
1. Introduction
Atmospheric gravity waves (GWs) influence large-scale flow due to the deposition of momentum and energy 
when they are dissipated (Lindzen, 1981). Convective gravity waves (CGWs) have a wide phase spectrum and 
thus can effectively transport momentum from the troposphere to the mesosphere. CGW forcing is an important 
driver of semi-annual oscillation (SAO) and quasi-biennial oscillation (QBO). Particularly, the impact of CGWs 
on QBO has been well appreciated, as small-scale CGWs provide approximately half of the eastward forcing 
in the eastward shear zone and most of the westward forcing in the westward shear zone (Ern et al., 2014; Holt 
et al., 2020; Kang et al., 2018; Kawatani et al., 2010; Y.-H. Kim & Chun, 2015a; Pahlavan et al., 2021).

GWs cannot be fully resolved in general circulation models due to the wide horizontal length scales (∼1–1,000 km), 
and thus, they must be parameterized in most GCMs (Y.-J. Kim et al., 2003). For decades, the parameterizations 
of the CGW drag (hereafter CGWD) have been developed by providing an analytic solution of internal GWs 
generated via diabatic forcing (Beres et al., 2004; Song & Chun, 2005). Choi and Chun (2011; CC11) modified 
the CGWD parameterization of Song and Chun (2005) by optimizing the propagation direction of the cloud top 
momentum flux (CTMF) and the moving speed of the diabatic source. Y.-H.Kim et al. (2013) showed that the 
representation of QBO was improved by including the CC11 parameterization in the Met Office Unified Model. 
Kang et al. (2017; hereafter, KCK17) proposed a CGWD parameterization including the nonlinearity effect of 
CGWs (Chun et al., 2008) to the CC11 parameterization.

When a CGWD parameterization is implemented into a GCM, the direct evaluation of the parameterization 
is not straightforward, because CGWD is merely a part of GCM, and whether the parameterization provides 
“right forcing” can only be confirmed by matching the model results with observations (KCK17; Plougonven 
et al., 2020). Therefore, the offline calculation of the CGWD parameterization using reanalysis data is necessary 
to evaluate the influence of the CGW parameterization. Kalisch et al. (2016) and Trinh et al. (2016) calculated 
CGW momentum flux (CGWMF) offline using the CC11 parameterization and found relatively good agreement 
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with that estimated from limb-sounding satellite observations. KCK17 and Kang et al. (2018) investigated the 
spatiotemporal variations in the CGWMF and drag using the offline parameterization of KCK17. They utilized 
Climate Forecast System Reanalysis (CFSR; Saha et al., 2010) data as input variables and set the magnitude of 
the momentum flux comparable to that of superpressure balloons (Jewtoukoff et al., 2013) to yield a realistic 
magnitude of CGWD. Due to the termination of the CFSR version 1, this offline approach was extended to 
Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2; Gelaro et al., 2017) 
data, which was used for estimating CGWD during the two recent QBO disruption periods (Kang & Chun, 2021; 
Kang et al., 2020).

Calculation of an offline CGWD parameterization requires the basic-state wind, temperature, cloud top and 
bottom heights, and latent heating rate (LHR) data. Among them, cloud information, such as cloud top 
and bottom heights and LHR, is not usually provided by most reanalyses, and even when it is occasionally 
provided, it is a purely model output without data assimilation. However, convective parameterizations in 
GCMs and reanalyses are well known for their uncertainties (Cui et al., 2017; Emori et al., 2005; Huaman 
& Schumacher,  2018; Jiang et  al.,  2011; J.-E. Kim & Alexander,  2013; Li et  al.,  2009; Lin et  al.,  2006; 
Prakash et  al.,  2015; Ricciardulli & Garcia,  2000; Tost et  al.,  2006; Yokoyama et  al.,  2014). LHR of the 
reanalyses in the lower troposphere was reported to be larger than that based on Tropical Rainfall Measuring 
Mission (TRMM; Simpson et al., 1996) data (Jiang et al., 2011; Yokoyama et al., 2014), and this discrep-
ancy also existed in MERRA-2 (Huaman & Schumacher,  2018). Ricciardulli and Garcia  (2000) showed 
that the high-frequency signals of equatorial waves from the Community Climate Model are significantly 
weaker than the variabilities in outgoing longwave radiation. Li et al. (2009) revealed that the lack of global 
models for predicting the Madden-Julian oscillation (MJO) is largely attributed to the uncertainties in LHR 
from the convective parameterization. More recently, Cui et  al.  (2017) and Prakash et  al.  (2015) reported 
that large uncertainties in the precipitation in the reanalysis data stem from the uncertainties in convective 
parameterization.

