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ABSTRACT: Through a series of global convection-permitting simulations and geostationary satellite observations, this
study investigates the role of deep moist convection in atmospheric kinetic energy (KE) and brightness temperature (BT)
spectra in a realistic framework. The control simulation was produced on a quasi-uniform 3-km global mesh, which allowed
the explicit representation of deep convection. To assess the impact of deep moist convection, a fake-dry simulation was
performed with latent heating–cooling feedback in the microphysics removed for comparison. The impacts of deep moist
convection on mesoscale KE spectrum are concentrated on energizing the mesoscale at the upper troposphere and the
lower stratosphere through buoyancy production. BT spectra for the control simulation have a similar shallow slope in the
mesoscale as that for the observations. The greater spectral power of BT for the control simulation compared to the ob-
served is attributed to the dislocation and higher intensity of simulated convection. The observed BT spectra exhibit a large
diurnal variability due to the diurnal variation of the intensity of convection. The simulated BT spectrum is dependent on
convective systems at different scales. Deep convection in the intertropical convergence zone (ITCZ) and shallow convec-
tion in the North Pacific storm-track region play an important role in energizing the convective scale of the BT spectrum.
In the mesoscale, the BT spectrum is mainly energized by mesoscale convective systems (MCSs) in the ITCZ. Tropical
equatorial waves and baroclinic waves in the southern midlatitudes are critical in producing the shallow slope near 25/3
and providing energy in the BT spectrum at the synoptic scale.

SIGNIFICANCE STATEMENT: We further explore the role of deep moist convection in kinetic energy and bright-
ness temperature spectra through high-resolution radiance observations and convection-permitting simulations. Moist
processes can energize the mesoscale of kinetic energy. Brightness temperature spectra show dependence on convective
systems at different scales. These results point the way toward a new approach to evaluate the predictability of convec-
tive systems, and future development of model dynamics and parameterization.

KEYWORDS: Deep convection; Infrared radiation; Cumulus clouds; Model evaluation/performance;
Numerical weather prediction/forecasting

1. Introduction

The kinetic energy (KE) spectrum has been found to be an
important tool in investigating atmospheric predictability
since the 1960s. Lorenz (1969), who employed a spectral tur-
bulence model as an idealized atmospheric model, demon-
strated that the predictability of atmospheric models depends
on the logarithmic slope of the flow’s KE spectrum. Long-
range aircraft measurements in the 1970s suggested a canoni-
cal structure of atmospheric KE spectrum following a power
law close to a slope of 23 at the synoptic scale (500–2000 km)
with a transition to25/3 power law at the mesoscale (,500 km)
(Nastrom and Gage 1985; Lindborg 1999). Similar KE spectra
can also be computed from global and regional numerical
weather prediction (NWP) model simulations (e.g., Skamarock
et al. 2014; Durran and Gingrich 2014; Selz and Craig 2015; Sun

et al. 2017; Durran and Weyn 2016; Judt 2020). The ability of an
atmospheric model to reproduce the canonical KE spectrum is
often considered as a way to validate the model’s configuration
and formulation (Skamarock 2004; Skamarock et al. 2014). The
dynamics underlying the atmospheric energy spectrum is critical
to atmospheric predictability across scales, but is still not well un-
derstood. This study is intended to address this issue by exploring
the role of deep moist convection in atmospheric kinetic energy
and brightness temperature spectra in the context of global high-
resolution nonhydrostatic simulations and high-resolution geosta-
tionary satellite infrared radiance observations.

The role of moist convection in mesoscale KE spectrum has
been explored in many studies using idealized and full-physics
simulations (e.g., Hamilton et al. 2008; Durran and Weyn
2016; Waite and Snyder 2013; Sun and Zhang 2016). Hamilton
et al. (2008) compared mesoscale KE spectra in global simula-
tions with and without moisture, and found that moist pro-
cesses can energize the mesoscale. Durran and Weyn (2016)
showed that idealized squall lines alone, growing in an envi-
ronment without any background KE, were able to generate
the 25/3 energy spectrum at wavelengths less than 400 km.

Zhang: Deceased.

Corresponding author: Da Fan, dxf424@psu.edu

DOI: 10.1175/JAS-D-21-0285.1

Ó 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

F A N E T A L . 2721OCTOBER 2022

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/16/24 09:16 PM UTC

mailto:dxf424@psu.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


Sun and Zhang (2016) confirmed the findings of Durran and
Weyn (2016), and further exhibited that moist convection
plays a critical role in producing the 25/3 slope in the meso-
scale KE spectrum through the comparison between idealized
dry and moist baroclinic waves. Moist processes are also
found important in the error energy propagation (Zhang et al.
2003, 2007; Selz and Craig 2015; Judt 2020). Thus understand-
ing the role of moist convection in KE spectrum might also be
critical for predictability studies.

Satellite infrared brightness temperature (BT) observations
have been used as a proxy for moist convection, but its power
spectrum has only received limited attention. Recently, Shamir
et al. (2021, their Fig. 1) found that wavenumber-frequency
spectra of tropical BT using satellite observation can well cap-
ture the features of equatorial waves predicted by Matsuno
(1966). Chan et al. (2020, their Fig. 5) found that both observed
and simulated infrared BT power spectra have a spectral slope
of25/3 in the mesoscale. The25/3 power law is usually associ-
ated with an energy cascade in isotropic turbulence (Tennekes
and Lumley 1972), and thus the similar behavior in the BT
spectrum is worth further investigation. The dynamics behind
the BT spectrum across scales is first explored in this study.

In this study, we employ the state-of-the-art operational
NWP model used by the U.S. National Oceanic and Atmo-
spheric Administration (NOAA), the Geophysical Fluid
Dynamics Laboratory (GFDL) finite-volume-cubed-sphere
dynamical core (FV3) with Global Forecast System (GFS)
physics (fvGFS) modeling system (Zhou et al. 2019; Hazelton
et al. 2018; J.-H Chen et al. 2018) to perform global high-
resolution simulations at mean mesh spacings of 3–13 km. We
also use high-spatiotemporal resolution infrared radiance
observations from the newly developed geostationary weather
satellite,GOES-16. Most analysis is based on the 3-km control
simulations because they explicitly allow convection. The pur-
pose of this study is to explore the role of convection in atmo-
spheric KE spectra and BT spectra by connecting FV3
simulations with GOES-16 observations. Specifically, the
goals are to 1) investigate the role of deep moist convection in
mesoscale 25/3 KE spectra, 2) explore the role of deep moist
convection in BT spectra, and 3) examine the dependence of
the BT spectrum on convective systems across scales.

This paper is structured as follows: section 2 introduces the
model configuration and observation data. Section 3 introdu-
ces two spectral analysis methods: spherical harmonic trans-
form and continuous wavelet transform. Section 4 explores the
role of convective systems in KE and BT spectra, the depen-
dence of BT spectra on convective systems, and the sensitivity
of KE and BT spectra to the deep convection parameteriza-
tion. The paper concludes with a summary in section 5.

2. Data

a. FV3 model configuration

The primary data source for this study is a series of global
convection-permitting numerical weather prediction (NWP)
model (GCPM) simulations produced with the GFDL FV3.
In 2016, the FV3, developed at the NOAA/GFDL, was selected

as the dynamic core of the Next Generation Global Prediction
System (NGGPS) to replace Global Spectral Model (GSM).
FV3 was chosen for its accuracy, adaptability, and computa-
tional efficiency, which brings a great opportunity for the unifi-
cation of weather and climate prediction systems. During
NGGPS Phase II, a new model using the FV3 nonhydrostatic
dynamic core coupled to the physics package from NCEP/
GFS was built at GFDL, called fvGFS. The nonhydrostatic
dynamics in the FV3 allows the fvGFS to run globally at reso-
lutions high enough to explicitly simulate convective-scale
motions (Lin 2018). Compared to the old-generation GFS, the
13-km fvGFS outperforms in tropical cyclone intensity predic-
tion for all basins (Chen et al. 2019).

