SABER data are provided by
GATS Inc. and are freely available at
http://saber.gats-inc.com/.

lation. The relationship between local vertical velocities and surface precipitation reveals the presence of
stronger updrafts in EC, particularly in the upper troposphere, which supports this argument. Overall, the
treatment of convection has a substantial impact on the generated GWs. Using explicit versus parameter-
ized convection mainly changes the magnitude of absolute GWMF, and this change depends on latitude.
These aspects need to be considered when climate models are set up to operate at convection-permitting
resolution. Lastly, it is promising that both configurations of the ICON model considered here are able
to reproduce satellite-derived GWMF patterns without using additional parameterizations for unresolved
GWs. Over the Northern Hemisphere monsoon regions, GWMF magnitudes in the simulation with explicit
convection match those derived from SABER and HIRDLS within 7%. GWMF magnitudes in the run with
parameterized convection are everywhere much smaller than the satellite-derived values. However, a large
fraction of the GWMF is expected to be associated with small-scale waves. Thus, since neither observations
nor models cover horizontal wavelengths below ~50 km, the results obtained here do not imply that GW
parameterizations are dispensable.
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