As CGWD parameterization requires convective cloud information as input parameters, uncertainties in the 
cloud information of the reanalysis inevitably afford uncertainties in the CGWMF. Therefore, realistic cloud 
information, including LHR profile, is required for realistically representing CGWs. The LHR of a convective 
cloud is difficult to directly observe; thus, several studies indirectly detected it using precipitation variables. 
The hydrometeor heating (HH) algorithm is the first known method for obtaining vertical profiles of LHR from 
evaporation, melting, condensation, and deposition processes (Tao et al., 1990). Thereafter, Tao et al. (1993) 
proposed a convective-stratiform heating (CSH) algorithm that estimates LHR profiles from lookup tables 
(LUTs) in the tropical region using the surface precipitation and stratiform rain rates. The CSH algorithm has 
been improved by updating LUTs using additional simulations (Lang & Tao, 2018), which better corresponds to 
the Global Precipitation Measurement (GPM; Hou et al., 2014) mission, the follow-up of the TRMM. Afterward, 
LHR profiles in the midlatitudes became available via the additional construction of extratropical LUTs (Tao 
et al., 2019).

Recently, Alexander et al. (2021) calculated CGWMF through offline calculations using LHR profiles of TRMM 
and online calculations using the Whole Atmosphere Community Climate Model version 6. They compared the 
offline and online CGWMF with GW momentum flux observed in superpressure balloons in the tropical regions 
(15°N–15°S). Since GPM data cover the region from the tropics to midlatitudes, unlike the TRMM data that 
exclusively observed tropics and subtropics, the use of GPM data is ideal for investigating the global impacts of 
LHR on CGWMF. Investigating the global CGWMF is important as the magnitude of CTMF in the midlatitude 
storm tracks during the wintertime is comparable to or even larger than that in the tropical regions (e.g., Choi & 
Chun, 2013; KCK17; Song et al., 2007).

In this study, we examine the spatiotemporal variation of GPM-LHR between 65°N and 65°S, the GPM core 
observatory satellite coverage, and we calculate CGWMF and CGWD using the offline CGW parameterization 
by KCK17. The results are compared with those calculated using the LHR afforded by MERRA-2. This paper 
is organized as follows. In Section 2, GPM CSH and reanalysis data and the offline CGW parameterization by 
KCK17 are explained. In Section 3, the spatiotemporal characteristics of GPM-LHR are provided, and CGWMF 
and CGWD calculated using GPM are presented, which are compared with the MERRA-2 results. Section 4 
provides the discussion, and Section 5 presents the summary and conclusions. The abbreviations used in this 
study are listed in Table A1.
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2. Data and Methodology
2.1. GPM CSH

In this study, we used GPM V6 Level 3 gridded CSH (3GCSH; GPM Science Team, 2017a), which is a 0.25° 
gridded data with 1.5 hr intervals, covering 65°N–65°S horizontally and 80 vertical levels extending up to 20 km 
from the surface. The GPM 3GCSH data for 6 yr from June 2014 to May 2020 are used in the present study, 
which were downloaded from NASA (https://disc.gsfc.nasa.gov). The process to derive GPM 3GCSH can be 
found in the Release Notes for the CSH V6 Level 2 pixel product (2HCSH) and Level 3 gridded (3GCSH) 
products (https://arthurhou.pps.eosdis.nasa.gov/GPMprelimdocs.html). Figure S1 in Supporting Information S1 
displays the satellite trajectory and the number of satellite observations per month in each grid point. The number 
of times that satellite passed each grid point, shown in Figure S1 in Supporting Information S1, was calculated 
by counting the GPM 3GCSH data in each grid cell (0.25° × 0.25°) for 6 yr. The GPM passes grid cells at the 
equator 6.7 times per month, denoting that the temporal resolution of the GPM data is about 4–5 days (Figure 
S1c in Supporting Information S1). Therefore, in this study, analysis and comparison are made using a monthly 
averaged unconditional mean that considers all data in all grid cells, regardless of the existence of clouds. An 
exception is made for the heating maximum height (Figure 3c), which is averaged only when a cloud exists. This 
is because when the unconditional mean is applied to the heating maximum height, the heating maximum height 
is artificially lowered in areas where the frequency of cloud occurrence is low.

In GPM 3GCSH, the cloud top (bottom) height is set as the altitude where the LHR falls to 10% (0  K s −1) 
of column-maximum heating rate (CMHR), following the method of Stephan and Alexander (2015). As GPM 
3GCSH data contain the heating rate from both convective and stratiform clouds, several criteria are applied 
to GPM 3GCSH to derive LHR of convective clouds, following Kang et  al.  (2020) who estimated the LHR 
of convective clouds using the air temperature tendency due to moist processes (DTDTMST) provided from 
MERRA-2 data. The profile is considered as LHR induced by deep convective clouds when (a) the height of LHR 
maximum is higher than 850 hPa, (b) cloud top height is higher than 700 hPa, (c) cloud-bottom height is lower 
than 7 km, and (d) cloud depth is deeper than 1 km.