In this study, we used the global quasi-uniform 3-km fvGFS
configuration with deep convective parameterization scheme
switched off as the control simulations, which is consistent
with the configuration in Zhang et al. (2019). The model has
63 vertical layers with the model top at 0.64 hPa. The radia-
tion scheme is the Rapid Transfer Model for GCMs
(RRTMG; Iacono et al. 2008). The boundary layer scheme is
the Yonsei University (YSU) PBL scheme based on Han and
Pan (2011). The GFS scheme (based on Zhao and Carr 1997)
has been replaced by the GFDL cloud microphysics scheme
(Chen and Lin 2013). The horizontal advection scheme is the
unlimited “fifth-order” scheme with weak 2D filter. To ex-
plore the role of deep moist convection in the KE and the BT
spectrum, a 3-km “fake-dry” simulation (Melhauser and
Zhang 2012) was performed with the latent heating-cooling
feedback turned off in the microphysics for the full simulation
period. To investigate the sensitivity to the convective param-
eterizations and horizontal resolutions, we also performed
sensitivity experiments using 6- and 13-km mesh with and
without the deep convection scheme. In the experiments with
deep convection scheme, the model employs the scale-aware
version of the simplified Arakawa–Schubert (SAS) cumulus
parameterization scheme (Arakawa and Schubert 1974;
Han et al. 2017). Details of convection parameterization
scheme and resolution for each simulation are listed in
Table 1. A 13-km mesh is also employed in the current opera-
tional GFS and its performance is examined in this study.

The simulation results in this study were computed from a
3-day simulation initialized from 1200 UTC 24 August 2017.
It should be also noted that the first 24 simulation hours were
not included in the computation to avoid any spinup issues.
The spinup issue is further investigated in section 4a.

TABLE 1. List of choices of convection parameterizations for
each simulation.

Name

Grid
spacing
(km)

Convection
parameterization

Latent heating–
cooling in

the microphysics

3 km (control) 3 No Yes
3 km (fake-dry) 3 No No
6 km 6 Yes Yes
6 km (no cp) 6 No Yes
13 km 13 Yes Yes
13 km (no cp) 13 No Yes
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To generate BT from FV3 simulations, we employed the
Community Radiative Transfer Model (CRTM; Han et al.
2006, 2007), version 2.3.0, to translate model state variables
into simulated radiances. CRTM is a rapid forward model to
calculate BT with the Successive Order of Interaction (SOI)
forward solver (Heidinger et al. 2006). To calculate the BT
over the globe, the sensor zenith angle in CRTM is set to 08.
The possible impacts of the universal sensor zenith angle will
be discussed in section 5.

b. GOES-16 observations

Satellite observations of interest for this study are the infra-
red BTs (also referred to as radiances) from GOES-16.
GOES-16 was launched in November 2016 and provides
6 visible and 10 infrared channels of all-sky BT using its
Advanced Baseline Imager (ABI) with 1–2-km horizontal res-
olution available every 15 min under the routine surveillance
mode (Schmit et al. 2017). The infrared BTs in channel 8
(wavelength is 6.2 mm) and 10 (wavelength is 7.3 mm) are sen-
sitive to upper-troposphere and lower-troposphere atmo-
spheric water vapor content in clear-sky regions, with peak
weighting functions of ∼344 and ∼618 hPa assuming a stan-
dard atmosphere (Schmit et al. 2017) which can vary consider-
ably depending on the water vapor profile. In our study,
hourly GOES-16 BTs from channels 8 and 10 were selected
to perform spectral analysis over the same time period as that
for FV3 simulations. In cloudy regions, both channels sense
the top of the cloud layer, with colder BTs being associated
with deeper clouds (Jones et al. 2020). Therefore, infrared
BTs can well represent the intensity, distribution, and struc-
ture of convection and convective systems. The observed BTs
from 1200 UTC 25 August to 1200 UTC 27 August 2017 were
selected for comparison.

3. Methods

a. Spherical harmonic transform

Spherical harmonic transform (SHT) was proven to be
fast and accurate for performing global spectral analysis
(Skamarock et al. 2014). In this paper, SHT was performed
on KE field from FV3 simulations, as well as BT fields from
both FV3 and GOES-16 to calculate one-dimensional (1D)
power spectrum. 1D power spectra represent the distribution
of energy across scales.

Since the gnomonic grid in the FV3 model and the “ABI
fixed grid” of GOES-16 do not directly lend themselves to
the computation of KE spectra, we interpolated the FV3
and GOES-16 fields from their native meshes to a uniform
latitude-longitude mesh with the same mean grid spacing as
the FV3 and GOES-16 over the globe using linear interpola-
tion. Since the coverage area of GOES-16 is only about 1/3 of
Earth’s surface, BTs in the “well-observed” region with the
sensor zenith angle less than 608 were extracted from GOES-16
observations. The deviation of BTs in the region of interest
was calculated by subtracting the mean BT in the region
from the BT, while BT in the remainder of the area were
zero padded. The deviation of BT over the globe can be
expressed by

BT′ � BT 2 BT, Q # 608,

0, Q . 608,

{
(1)

where BT′ is the deviation of BT, BT is the mean BT in the
well-observed region, and Q is the sensor zenith angle. The devi-
ation of BT was applied to compute the observed BT spectra.
The regional FV3 BT spectra were also computed in the same
way and over the same region. The spectra of padded BT from
GOES-16 and FV3 simulations will be compared in section 4b,
while the spectra of unpadded BT for FV3 simulations will be
discussed in section 4c. A SHT was employed to these interpo-
lated latitude–longitude fields. All resulting two-dimensional
(2D) wavenumber decompositions were summed over spherical
harmonics with the same total wavenumber to produce a 1D
spectrum. As given in Cavanaugh et al. (2017), a 1D spectrum
Ef(l) can be constructed as a function of spherical wavenumber l
such that

Ef (l) �
∑l
m�2l

clm| flm|2, (2)

where clm is a normalizing constant. In this study, flm is the
spectral coefficient matrix of BT and horizontal winds fields;
and l and m are the zonal and meridional wavenumber, re-
spectively. Since the vertical transfer of KE is not the focus of
our study, the KE spectrum, KEf(l), is constructed through
the spectral coefficients of horizontal winds u and y without
considering the vertical change of density such that

KE(l) � 1
2

∑l
m�2l

(clm|ulm|2 1 c′lm|ylm|2), (3)

where ulm and ylm are the spectral coefficients of horizontal
winds, respectively. The mean KE and BT spectra were com-
puted by taking the 1D spectrum at each hour, and averaging
the spectrum over 24 h to remove the diurnal variation. To ex-
plore the role of dynamics producing KE spectra, the spheri-
cal harmonics representation of the horizontal wind was
decomposed into a divergent and a rotational component.