Additionally, CGWMF and CGWD are calculated using TRMM V6 Level 3 gridded CSH (TRMM 3GCSH; 
TRMM, 2019), which is a TRMM product of the same format as GPM. Except that the input data is TRMM 
3GCSH, it is calculated in the same process as calculation using GPM 3GCSH, and the comparison between 
GPM and TRMM will be discussed in Section 4.3.

2.2. Reanalysis Data

MERRA-2 pressure level (42 levels from 1,000 to 0.1 hPa) data with a longitudinal (latitudinal) resolution of 
0.625° (0.5°) provided by 3 hr intervals are used in the present study over the same 6 yr period (June 2014 to May 
2020). The variables used from MERRA-2 are the zonal and meridional wind, geopotential height, air temper-
ature, cloud top height, and DTDTMST, which represents a diabatic forcing (Bosilovich et al., 2016). To obtain 
LHR by convective clouds from DTDTMST, the aforementioned criteria applied to GPM 3GCSH are employed. 
The cloud top and bottom heights are determined from the DTDTMST profile rather than simply using the 
MERRA-provided cloud top height due to some uncertainties, as discussed in Kang et al. (2020). The cloud top 
(bottom) is defined as an altitude where DTDTMST falls to 20% (5%) of CMHR, but it is constrained to not be 
higher than the cloud top height provided from MERRA-2.

The MERRA-2 wind and temperature variables are used for the background fields to calculate the offline CGWD 
parameterization using both the LHR information from GPM 3GCSH and DTDTMST of MERRA-2. To inves-
tigate the sensitivity of the background fields, ECMWF Reanalysis v5 (ERA5) pressure level data from 1,000 
to 1 hPa with 37 vertical levels and horizontal resolution of 0.25° (Hersbach et al., 2020) are additionally used.

2.3. Offline CGW Parameterization

The CTMF is calculated using the formulation by KCK17:

𝑀𝑀𝑐𝑐𝑐𝑐(𝑐𝑐𝑐 𝑐𝑐) = 𝑠𝑠𝑠𝑠𝑠𝑠 [𝑐𝑐 − 𝑈𝑈𝑐𝑐𝑐𝑐(𝑐𝑐)] 𝜌𝜌𝑐𝑐𝑐𝑐
2(2𝜋𝜋)

3

𝐴𝐴ℎ𝐿𝐿𝑐𝑐

(
𝑠𝑠

𝑐𝑐𝑝𝑝𝑇𝑇𝑞𝑞𝑁𝑁
2
𝑞𝑞

)2
𝑁𝑁𝑐𝑐𝑐𝑐|𝑋𝑋|2

|𝑐𝑐 − 𝑈𝑈𝑐𝑐𝑐𝑐(𝑐𝑐)|
Θ(𝑐𝑐𝑐 𝑐𝑐)𝐹𝐹 (𝜇𝜇). (1)
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Here, 𝐴𝐴 𝐴𝐴 is the ground-based phase speed in the azimuthal direction of wave propagation, � .���(�) is the 
basic-state wind projected in the 𝐴𝐴 𝐴𝐴 direction at the cloud top, 𝐴𝐴 𝐴𝐴𝑡𝑡 is the time scale, 𝐴𝐴 𝐴𝐴ℎ is the horizontal area, 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 is 
the air density at the cloud top, 𝐴𝐴 𝐴𝐴𝑝𝑝 is the specific heat capacity of air at constant pressure, 𝐴𝐴 𝐴𝐴 is the gravitational 
acceleration, and 𝐴𝐴 𝐴𝐴𝑞𝑞 is the temperature averaged over the diabatic forcing region. 𝐴𝐴 𝐴𝐴𝑞𝑞 and 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 are the Brunt-Väisälä 
frequency in the diabatic forcing region and at the cloud top, respectively. All the constants are the same as in the 
previous studies (CC11; KCK17). An important factor in CTMF is 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐|𝑋𝑋|2∕|𝑐𝑐 − 𝑈𝑈𝑐𝑐𝑐𝑐(𝜑𝜑)| , the wave-filtering and 
resonance factor (WFRF; Song & Chun, 2005). It represents both critical-level filtering effects in the diabatic 
forcing region and the resonance between the natural modes given by the dispersion relation of the internal GWs 
and vertical harmonics that are determined via convective forcing (see details in Song & Chun, 2005). The second 
important factor is 𝐴𝐴 Θ(𝑐𝑐𝑐 𝑐𝑐) , the convective source spectrum, which is expressed as:

Θ(𝑐𝑐𝑐 𝑐𝑐) = 𝑞𝑞2
0

(
𝛿𝛿ℎ𝛿𝛿𝑡𝑡

32𝜋𝜋3∕2

)2
1

1 +
[
𝑐𝑐 − 𝑐𝑐𝑞𝑞ℎ(𝑐𝑐)

]2
∕𝑐𝑐2

0

. (2)

𝐴𝐴 Θ(𝑐𝑐𝑐 𝑐𝑐) is derived from a specified diabatic forcing with a Gaussian-shaped function in time and space (Song & 
Chun, 2005). In Equation 2, 𝐴𝐴 𝐴𝐴0 is the amplitude of heating, and 𝐴𝐴 𝐴𝐴𝑞𝑞𝑞(𝜑𝜑) is the moving speed of convective heating. 