We present constant pressure KE spectra and their diver-
gent and rotational component at three different characteris-
tic levels: 100, 300, and 700 hPa. The characteristics of KE in
the troposphere are analyzed through the spectra of KE on
300 and 700 hPa surface, while those for lower stratosphere
are explore through the spectra of KE on 100 hPa, which is
near the tropopause in the tropics.

b. The two-dimensional continuous wavelet transform

Two-dimensional (2D) continuous wavelet transform (CWT)
can produce localized spectral information of the underlying data-
set. Compared to traditional spectral analyses like SHT and Fourier
transform, 2D CWT can provide detailed spatial distribution of
localized spectral power for different scales about meteorological
fields. The 2D CWT is a convolution in the space (x) domain
between a 2D signal f(x), and the mother wavelet c(x), yielding
wavelet coefficient, g(s, t, a). The wavelet coefficient g(s, t, a) at
scale s, location x, and a given orientation a is given by
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g(s, t,a) � 1
s2

�
R2
c R(a) x 2 t

s

[ ]
dx, (4)

where t is the translation vector and R(a)is the rotation ma-
trix describing a rotation a (Farge 1992). The mother wavelet
in Eq. (4) in our study is simple 2D Morlet wavelet (Dallard
and Spedding 1993). The simple 2D Morlet wavelet in space
domain can be defined as follows:

c(x) � eik0xe2|x|2/2, (5)

(Dallard and Spedding 1993; Antoine et al. 2004), where |k0|
is the “central wavenumber,” and governs the resolution of
Morlet wavelets in both space and spectral domains. Smaller
values of |k0| (generally taken to be |k0| , 5) provide better
spatial resolution but worse wavenumber resolution, and vice
versa (Addison 2002).

The 2D wavelet power spectra were obtained by first com-
puting the Morlet wavelet coefficients at different azimuth an-
gles, g(s, t, a). The power spectrum at location x and azimuth
angle a is given by

P(s, x,a) � |g(s, x, a)|2: (6)

The wavelet power spectrum at location x can be derived
from the superposition of Eq. (6) over azimuth angle:

P(s,x) � 1
Na

∑Na

j�1
P(s,x,aj), (7)

where aj = (Na 2 1)da, da is the angular interval, and Na is
the number of Morlet wavelets in analysis.

In this study, we performed 2D CWT with BT fields to ex-
plore the dynamical source of spectral power at different
scales. A value of 3.14 for |k0| was selected to provide ade-
quate spatial resolution and wavenumber resolution. To bet-
ter analyze the results in physical space, the scale parameter s
was converted to equivalent Fourier based on peak wavenum-
ber method, which gives the wavenumber and wavelength at
which the wavelet’s spectrum is a maximum (Addison 2002;

Kirby 2005). The equivalent Fourier wavelength kF of the
simple Morlet wavelet analysis at scale s is given by

kF � 2ps
|k0|

(8)

(Kirby 2005). The Morlet wavelet power distribution at the
equivalent Fourier wavelength of 30, 252, and 1212 km were
selected to represent the spatial distribution of wavelet power
at convective scale, mesoscale, and synoptic scale and to ana-
lyze the dynamic source of energy at these scales.

4. Results

a. KE spectra and comparison with previous work

Figure 1 exhibits the spectra of the divergent, rotational,
and total horizontal KE at 100, 300, and 700 hPa from the
3-km FV3 control simulation. The spectra of the total KE are
the sum of the divergent and rotational spectra. The spectra
at all three levels exhibit the general characteristics of KE
spectra in both modeling (Skamarock 2004; Skamarock et al.
2014; Judt 2018) and observational studies (Nastrom and
Gage 1985; Lindborg 1999). At global scales (.2000 km), ro-
tational KE dominates over divergent KE and the spectra of
total KE exhibit a shallow slope. The spectra of the total KE
clearly illustrate the k23 segment at the synoptic scale (be-
tween ∼2000 and ∼500 km) and k25/3 segment at the meso-
scale (,500 km), consistent with Skamarock et al. (2014) and
Judt (2018). The spectral slope at the scales under 6D steepens
due to the influence of model filters (Skamarock 2004), and
thus the model’s effective resolution estimated through KE
spectra is 6D. The transition between k23 and k25/3 segments
occurs at longer wavelengths in the stratosphere than in the
troposphere, in agreement with Skamarock et al. (2014) and
Judt (2018).

The decomposition of KE spectra reveals respective contri-
butions of divergent and rotational component in total KE
spectra. In the troposphere, the slope of divergent KE re-
mains shallow close to 25/3 at different levels at the meso-
scale. In the lower stratosphere (Fig. 1c), the divergent

FIG. 1. Kinetic energy power spectra (m2 s22) and divergent and rotational components from the 3-km global FV3 control simulation at
(a) 700, (b) 300, and (c) 100 hPa.
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component with a shallower slope (∼25/3) dominates over
the rotational component at the mesoscale and part of the
synoptic scales. This behavior is attributed to the vertical
transport of energy through gravity waves generated by
convection (Sun and Zhang 2016; Waite and Snyder 2009).
In the troposphere, rotational components with steeper
slopes (∼23) are significantly stronger than divergent com-
ponents in the synoptic scales, while both rotational and di-
vergent components are nearly equally responsible for the
mesoscale 25/3 spectra of total KE. This is in agreement
with results using the Model for Prediction Across Scales
(MPAS) simulations (Skamarock et al. 2014; Judt 2018)
and the idealized simulations of deep moist convection
(Sun et al. 2017). The slightly higher amplitude of rotational
KE than divergent KE in the troposphere at the mesoscale
may be because of the mesoscale convective vortices generated

by mesoscale convective systems (MCS) (Davis and Weisman
1994).

A detailed examination of the role of convection in KE
spectra is explored through the comparison of KE spectra and
their divergent and rotational contributions between the con-
trol simulation and 3-km fake-dry simulation presented in
Fig. 2. The convection was suppressed in the fake-dry simula-
tion because the effects of latent heating of the condensate in
the microphysics were turned off. At 700 hPa, the KE in the
fake-dry simulation (Fig. 2a) is slightly smaller compared to
the control simulation at the mesoscale, behavior approxi-
mately equally attributed to the decrease in divergent
(Fig. 2d) and rotational KE (Fig. 2g). At 300 hPa, the KE
(Fig. 2b) difference between the fake-dry and the control sim-
ulation becomes significantly larger at the mesoscale, while
small differences can be found at the synoptic scale. Notably

FIG. 2. The comparison of (a)–(c) total kinetic energy power spectra (m2 s22) and (d)–(f) their divergent and (g)–(i) rotational components
between the 3-km control simulation and fake-dry simulation at (left) 700, (center) 300, and (right) 100 hPa.
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the slope of the KE spectrum in the fake-dry simulation be-
comes steeper at wavenumbers between 300 and 600, com-
pared to the control simulation. The transition scale from
23 to 25/3 increases from wavenumber 300 for the control
simulation to about wavenumber 600 in the fake-dry simula-
tion. The decrease of rotational KE (Fig. 2h) is much larger
than the decrease of divergent KE (Fig. 2e) at the mesoscale.
Under the fake-dry environment, the slope of rotational KE
spectrum (Fig. 2h) at the mesoscale increases from about
25/3 to close to23, while the slope of divergent KE spectrum
(Fig. 2e) remains shallow near 25/3 and the amplitude de-
creases at both the synoptic and mesoscale. At 100 hPa, the
KE difference (Fig. 2c) at the mesoscale becomes smaller
than that at 300 hPa while still larger than that at 700 hPa,
and also expanded into synoptic scale near the wavelength of
1000 km. The slope of the KE spectrum in the fake-dry simu-
lation remains about 25/3 in the mesoscale. The KE differ-
ences are predominantly contributed by the differences in
divergent KE (Fig. 2f). This behavior is consistent with the re-
sults in Hamilton et al. (2008, their Fig. 12 and 13) using the
aquaplanet simulation and the dry dynamic core simulation
and the results in Sun et al. (2017, their Fig. 11) using moist
and dry simulations. Hamilton et al. (2008) also found moist
processes and motions by latent heat release contribute to the
KE in the mesoscale. The different influence of the convec-
tion on KE spectra at different levels is likely explained by
the hypothesis that the absence of latent heating feedback
first impacts the air temperature in the convective updraft,
and hence buoyancy, divergence at the upper troposphere,
the strength of the circulation, which ultimately affects the di-
vergence at the lower troposphere. Weaker convection and
less energy at the upper troposphere also results in weaker
gravity waves entering the lower stratosphere. Thus the im-
pacts of deep moist convection on KE spectrum should be
concentrated on the mesoscale in the upper troposphere and
the lower stratosphere based on the hypothesis. Sun and
Zhang (2016) also found that buoyancy production is the pri-
mary mechanism that convection injects energy in the mid-
and upper troposphere.

The predictability is closely connected to the KE spectrum.
The increase of the spectral slope in the upper troposphere
from the control simulation to the fake-dry simulation indi-
cated that deep moist convection plays an important role in
mesoscale predictability at the upper troposphere. Buoyancy
production in convection at the upper troposphere and its im-
pacts on the divergence at the lower stratosphere and the
lower troposphere may contribute to the formation of the me-
soscale KE spectrum.

The KE spectra can also be used to examine the spinup
time of a NWP model. The evolution of 3-km FV3 KE spectra
at three different altitudes are presented in Fig. 3. The results
indicate that the spinup time in both the troposphere and
stratosphere for FV3 is between 12 and 18 h. This spinup
time is similar to that for MPAS between 12 and 18 h in
Skamarock et al. (2014) and the theoretical estimate of 16 h in
Hamilton et al. (2008).

b. Regional BT spectra

Moist convection is often associated with cold brightness
temperature at the cloud top. Infrared BTs are very sensitive
to absorption and emission of infrared radiation associated
with moisture and hydrometeors. There are significant differ-
ences in infrared BT between cloudy sky and clear sky. Thus
BT and its power spectrum are used in this section to study
the role of deep moist convection in the energy spectrum.
Infrared BT from GOES-16 observations, the 3-km control
simulation, and fake-dry simulation over the “well-observed”
region, and their power spectra are analyzed in this section.
The well-observed region refers to the region where satellite
sensor zenith angle is less than 608 and cloud features are well
observed byGOES-16 with fine resolution.

BT fields from GOES-16, the control simulation, and the
fake-dry simulation over the well-observed region are pre-
sented in Fig. 4. Cloud features were realistically simulated
by the control simulation over the well-observed region
(Fig. 4b), in comparison to what was observed by GOES-16
(Fig. 4a). Specifically, the convection-permitting FV3 success-
fully simulated tropical convection over the eastern Pacific

FIG. 3. KE spectra (m2 s22) at (a) 700, (b) 300, and (c) 100 hPa for the 3-km FV3 control simulations at simulation times 1 h (gray),
6 h (red), 12 h (green), 18 h (cyan), and 25–48 h average (blue).
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Ocean and the Amazon basin, Tropical Cyclone Harvey over
the Gulf of Mexico, and convection in the South Atlantic
Ocean near 508 W. However, there are still some differences.
Compared to GOES-16, the control simulation has colder
BTs in the Tropical Cyclone Harvey. In the North Atlantic
Ocean near 308 W, the control simulation has larger patches
of cold BT and colder BT minima than the observed. These
suggest larger clouds and higher-than-observed cloud top. In
the eastern Pacific Ocean, Amazon basin, and South Atlantic
Ocean, the simulated clouds have generally lower BTs with
higher cloud top and are dislocated compared to the ob-
served. Compared to GOES-16 and the control simulation,
BTs in the fake-dry simulation (Fig. 4c) are generally warmer
because deep moist convection is suppressed through turning
off diabatic heating. Specifically, only shallow clouds are
found in the South Atlantic Ocean, the North Atlantic Ocean,
and the Gulf of Mexico, and no brightness temperatures of
less than 210 K are seen over the well-observed region.

The histograms of simulated and observed BT (Fig. 5)
allow to go a step further to the quantitative comparison. The
coldest part of the histogram, below 220 K, for the control
simulation agrees well with that for GOES-16, indicating the
simulated hydrometeors content and intensity of convection
appear realistic compared to the observations. The control sim-
ulation does not succeed in simulating high brightness tempera-
tures above 230 K, and the difference between the control
simulation and the GOES-16 looks like a simple shift. The dif-
ference is likely explained by the failure of the control simula-
tion in generating realistic cloud features in the North Atlantic
Ocean. The fake-dry simulation barely generated cold bright-
ness temperature below 220 K, consistent with only shallow
clouds found in the Atlantic Ocean and the Gulf of Mexico in
Fig. 4. The high brightness temperature part for the fake-dry
simulation is generally similar to that for the control simulation.

Figure 6 shows power spectra of BT over the well-observed
region for GOES-16, the control simulation, and the fake-dry
simulation given in Fig. 4. Note that the power spectra were
computed over the globe and BTs in the remainder of the
globe were zero padded. The BT spectra were plotted as com-
pensated spectra (3k5/3) to more easily identify the subtle

differences in both spectral slope and amplitude. The ob-
served GOES-16 BT spectrum (Fig. 6a) exhibits a shallow
slope close to 25/3 at wavenumbers between about 50 and
300, followed by a steeper-slope region at wavenumbers
greater than 300. The BT spectrum for the control simulation
(Fig. 6a) also has a shallow slope near 25/3 between wave-
numbers about 50 and 300, followed by a transition to another
shallow-sloped region with an increase in compensated BT
power at wavenumbers from 300 to about 500. The slope
steepens at wavenumbers greater than 500 (Fig. 6b). The
small peak near wavenumber 500 might result from the accu-
mulation of energy in the cloud top due to the existence of an-
vil clouds. The small-scale features of new convection on the
cloud top are usually obscured by anvil clouds and only affects
the mean cloud-top BT. Compared to the control simulation,
the BT spectrum for the fake-dry simulation has a much steeper
slope near 22 at wavenumbers between 30 and 100 (synoptic).

FIG. 4. Brightness temperature from (a)GOES-16, (b) 3-km control simulations, and (c) fake-dry simulation in the “well-observed” region
(refers to the region with the sensor zenith angle less than 608) in channel 8 at 1300 UTC 25 Aug 2017.

FIG. 5. Histogram of the brightness temperature depicted in Fig. 4.
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The spectral slope for the fake-dry simulation becomes shallower
near 25/3 between wavenumbers 200 and 1000. The steeper
slope at the synoptic scale might result from the lack of deep con-
vective systems in the fake-dry simulation (Fig. 6c). The small
peak near the filter scale is likely associated with grid-scale con-
vection, and other marginally or under-resolved small-scale cloud
features.