𝐴𝐴 𝐴𝐴0 represents the width of the convective forcing spectrum, defined as 𝐴𝐴 𝐴𝐴ℎ∕𝐴𝐴𝑡𝑡 , where 𝐴𝐴 𝐴𝐴𝑡𝑡 and 𝐴𝐴 𝐴𝐴ℎ correspond to the 
time and spatial scales of the forcing, respectively. Here, 𝐴𝐴 𝐴𝐴0 is determined as follows:

𝑞𝑞0 = 𝐻𝐻max𝑐𝑐𝑓𝑓 𝑐𝑐𝑝𝑝, (3)

where 𝐴𝐴 𝐴𝐴max is the CMHR. The conversion factor, 𝐴𝐴 𝐴𝐴𝑓𝑓 , is needed for matching the calculated CTMF based on Equa-
tion 1 to the observed GW momentum flux. In Kang et al. (2020), 𝐴𝐴 𝐴𝐴𝑓𝑓 was set to 350 based on the superpressure 
balloon observation data near 50 hPa and 10°N–10°S from 8 February to 11 May 2010 reported by Jewtoukoff 
et al. (2013).

As recent study by Corcos et al. (2021) noted that the superpressure balloon data of Jewtoukoff et al. (2013) are 
biased, 𝐴𝐴 𝒄𝒄𝒇𝒇 in the present study is set based on the superpressure balloon observation data by Corcos et al. (2021) 
during 6 December 2019 to 28 February 2020 in which the period is overlapped with the current study. We set 

𝐴𝐴 𝒄𝒄𝒇𝒇  = 350 in the calculation of CTMF using the MERRA-2 cloud information, which is the same as that used in 
Kang et al. (2020), while 𝐴𝐴 𝒄𝒄𝒇𝒇 is set to 268 in the calculation of CTMF using the GPM cloud information to make 
sure that the averaged CGWMF using the GPM cloud information is the same as that using the MERRA-2 cloud 
information between 10°N and 10°S at 50 hPa from 6 December 2019 to 28 February 2020. Although different 

𝐴𝐴 𝐴𝐴𝑓𝑓 is specified for GPM and MERRA-2, the averaged CGWMF of both GPM and MERRA-2 are about 2.5 mPa 
over the same location from June 2014 to May 2020, which is similar to that averaged from 6 December 2019 to 
28 February 2020. Note that increases in 𝐴𝐴 𝐴𝐴𝑓𝑓 will increase the magnitude of the CTMF, and this is generally true for 
the CGWMF and CGWD, although its impact is not linearly correlated with CGWMF and CGWD. That is, the 
result is sensitive to the choice of 𝐴𝐴 𝐴𝐴𝑓𝑓 , and more observational data sets of GWMF such as superpressure balloons 
for longer period are required for deriving robust value of 𝐴𝐴 𝐴𝐴𝑓𝑓 . Finally, 𝐴𝐴 𝐴𝐴 (𝜇𝜇) in Equation 1 represents the nonlinear 
effect of CGWs. The details can be found in KCK17.