The spectral slopes for GOES-16 and the control simula-
tion given in Fig. 6 are further explored in Fig. 7. The spectral

slope at wavenumber n was computed by taking differences
across n 2 20 and n 1 20 (Hamilton et al. 2008). The slope of
the GOES-16 BT spectra is near 25/3 at wavenumbers be-
tween 60 and 300, and becomes steeper at wavenumbers
greater than 300. The spectral slope for the control simulation
generally agrees well with that for GOES-16 at wavenumbers
from 300 to 1300. A small peak is evident near wavenumber
200 in the spectral slope for both GOES-16 and the control
simulation. The spectral slope for the control simulation is
slightly steeper than that for GOES-16 at wavenumbers near
200. This might result from simulated deeper clouds with
colder BT over larger patches shown in Fig. 4b compared to
GOES-16. The steepening of both BT spectra at wavenum-
bers from 300 to 1300 may be attributed to the smoothing of
cloud-top BTs by anvil clouds. Existing anvil clouds can ob-
scure the cooling effect of new convection on cloud-top BTs
at convective scales, while becoming slightly cooler and ex-
panding over larger patches due to the upward transport of
moisture by new convection. This anvil effect then reduces
the energy input from convection into the convective scale, in-
creases the energy input at the scale of anvil clouds near the
wavelength of 100 km, and thus increases the slope between
wavenumbers 300 and 1300. The spectral slope for the control
simulation becomes much steeper than that for GOES-16 at
wavelengths of 6–8D (i.e., 18–24 km). The effective resolution
is defined as the scale at which the model spectrum starts to
decay relative to the observed spectrum (Skamarock 2004).
Given the departure of simulated BT spectrum from the ob-
served spectrum in the amplitude within a reasonable range
(shown later), the effective resolution can be determined by
the departure in the spectral slope. Thus the effective resolu-
tion for the FV3 using BT spectra is between 6 and 8D.

The spectral power of BT for the control simulation (Fig. 6a)
is about a factor of 1.3 greater than that for GOES-16 at wave-
numbers between about 50 and 300. The difference increases to

FIG. 6. Unfiltered compensated power spectra (3k5/3; K2 m25/3) of BT over the well-observed region forGOES-16,
the control simulation, and the fake-dry simulation: (left) the full range and (right) zoomed in to emphasize the meso-
scale subrange (wavenumber$ 100).

FIG. 7. Slopes for the brightness temperature spectra forGOES-16
and the control simulation depicted in Fig. 6.
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about 1.6 at wavenumbers near 500 (Fig. 6b), and starts to
decrease at 6–8D. The differences in the spectral power of BT
betweenGOES-16 and the control simulation can be explained
by their differences in BT fields. Specifically, the simulated
colder BT in Tropical Cyclone Harvey and moist convection
over the North Atlantic Ocean should be responsible for the
larger spectral power for the control simulation compared to
the observed. The dislocation and higher intensity of clouds in
eastern Pacific Ocean and Amazon basin might also be respon-
sible for the differences in both spectral power and spectral
slope. The increase of the difference between wavenumber
300 and wavenumber 500 can also be partially explained by the
effect of anvil clouds. The accumulation of moisture trans-
ported by deep moist convection in anvil clouds can expand the
coverage of anvil clouds and slightly cools cloud-top BTs, re-
sulting in more energy input at wavenumbers between 300 and
500. The spectral power of BT for the control simulation
(Fig. 6a) is about a factor of 3 greater than that for the fake-dry
simulation at the wavenumber 30. The difference increases to
about 7 at wavenumbers about 300 and starts to decrease at the
wavenumber near 1000. The lack of deep moist convection in
the BT field in the fake-dry simulation (Fig. 4c) compared to
the control simulation (Fig. 4c) implies that deep moist convec-
tion plays an important role in energizing the BT spectrum in
both mesoscale and synoptic scale. More details will be dis-
cussed in section 4c.

Chan et al. (2020) also presents the comparison between
observed and simulated power spectrum of infrared BT, but
using Meteosat-7 satellite observations and 9-km regional sim-
ulations (see their Fig. 5). The observed power spectra and
the mean power spectra for the ensemble simulations without
data assimilation (NoDA) in their Fig. 5 exhibit a shallow
slope near 25/3 at wavelengths between 500 and 200 km,
which is in agreement with our results. The simulated BT
spectra also show the slight decrease in the spectral slope near
the wavelength of 100 km. There are also differences in

spectral power between the observed and the simulated spec-
tra at the wavelengths between 500 and 200 km, resulting
from the differences in the intensity and location of cloud pat-
terns. These differences are then largely reduced by assimilat-
ing the satellite observations. Thus the deviation of the BT
spectrum for the control simulation from the observed spec-
trum in Fig. 6 is reasonable given the fact that data assimila-
tion is not used in our study.

To further explore the variability of the observed BT spec-
tra, Fig. 8 presents the variation of unfiltered observed BT
spectra during the simulation period. The spectral power of
the observed BT spectra shows large diurnal variations. The
peak spectral power of BT at wavenumbers between 200 and
1300 occurs at 2000 UTC 25 August 2017, near the local after-
noon. This is consistent with the peak intensity of deep con-
vection in the late afternoon in the summertime at North
America found by Tian et al. (2005). The diurnal variation of
BT spectra can be attributed to the variations in the intensity
and location of cloud patterns of Tropical Cyclone Harvey
and convection over the Amazon basin, eastern Pacific
Ocean, and South Atlantic Ocean (not shown). The observed
BT spectrum at 2000 UTC 25 August 2017 is qualitatively
similar to the BT spectrum for the control simulation. Spe-
cifically, the compensated spectral power of the observed
spectrum also increases between wavenumbers 150 and 300,
and then decreases at wavenumbers above 500. The ratio of
the spectral power at different times to that of mean ob-
served spectra at wavenumbers between 100 and 1300
ranges from 0.5 to 2. The ratio of the spectral power for the
control simulation to that for the observations at the same
wavenumbers is from 1.3 to 1.5, within the spread of the ra-
tio for the observed BT spectra and mean observed spectra.
Thus the deviation of the BT spectrum for the control simu-
lation from the observed spectra in the amplitude is within
a reasonable range given the diurnal variation of observed
spectrum.

FIG. 8. Unfiltered compensated power spectra (K2 m25/3) for GOES-16 BT at times (left) from 1600 UTC 25 Aug to
1200 UTC 26 Aug 2017 and (right) 1600 UTC 26 Aug to 1200 UTC 27 Aug 2017 every 4 h.
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c. Global BT spectra

To further explore the role of moist processes in BT spectra
at different scales, global BT fields and BT spectra for the
control simulation and the fake-dry simulation are analyzed
in this section. 2D CWT is employed to study the connection
between the structure of 1D spherical harmonic spectrum of
BT and moist processes at convective scale, mesoscale, and
synoptic scale, respectively.

The global BTs from the 3-km control simulation and the
fake-dry simulation are presented in Fig. 9. The control simu-
lation with moist physics captures major moist processes in
the tropics and midlatitudes. In the tropics, deep convection is
concentrated in the tropical cyclone in the Gulf of Mexico
and convective systems in the intertropical convergence zone
(ITCZ), including the tropical Pacific Ocean, the Maritime
Continent, the Amazon basin, the Indian Ocean, the North
Atlantic Ocean, and Central Africa. In the southern midlati-
tudes, baroclinic waves are coupled with deep moist convection.
In the fake-dry simulation, moist processes are suppressed due
to the turnoff of latent heating-cooling effects in the micro-
physics. Most deep convection in the control simulation was
replaced by shallow convection in the fake-dry simulation, in-
cluding the western Pacific Ocean, the Indian Ocean, the Gulf
of Mexico, Amazon basin, and central Africa. In the fake-dry
simulation, shallow convection is also found in the North Pacific
storm-track region, the midlatitude cyclone in the North Atlantic
Ocean and North America, and baroclinic waves in the southern
midlatitudes.