3. Results
3.1. Latent Heating Rates From GPM 3GCSH

Figure 1 shows the zonal-mean LHR, which contains all clouds, for each month averaged for 6 yr (June 2014 to 
May 2020) and their standard deviations. The maximum LHR for each month is generally at 0°–10°N with the 
largest LHR being 6.3 K day −1 in July at z = 6 km. The vertical extent of the large LHR (>0.5 K day −1) is  the 
greatest in the tropical regions, especially in the intertropical convergence zone (ITCZ) with a heating top of 
about 10 km. The secondary maximum of LHR is located in the winter hemisphere midlatitudes, with a top of 
6–7 km. In these regions, the largest LHR is 3.1 K day −1 in June, which is located at z = 4 km at 39°S, corre-
sponding to the Southern Hemisphere (SH) winter storm tracks. In the summer midlatitudes, convective activity 
is strong over land, with a maximum of 2.4 K day −1 at z = 5.5 km in June. The standard deviations (Figure 1b) 
are considerable near the equator where LHR is significantly large, with the maximum value of 1.2 K day −1 at 
10°N in May. The large standard deviations in the equatorial regions are likely attributed to the strong interannual 
variabilities of the convective activities associated with QBO and El Niño-Southern Oscillation (Lee et al., 2019; 
Liess & Geller, 2012).
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Figure 2 presents the probability density functions of the cloud (a) top and (b) bottom heights and (c) depth 
from all clouds based on the GPM 3GCSH (hereafter GPM) data between 65°N and 65°S for 6 yr (June 2014 
to May 2020). Black, red, and blue colors denote all seasons, June–July–August (JJA), and December–January–
February (DJF), respectively. The cloud top height of 4 km is most frequently observed, while that of 9 km is 
the second-most frequently observed (Figure 2a). A cloud-bottom height of less than 1 km is dominant: 65% for 
all cases and 59% for JJA (Figure 2b). The heating depth of 3–4 km is the most frequent, followed by a depth of 
5–7 km (Figure 2c). Although seasonal differences are not clear, some differences exist between JJA and DJF. 
First, the occurrence of cloud top height above (below) 9 km increases (decreases) in JJA, while it decreases 
(increases) in DJF. Second, in JJA (DJF), cloud-bottom heights higher (lower) than 2 km are more abundant than 
that in any other season. Third, cloud depths of 7–9 km occur more frequently (rarely) in DJF (JJA) than that in 
other seasons. This is because the cloud-bottom in JJA is lifted up from the surface despite the frequent occur-
rence of high cloud top heights.

Figure 1. Latitude-height cross sections of (a) the zonal-mean latent heating rate (LHR) averaged for each month during June 2014 to May 2020 and (b) their standard 
deviations.
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Figure 3 displays the CMHR, which contains all clouds, in the GPM data (Figure 3a) and the height where the 
CMHR occurs (Figure 3c), averaged from June 2014 to May 2020. Figures 3b and 3d are the standard deviations 
of Figures 3a and 3c, respectively. Large values of CMHR are distributed along the equatorial region, with the 
maximum zonal-mean value of 7.3 K day −1 at 6°N. The secondary peak of the zonal-mean CMHR is located 
at 3°S. The primary and secondary peaks of the zonal-mean CMHR averaged over the 6 yr are related to the 
ITCZ (Figure 3a). The standard deviations of CMHR (Figure 3b) are generally large where the CMHR is large, 
indicating the intermittent nature of convective activities. However, several regions with relatively large standard 
deviations exist but with a relatively small magnitude of CMHR, especially over land: East–north America, South 

Figure 2. Histograms of (a) the heating top height, (b) the heating bottom height, and (c) the heating depth between 65°N and 65°S. The bin interval is 1 km, and black 
rectangles indicate all GPM 3GCSH observation cases. The blue (red) rectangles indicate DJF (JJA).

Figure 3. Global distributions of (a) column-maximum heating rate (CMHR) and (c) heating maximum height calculated using GPM 3GCSH averaged from June 2014 
to May 2020. (b and d) exhibit standard deviations of (a and c), respectively. The zonally averaged values are plotted to the right of each plot.
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America, South Africa, India, and South China. The zonally averaged heating maximum height (Figure 3c) is 
about 4 km at 35°N mainly due to the Rocky Mountains and the Himalayas, while the minimum height is 1.8 km 
at 65°S, where the Antarctic circumpolar current flows are present. The maximum heating height is generally 
higher over the land than the ocean, which is similar to the result of Liu et al. (2022) using TRMM spectral latent 
heating. The standard deviation of the maximum heating height (Figure 3d) is large in regions with small CMHR 
(e.g., eastern Pacific and Atlantic regions, western coast of Indian Ocean, and Sahara Desert), primarily due to 
the rare occurrence of deep convections.

Figure 4 displays the time series of the zonally averaged monthly mean CMHR in each latitudinal bin and their 
power spectral densities (PSD) from GPM and MERRA-2 DTDTMST (hereafter MERRA-2). CMHR value aver-
aged over the entire period is given in the top right of each panel (blue) in Figures 4a and 4c, and the correlation 
coefficient between the CMHR time series of GPM and MERRA-2 is given in the top right of Figure 4c (black). 
We only consider CMHR profiles that the heating maximum height is higher than 850 hPa to eliminate the effects 
of strong LHR of MERRA-2 in the lower troposphere (Huaman & Schumacher, 2018). Figures 4a and 4b exhibit 
some interesting features. First, even in the same equatorial region, the characteristics of CMHR in 0°–10°N 