To explore the impacts of moist processes on the energy in-
put and spectral slope of BT spectrum, the global power spec-
tra for the BT fields depicted in Fig. 9 are presented in Fig. 10.
The global BT spectra show generally similar structures to the
BT spectra in Fig. 6 except amplitude. The differences in the
amplitude between the global BT spectra and the BT spectra
over the well-observed region for both the control and the
fake-dry simulation can be largely attributed to the zero-
padding of regions except the well-observed region. The
global BT spectra for the control simulation show a generally
shallow slope near 25/3 between wavenumbers 30 and 1300.
The spectral slope becomes much steeper near 6–8D. This be-
havior is basically consistent with the BT spectra over the

well-observed region for the control simulation in Fig. 6. The
compensated spectral power of global BT slightly decreases at
wavenumbers from 30 to about 150 (synoptic scale) with small
variations in the spectral slope, which is not evident in the
spectrum for the control simulation over the well-observed re-
gion in Fig. 6. This behavior might be related to the equatorial
waves in the tropics and baroclinic waves in the southern mid-
latitudes which are not considered in the BT spectra in Fig. 6.
The compensated spectral power of global BT slightly in-
creases at the wavenumbers from 200 to 400. The BT spec-
trum over the well-observed region in Fig. 6 also has similar
structure in the wavenumber range, resulting from stronger
convection with cooler BT and dislocation of clouds com-
pared to the observed. Since global satellite observations are
not available now, it is impossible to estimate the deviation
of simulated global BT spectra from the observed global
BT spectra directly. We hypothesize that the slight increase
of compensated spectral power from wavenumber 200 to

FIG. 9. Global brightness temperature from (a) 3-km control simulations and (b) fake-dry simulation in channel 8 at
1300 UTC 25 Aug 2017.

FIG. 10. Compensated global power spectra (K2 m25/3) for the BT
fields depicted in Fig. 9.
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wavenumber 400 in the global BT spectra for the control
simulation is also related to the intensity of convection and
the location of clouds. Anvil clouds might also play a role
in transferring the power of BT at finer scales into the
scale at the wavenumber 400. The global BT spectrum for
the fake-dry simulation has a more stable spectral slope
near 25/3 between wavenumbers 300 and 1300 compared
to the control simulation. This also suggests that deep con-
vection and cloud patterns might be responsible for the
small variation in the spectral slope and energy transfer
within the wavenumber range for the control simulation.
The spectral power of global BT for the control simulation
is about a factor of 3 greater than that for the fake-dry simula-
tion near the wavenumber 30. The difference increases to 8
near the wavenumber 300. This suggest that moist processes
energize the mesoscale and synoptic scale in the BT spectrum.
The spectral slope for the fake-dry simulation is much steeper
than that for the control simulation between wavenumbers 30
and 300. Thus moist processes like baroclinic waves and tropi-
cal equatorial waves are critical in the creation of the shallow
BT spectrum at the synoptic scale and part of the mesoscale be-
tween wavenumbers 30 and 300.

A detailed examination of the contributions from moist
processes at different scales are explored by wavelet analysis.
2D CWT was employed to examine the spatial distribution of
the spectral power of BT across spatial scales. Figure 11 ex-
hibits the 2D Morlet wavelet power distribution of BT in the
3-km control simulation, fake-dry simulation, and difference
between them at the convective scale, mesoscale, and synoptic

scale. The Morlet wavelet power distribution at the equivalent
Fourier wavelength of 30, 252, and 1212 km were selected to
represent the power distribution at the convective scale, me-
soscale, and synoptic scale, respectively.

At the convective scale, the spectral power of BT using
wavelet transform for the control simulation (Fig. 11a) is gen-
erally consistent with the distribution of convection shown in
the BT field (Fig. 9a). Specifically, the spectral power is
mainly contributed from convective-scale convection found at
the ITCZ, the southern midlatitudes associated with baro-
clinic waves, the North Pacific storm tracks, and the South
and the North Atlantic Ocean. For the fake-dry simulation
(Fig. 11b), the spectral power becomes significantly weaker
over the globe due to the suppression of deep convection, es-
pecially in the ITCZ, the North Pacific Ocean, and the North
Atlantic Ocean. The spectral power of BT is concentrated in
the Indian Ocean, the southern midlatitudes associated with
baroclinic waves, and the South Atlantic Ocean. The differ-
ences (Fig. 11c) in the spectral power between the control and
the fake-dry simulation are mainly located at regions with
convection in the Northern Hemisphere. The differences in
the southern midlatitudes are relatively small compared to
the differences in the Northern Hemisphere. This suggests
that convection associated with baroclinic waves in the south-
ern midlatitudes is not the major source of the differences in
the spherical harmonic power spectrum of BT at the convec-
tive scale between the control and the fake-dry simulation in
Fig. 10. Instead, deep convection in the ITCZ and shallow
convection in the North Pacific storm-track region play an

FIG. 11. 2D distribution of wavelet power spectra (K2) of BT in (a),(d),(g) the 3-km control simulation; (b),(e),(h) fake-dry simulation;
and (c),(f),(i) difference (control–fake-dry) between them at the (top) convective scale (30 km), (middle) mesoscale (252 km), and
(bottom) synoptic scale (1212 km).
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important role in energizing the convective scale in the spheri-
cal harmonic power spectrum of BT, and are responsible for
the power difference between the control simulation and the
fake-dry simulation at the convective scale in Fig. 10. Note
some small negative differences can be found in the southern
Atlantic Ocean, the Indian Ocean, and the southern midlati-
tudes associated with baroclinic waves. These differences are
likely because in the fake-dry simulation, moisture was trans-
ported from the regions that can generate deep convection in
the control simulation to other regions to form shallow con-
vection there.

Idealized simulation of moist convection alone in Sun and
Zhang (2016) can generate 25/3 KE spectrum through buoy-
ancy production in both mesoscale and convective scale. In
the fake-dry simulation, the feedback of latent heating–
cooling in the microphysics was turned off, and thus moist
convection cannot produce buoyancy through the release of
latent heat and develop into deep moist convection. However,
the BT spectrum for the fake-dry simulation still shows 25/3
slope at the wavelengths less than 100 km, indicating that
deep moist convection is not the critical factor for the creation
of the 25/3 slope in the BT spectrum at convective scale. It
implies that the role of other dynamics in creating 25/3 KE
spectrum at the convective scale is still worth investigation,
though the connection between KE and BT spectra is still
unclear.

In the mesoscale, the spectral power of BT for the control
simulation (Fig. 11d) is mainly associated with mesoscale con-
vective systems (MCSs) in the ITCZ, including the tropical
Pacific Ocean, Central Africa, and Maritime Continent, and
the southern midlatitudes associated with baroclinic waves.
For the fake-dry simulation (Fig. 11e), the spectral power is
mainly connected with weak MCSs in the Indian Ocean and
the southern midlatitudes associated with baroclinic waves.
The differences (Fig. 11f) between the control and the fake-
dry simulation are mainly located at tropical Pacific Ocean,
Maritime Continent, and central Africa in the tropics and the
southern midlatitudes associated with baroclinic waves. Some
negative differences in Fig. 11f associated with baroclinic
waves in the southern midlatitudes might be related to the
transport of moisture from the tropics to the southern midlati-
tudes through Hadley cells. The positive differences are con-
centrated in the tropics. Thus MCSs in the tropics are mainly
responsible for injecting energy in the mesoscale of spherical
harmonic power spectrum of BT for the control simulation in
Fig. 10. Durran and Weyn (2016) found that the simulation of
convective cloud systems alone can generate mesoscale 25/3
KE spectrum comparable to the observations. Thus mesoscale
convective systems are important for providing energy input
in the mesoscale for both KE and BT spectra. Waite and
Snyder (2013) studied idealized simulations of baroclinic
waves and found that moist processes associated with baro-
clinic waves only impacts the divergent KE but does not in-
fluence the spectral slope in the mesoscale in the upper
troposphere. Moist processes associated with baroclinic waves
also have relatively small impacts on the spectral slope of
BT spectra in the mesoscale, which implies that there might

be some connections between BT and KE in the upper
troposphere.

At the synoptic scale, the spectral power of BT (Fig. 11g)
expands into synoptic-scale patches. The spectral power is
closely related to equatorial waves in the tropics and baro-
clinic waves in the southern midlatitudes. For the fake-dry
simulation (Fig. 11h), the spectral power is mainly associated
with baroclinic waves in the southern midlatitudes. The posi-
tive differences (Fig. 11i) between the control simulation and
the fake-dry simulation are mainly associated with equatorial
waves in the tropics and baroclinic waves in the southern mid-
latitudes near 608W. Negative differences are concentrated in
the midlatitude cyclone in North America and baroclinic
waves in the southern midlatitudes near 908E and 1808. The
negative differences might be generated by the transport of
moisture by Hadley cells from the tropics to the midlatitudes,
and the adjustment of Rossby waves in the fake-dry simula-
tion due to the lack of the feedback from latent heating. Thus
tropical equatorial waves and baroclinic waves in the southern
midlatitudes are critical in producing a shallow slope near
25/3 and providing energy in the spherical harmonic power
spectrum of BT at the synoptic scale for the control simula-
tion in Fig. 10. The spectral slope near 25/3 for spherical har-
monic power spectrum of BT in the synoptic scale is much
shallower than the23 slope of KE spectra.

Convective systems important for the BT spectrum at dif-
ferent scales are closely connected in space. Specifically, deep
convection at convective scale, MCSs in the tropical Pacific
Ocean and Central Africa in the mesoscale, as well as equato-
rial waves at the synoptic scale, are all concentrated in similar
locations in the tropics. Thus the energy transfer in the BT
spectrum between different scales are likely determined by
the interaction among convective systems at different scales.
Judt (2018) found that initial error growth was closely related
to moist convection, and then error grew up in magnitude at
all scales. The growth of error at all scales might be related to
the interaction among convective systems at different scales.
Given the dependence of BT spectra on convective systems,
BT spectra can also be used to evaluate the predictability of
convective systems at different scales in future studies.

d. Convective parameterization and model physics

Convective parameterization is an important aspect of
model configurations that affect the energy spectrum and the
simulation of convective upscale effects in coarse-resolution
models. Grid spacing on the order of 100 m is required to ex-
plicitly resolve convective cells (Bryan et al. 2003). However,
modeling studies in X. Chen et al. (2018a,b) indicated that
without the parameterization of deep convection, the statisti-
cal characteristics of tropical MCSs can still be realistically
simulated using a “gray zone” grid spacing (∼10 km). When
the grid spacing is greater than 10 km, the omission of convec-
tive parameterization in the simulation might be problematic,
resulting in excessive vertical moisture transport and a
slower evolution of convective systems due to the delayed
strengthening of the cold pool (Weisman et al. 1997). How-
ever, there are also some benefits when not using a convective
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parameterization, such as the propagation of convective sys-
tems, and a more realistic circulation pattern due to the stron-
ger convective updraft in the convection area (Weisman et al.
1997).

To further explore the impact of the convective parameteri-
zation on the simulated atmospheric power spectra, we per-
formed simulations using 6- and 13-km meshes with and
without SAS deep convection parameterization. The compen-
sated tropospheric KE spectra for these simulations are pre-
sented in Fig. 12 along with the 3-km spectra for comparison.
Between spherical wavenumbers 100 and 400, the KE is about
a factor of 2 larger in the 6- and 13-km simulations without
deep convection parameterization compared to the 3-km sim-
ulation. The magnitude difference is smaller than 2 in the
6- and 13-km simulations with deep convection parameteri-
zation. These results are in agreement with the results from
the MPAS model (Skamarock et al. 2014, their Fig. 9) and
NICAM model (Terasaki et al. 2009, their Fig. 2). Thus, con-
vective parameterization can improve the simulation of KE
spectra for the coarse-grid (7.5- and 15-km mesh) simulations
in the well-resolved scales of the KE spectrum}that is wave-
lengths above 6D for FV3. For the coarse-grid simulations, the
turning off of the deep convection parameterization leads
to stronger convective updrafts and convection (not shown),
generates more gravity waves in the upper troposphere, and
thus increases the mesoscale KE. Malardel and Wedi (2016)
also found that the impacts of switching off the deep convec-
tion parameterization scheme on mesoscale KE spectrum for
a 5-km global simulation is through the available potential en-
ergy cascade between wavenumbers 20 and 900 resulted from
the wave response to the explicitly simulated convection.

The BT power spectra for these simulations are presented
in Fig. 13 based on the BT over the well-observed region to
directly compare with the observed. The BT spectra for the
3-km control simulation and GOES-16 are also included for
comparison. The BT spectrum for the 13-km simulation with
deep convection parameterization scheme agrees well with

GOES-16 BT spectrum in both magnitude and spectral slope
at wavelengths above 8D. The BT spectrum for the 13-km
non-parameterized convection simulation is about a factor of
1.2 greater than GOES-16 BT spectrum between wavenum-
bers 80 and 300. This is attributed to the stronger MCS simu-
lated in the non-parameterized convection simulation (not
shown). The BT spectra for the 6-km parameterized convec-
tion simulation and GOES-16 BT spectrum start to diverge
near wavenumber 100 and their difference increases to about
a factor of 1.3 near 8D. The BT spectrum for the 6-km non-
parameterized convection simulation is about a factor of
1.3 greater between wavenumbers 100 and 600 compared to
GOES-16 BT spectrum. The deep convection parameteriza-
tion scheme seems to constrain the development of mesoscale
convective systems at the scales above 100 km. The similar be-
havior for both spectra between wavenumber 300 and 600
suggests that no matter whether the deep convection parame-
terization scheme is turned off or not for the 6-km simula-
tions, FV3 seems to overestimate the intensity of convection
at the wavelengths less than 100 km. Interestingly, the 6-km
non-parameterized convection simulation generated a similar
shallow spectral slope near 25/3 between wavenumber 100
and 600 as found in GOES-16 BT spectrum, while the BT
spectrum produced by the 6-km parameterized convection
simulation has a closer spectral power but a shallower slope
compared to GOES-16 BT spectrum in the same range. This
suggests that turning off the deep convection parameteriza-
tion scheme for the 6-km simulation can better capture the
dynamics in the mesoscale, while the use of deep convection
parameterization can partially improve the simulation of the
intensity of convection.

Malardel and Wedi (2016) suggested that when the deep
convection parameterization scheme is turned off, the cou-
pling between the dynamics and the cloud microphysics
scheme is responsible for the release of convective available
potential energy. Thus the coupling of the cloud microphysics

FIG. 12. Compensated power spectra of 700-hPa kinetic energy
(m1/3 s22) with and without the parameterization of deep convec-
tion (cp).