Figure 4. (a) Time series of column-maximum heating rate (CMHR) based on Global Precipitation Measurement (GPM) from June 2014 to May 2020, and (b) the 
power spectral densities (PSD) of each CMHR averaged over 0°–10°N, 0°–10°S, 10°–30°N, 10°–30°S, 30°–60°N, and 30°–60°S. Black dashed line in (a) denotes the 
mean values of each metric. Red dashed (solid) line in (b) denotes the red noise spectra (red noise spectra at the 95% confidence level). (c and d) are similar to (a and b) 
but for Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2).
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and 0°–10°S are different. The mean value of CMHR is larger in 0°–10°N than that in 0°–10°S (Figure 4a), 
and the semi-annual (annual) cycle is dominant in 0°–10°N (0°–10°S; Figure 4b). This result is consistent with 
that of Mitchell and Wallace (1992), who stated that the semi-annual cycle of the equatorial convection, repre-
sented by outgoing longwave radiation, was clear in the Northern Hemisphere (NH) but not in the SH. Second, 
no apparent periodicity is associated with QBO near the equator, which can be explained by two possibilities. 
(a) Since the response of the convective activities to the QBO phase varies with longitudes (Lee et al., 2019; 
Liess & Geller, 2012), the zonally averaged CMHR may not exhibit statistically significant spectral peaks at 
periods related to QBO. Additionally, (b) the data period (June 2014–May 2020) includes the 2015/2016 (Kang 
et al., 2020; Newman et al., 2016; Osprey et al., 2016) and 2019/2020 (Kang & Chun, 2021) QBO disruption 
events that temporarily changed the QBO cycle, which possibly made the spectral peak at ∼28 months unclear. 
Third, in the subtropical regions, CMHR is strong in the summer and weak in the winter in both hemispheres, and 
therefore, the annual cycle is dominant. Fourth, in the midlatitudes, CMHR exhibits weak seasonal variation in 
both hemispheres; however, the variation in SH is more pronounced than that in NH. CMHR in the NH midlati-
tude is dominated by a semi-annual cycle, which is due to a half-year phase difference in the convective activity 
between land and ocean (Jalihal et al., 2019). In the SH midlatitude, the land heating effect is smaller than that in 
the NH, affording a dominant annual cycle related to ocean heating.

The CMHR of GPM is generally similar to that of MERRA-2. First, the equatorial regions exhibited strong 
CMHR during 2015–2016. Second, in the subtropical regions, the annual cycle is dominant, and third, seasonal 
variation is relatively small in the midlatitudes. However, the CMHR of MERRA-2 is larger than that of GPM, 
except for the tropical regions. Correlation coefficients between GPM and MERRA-2 are greater than 0.90 for 
all latitude bins, except for 30°–60°N where it is 0.43 (Figure 4c). The largest difference is in the NH midlatitude 
(30°–60°N) during summer (June–July), mainly over the land: the CMHR of MERRA-2 is greater by 7 K day −1 
than that of GPM at 90°–110°E during summer (Figure S2 in Supporting Information S1), which is likely because 
of uncertainties in the convective parameterization employed in GCM (Cui et al., 2017; Prakash et al., 2015; Tost 
et al., 2006).

3.2. Cloud Top Momentum Flux

Figure 5 shows the absolute CTMF calculated using GPM (hereafter GPM-CTMF) and MERRA-2 (hereafter 
MERRA-CTMF) in January and July, and the differences between the two. The panel on the right side of each plot 
represents the zonally averaged values. The maximum value of the zonally averaged GPM-CTMF is 16.0 (14.1) 
mPa at 36°N (38°S) in January (July) in the storm track regions, with the secondary maximum of 5.9 (9.8) mPa 
at 5°S (9°N) near the equator. Notably, the CMHR is maximum near the equator, whereas the CTMF is maximum 
in the winter hemisphere midlatitudes, as in several previous studies (e.g., Choi & Chun, 2013; KCK17). This 
stems from three major factors. First, the CTMF is determined by the spectral combination of WFRF and the 
convective source, which is maximal in the midlatitudes as WFRF is considerably larger in the midlatitudes than 
that in the equatorial regions. Second, the nonlinear forcing effect is strong near the equator where convection is 
strong, and therefore, the magnitude of CTMF reduces by a small 𝐴𝐴 𝐴𝐴 (𝜇𝜇) term in the equatorial regions. Third, the 

term 𝐴𝐴
(
𝑔𝑔∕𝑐𝑐𝑝𝑝𝑇𝑇𝑞𝑞𝑁𝑁

2
𝑞𝑞

)2 in Equation 1 is larger in the winter midlatitudes than the equatorial regions: 0.13 (0.13) kg 2 
J −2 m 2 in the midlatitudes and 0.07 (0.08) kg 2 J −2 m 2 in the equatorial regions in January (July), respectively. This 
result is consistent with that of Kang et al. (2017). In July, the GPM-CTMF averaged over 30°–60° is 6.6 mPa 
in the SH, which is significantly larger than the 5.5 mPa in the NH. This is similar to several previous studies on 
the GW momentum flux estimated from satellite data, which exhibits a predominant magnitude in the SH winter 
midlatitudes, including areas of GW hotspots (e.g., Ern et al., 2011; Hindley et al., 2015; Hoffmann et al., 2013).