FIG. 13. Compensated power spectra (K2 m25/3) of brightness
temperature over the well-observed region with and without the
parameterization of deep convection (cp). GOES-16 BT spectrum
is also included for comparison.
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scheme and the dynamics is responsible for the overestimate
of the intensity of convection in the mesoscale and convective
scale. Chan et al. (2020) found that data assimilation of infra-
red BT can improve the simulation of the intensity and loca-
tion of clouds, and thus largely reduce the differences in the
mesoscale of the BT spectra between a 9-km regional simula-
tion without deep convection parameterization and satellite
observed BT spectrum. Thus data assimilation of BT can po-
tentially improve the simulation of convective systems and
cloud patterns in the coarse-grid simulations.

5. Summary

This study investigates the role of convection in atmo-
spheric kinetic energy spectra and brightness temperature
spectra by connecting global convection-permitting FV3
model simulations with high-resolution GOES-16 satellite ob-
servations. The main goals of this study are to 1) investigate
the role of deep moist convection in mesoscale25/3 KE spec-
tra, 2) explore the role of deep moist convection in BT spec-
tra, and 3) examine the dependence of the BT spectrum on
convective systems across scales. Specifically, the role of con-
vection is explored through examining the differences in the
BT and KE spectra between the 3-km control simulation and
fake-dry simulation for the 3-day period from 24 to 27 August
2017. The fake-dry simulation was performed with latent
heating-cooling feedback switched off in the microphysics
scheme to suppress the formation of deep convection. 2D
wavelet power spectra of BT for the control simulation and
the fake-dry simulation are used to explore how convective
systems at different scales impact BT spectra. Findings from
this study are summarized as follows:

1) FV3 KE spectra show a steep slope near 23 at the synop-
tic scale and a shallow slope near 25/3 in the mesoscale.
This behavior is qualitatively similar to the KE spectra
from other observational and modeling studies.

2) The influence of deep moist convection on mesoscale KE
spectrum is concentrated on the upper troposphere and
the lower stratosphere. The impacts of deep moist convec-
tion on the lower troposphere is relatively small. This can
be explained by the influence of latent heating in the mi-
crophysics on the simulation. In the fake-dry simulation,
the absence of latent heating effects first impacts the air
temperature in the convective updraft, and hence buoy-
ancy production, divergence at the upper troposphere, the
strength of the circulation, which ultimately affects the di-
vergence at the lower troposphere. Weaker convection
and buoyancy production at the upper troposphere also
results in weaker gravity waves entering the lower strato-
sphere. Thus the absence of latent heating feedback has
more direct impacts on the upper troposphere and the
lower stratosphere than the lower troposphere. Deep
moist convection can energize the mesoscale and change
the shallow slope in the mesoscale of KE spectra at the
upper troposphere, which implies that convection is im-
portant in the limit of mesoscale predictability.

3) The spectrum of BT over the well-observed region for the
control simulation has a similar shallow slope near 25/3
in the mesoscale as that for GOES-16 BT spectrum. The
spectral slope for both spectra slightly increases from25/3 at
the wavelength near 100 km to22 near 8D (i.e., 24 km). The
increase in the slope might be attributed to the effect of anvil
clouds. Anvil clouds can obscure the cooling effect of new
convection on cloud-top BTs at convective scales, and thus
reduce the energy input due to deep moist convection at the
convective scale. The spectral power of BT for the control
simulation is greater than that for GOES-16, due to the dis-
location and higher intensity of simulated convection com-
pared to the observed.

4) GOES-16 BT spectra exhibit a relatively large diurnal
variability. This variability is attributed to the diurnal vari-
ation of the intensity of convection. The spectral power of
BT is largest near the local afternoon, consistent with the
peak intensity of deep convection in the late afternoon in
the summertime at North America found by Tian et al.
(2005).

5) The effective resolution for FV3 estimated using the BT
spectrum is 6–8D. The differences in the spectral power
between GOES-16 and the control simulation are rela-
tively stable across scales and within the range of diurnal
variation of observed BT spectrum. Thus the effective res-
olution is determined by the departure of the spectral
slope for the control simulation from that for GOES-16.
The filter scale of 6–8D is also evident in the BT spectra
for the coarse-grid (6- and 13-km) simulations (Fig. 13).

6) Moist processes energize the mesoscale and the synoptic
scale for global BT spectrum. The spectral power of
global BT for the control simulation is significantly
greater in the mesoscale and the synoptic scale than that
for the fake-dry simulation. The spectral slope of BT for
the fake-dry simulation is much steeper than that for the
control simulation. Thus synoptic-scale moist processes
like baroclinic wave and tropical equatorial wave are criti-
cal in the creation of the shallow BT spectrum at the
synoptic scale.

7) BT spectrum is dependent on convective systems at differ-
ent scales. Deep convection in the ITCZ and shallow con-
vection in the North Pacific storm-track region play an im-
portant role in energizing the convective scale of the BT
spectrum. In the mesoscale, the BT spectrum for the con-
trol simulation is mainly energized by mesoscale convec-
tive systems (MCSs) in the ITCZ. Tropical equatorial
waves and baroclinic waves in the southern midlatitudes
are critical in producing the shallow slope near 25/3 and
providing energy in the BT spectrum at the synoptic scale.

8) The simulation of the intensity of convective systems is
still an issue for numerical weather prediction models at a
grid spacing less than 6 km when deep convection param-
eterization scheme is not used. The 3-km control simula-
tion and the 6-km simulations without deep convection
parameterization both generated larger spectral power at
the wavelengths lower than 100 km compared to GOES-16,
resulted from overestimated intensity of convection at con-
vective scale. The use of a deep convection parameterization
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scheme in the 6-km simulation can constrain the spec-
tral power of BT at the wavelengths above 100 km, but
result in a much shallower slope than the observed,
indicating the bias in the structure of simulated convec-
tive systems.

These findings encourage the future development in cloud
microphysics and deep convection parameterization, and data
assimilation to improve the intensity and the structure of sim-
ulated convective systems. However, there are some caveats
in our study. The vertical resolution employed in this study is
relatively coarse. Skamarock et al. (2019) indicated that a ver-
tical mesh spacing of 200 m is required to attain solution
convergence, and the mesoscale KE increases as vertical
resolution is increased until convergence. Thus the under-
resolution in the vertical in this study might decrease the
mesoscale KE and impact the robustness and the generality
of the results. The influence of vertical resolution on BT
spectra is worth investigation.

The connection between KE and BT spectra is not fully un-
derstood. The shallow slope near25/3 for BT spectra is quali-
tatively similar to that for divergent KE spectra in the upper
troposphere and lower stratosphere. Thus we hypothesize
that BT spectra might have some connections with divergent
KE spectra in the upper troposphere and the lower strato-
sphere. BT spectra are dependent on convective systems at
different scales, while convection and convection-generated
gravity waves are important sources of mesoscale KE in the
lower stratosphere (Sun and Zhang 2016). However, the im-
pacts of deep convection on BT spectra are much greater
than those for divergent KE spectra at the stratosphere and
the troposphere based on the comparison between the control
simulation and the fake-dry simulation. More work is needed.

The uncertainties in CRTM due to the constant sensor ze-
nith angle, hydrometer scattering properties, and other pa-
rameters may have impacts on the simulated BTs, especially
the BT for convective systems. The development of CRTM in
future studies might also improve the simulated BT for deep
moist convection and convective systems.

Given the dependence of BT spectra on convective sys-
tems, BT spectra can potentially be used to explore the pre-
dictability of convective systems at different scales. The
explanation of the shallow slope and the role of shallow con-
vection in the BT spectra is also worth future investigation.
The ability of models to generate BT spectra comparable to
that produced by satellite observations could be an important
aspect for the development of model dynamics and cloud mi-
crophysics scheme.
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