Several differences exist between GPM-CTMF and MERRA-CTMF in each latitude bin. In the equatorial 
regions (10°N–10°S), GPM-CTMF is 4.7 (4.5) mPa in January (July), which is smaller than 6.0 (6.2) mPa 
of MERRA-CTMF. In the winter hemisphere midlatitudes (30°–60°), GPM-CTMF is 6.5 (6.6) mPa in Janu-
ary (July), which is much larger than 4.8 (3.6) mPa of MERRA-CTMF. Consequently, near the equator, 
MERRA-CTMFs are overestimated compared to GPM-CTMFs, while they are underestimated in the winter 
hemisphere midlatitudes.

In Figure S3 in Supporting Information S1, the eastward, westward, northward, and southward CTMF in Janu-
ary and July are shown. In the equatorial (storm track) regions, the largest contribution to the total momentum 
flux is from the eastward (westward) momentum flux in both January and July. Considering MERRA-CTMF, 
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the westward momentum flux is considerably smaller than GPM-CTMF in the storm track, while the eastward 
momentum flux is slightly larger than GPM-CTMF in the equatorial region. This implies that the differences 
in absolute CTMF in the storm track regions between GPM and MERRA-2 are mainly due to differences in the 
westward momentum flux.

To examine the sensitivity of the background variables to the CTMF calculation, CTMF calculation using the 
horizontal wind, geopotential height, air temperature from ERA5 is performed using the GPM convective heating 
information. The GPM-CTMF using ERA5 background variables is similar to (not shown) that obtained using 
MERRA-2 background variables. The correlation coefficient between the zonal-mean GPM-CTMF using ERA5 
and the original GPM-CTMF is 0.989 and 0.994 in January and July, respectively, denoting that the effect of the 
background field differences due to the different reanalysis data on CTMF is negligible.

Figure 5. Global distributions of the 6 yr (June 2014 to May 2020) averaged absolute cloud-top momentum flux (CTMF) calculated using the Global Precipitation 
Measurement (GPM; top) and Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2; middle) latent heating rate (LHR) data, and 
their differences (bottom) in (a) January and (b) July. The zonally averaged values are plotted to the right of each plot.
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Figure 6 is similar to Figure 4 except for the absolute CTMF. Characteristics of GPM-CTMF are different from 
those of CMHR in terms of magnitude and temporal variability. First, while the 6 yr averaged CMHR is maximal 
near the equator (Figure 4a), the CTMF magnitude is maximal in the NH midlatitude (Figure 6a). Second, in the 
NH midlatitude (30°–60°N), CMHR is slightly larger during JJA than that during DJF, while the opposite is true 
for CTMF. This is because CTMF is maximized in the storm track regions in the winter (Figure 5a). Furthermore, 
only the semi-annual cycle is statistically significant in CTMF (Figure 6b), which differs from the statistically 
significant semi-annual and annual cycles in CMHR.

The differences between GPM-CTMF and MERRA-CTMF for each latitude bin are analyzed. GPM-CTMF 
is generally smaller than MERRA-CTMF, except for the midlatitudes (Figures  6a and  6c). The most signif-
icant difference in the absolute CTMF is in the SH midlatitudes: GPM-CTMF (4.9 mPa) is 1.7 times larger 
than MERRA-CTMF (2.9 mPa), despite the CMHR of GPM being about 30% smaller than that of MERRA-2. 
In the NH midlatitudes, the GPM-CTMF and MERRA-CTMF values averaged for the entire period are the 
same (5.6 mPa), but the temporal variability is different: MERRA-CTMF clearly exhibits an annual cycle while 
GPM-CTMF does not. This is due to a larger MERRA-CTMF in JJA than that in DJF, which is not evident in 
GPM-CTMF because GPM-CTMF is smaller and larger than MERRA-CTMF in JJA and DJF, respectively. 
Correlation coefficients between GPM-CTMF and MERRA-CTMF in each latitude bin are smaller than those 
between the CMHR of GPM and MERRA. This is somehow expected, as the spectral combination of CMHR and 
WFRF determines CTMF, and the cloud top and bottom heights, which are important factors in WFRF, exhibit 
discrepancies between GPM and MERRA-2. The lowest correlation coefficient can be found in the NH midlati-
tude with a value of 0.04.

Figure  7 shows the zonal-mean convective source, WFRF, and CTMF spectrum in (a) January and (b) July 
for GPM-CTMF (upper) and MERRA-CTMF (lower). The zonal-mean convective source spectrum of GPM is 
considerably stronger than that of MERRA-2 in most latitudes, due to the more frequent occurrence of extremely 
large CMHR in GPM (Figure S4 in Supporting Information S1). On the other hand, the WFRF of MERRA-2 
is generally larger than GPM, except in the SH mid-to-high latitudes. As CTMF is determined by the spec-
tral combination of convective source and WFRF, the differences in the CTMF spectrum between GPM and 
MERRA-2 are not as dominant as those in the convective source spectrum.

The WFRF of GPM is somewhat different from that of MERRA-2. Note that WFRF is calculated using the 
background variables as well as cloud top and bottom heights, and the differences in WFRF between GPM 
and MERRA-2 stem from cloud top and bottom heights information, as the same background variables are 
used for both calculations. The 6 yr averaged cloud depth at 10°N–10°S using GPM is slightly deeper than that 
using MERRA-2, but their differences increase with the latitude (Figure S5 in Supporting Information S1). As 
relatively deep convective forcing makes WFRF large at high phase speeds and small at low phase speeds (Kang 
et al., 2017; Song & Chun, 2005), deeper convective clouds of GPM can be expected to afford relatively strong 
power at high phase speeds. Indeed, the relatively strong power of WFRF at high phase speeds is evident in 
GPM poleward of 30°S in the SH, especially for the eastward propagating component, and near 30°N in January 
for phase speeds larger than 40 m s −1. Moreover, the relatively weak power of WFRF with low phase speeds 
(smaller than ∼20 m s −1) is evident in GPM poleward of 30°N during both January and July, compared to that 
in MERRA-2.

In January (July), WFRF is larger in MERRA-2 than in GPM at latitudes northward of 30°N (5°S), due to the 
more frequent occurrence of deep convections in MERRA-2. In January (July), the probability of deep convec-
tion occurring in each grid averaged between 30° and 60°N (5°S–60°N) is 11% (14%) for GPM and 18% (23%) 
for MERRA-2. Furthermore, in the SH midlatitudes (30°–60°S) in July, the probability of deep convection is 
15% for GPM and 10% for MERRA-2, indicating that deep convection events in the SH midlatitudes may be 
underestimated in MERRA-2 (not shown). The CTMF spectrum clearly displays stronger magnitudes in the 
winter hemisphere midlatitudes, especially near 40°, and stronger powers at high phase speeds at most latitudes 
for GPM than for MERRA-2.

3.3. CGW Momentum Flux and Drag Above Cloud Top

The CGWMF above the cloud top is calculated using Lindzen's linear saturation theory (Kang et  al.,  2017; 
Lindzen, 1981). Figure 8 displays the 6 yr mean of the eastward and westward CGWMF at the cloud top and four 
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selected levels above the cloud top (50, 10, 1, and 0.3 hPa) in (a) January and (b) July. In January (Figure 8a), the 
eastward momentum flux above the cloud top is maximal at 9°S, although that at the cloud top is maximal in the 
midlatitude. This is due to that the eastward momentum flux in the storm track region is almost filtered between 
the cloud top (∼400 hPa) and each height above the cloud top due to westerly winds in the NH winter. In contrast, 
in the equatorial region, CGWMF is less filtered from the cloud top to each height above the cloud top due to 
the presence of weak easterly winds. This situation is different for the westward momentum flux. A single peak 
locates at the NH storm tracks for CTMF, and the peak remains during the propagation above the cloud top under 
the westerly background wind in the NH winter middle latitude, although its magnitude reduces with height due 
to the wave dissipation processes.

Comparison between GPM and MERRA-2 reveals that both the eastward and westward GPM-CTMF are gener-
ally smaller than MERRA-CTMF in most regions, except in the midlatitudes. The most significant difference 
between the two is in the NH storm track region near 36°N where the zonally averaged westward (eastward) 
momentum flux of GPM-CTMF is 6.0 (2.0) mPa compared with 3.1 (1.3) mPa of MERRA-CTMF. Additionally, 
the westward momentum flux of GPM in the storm tracks in the stratosphere is larger than that of MERRA-2, as 
its magnitude at the cloud top is larger.

Figure 6. Same as in Figure 4 but for absolute cloud-top momentum flux (CTMF).
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In July (Figure 8b), the result is generally similar to January, considering the seasonal changes in NH and SH. The 
maximum value of the zonally averaged westward (eastward) momentum flux of GPM above the cloud top in the 
SH midlatitudes (30°–60°S) is greater than that in the NH midlatitudes (30°–60°N) in January (Figure 8a). Using 
satellite data, several observational studies of the momentum flux have reported strong GW activities in the SH 
midlatitudes in July (e.g., Eckermann et al., 2019; Ern et al., 2011; Hocke et al., 2016; Hoffmann et al., 2016), 
suggesting that convection contributes to the large momentum flux there. The momentum flux of GPM in the SH 
storm tracks is much larger than that of MERRA-2, and its difference is larger than in the NH in January.

Recently, Corcos et  al.  (2021) calculated the GW momentum flux based on eight Strateole-2 superpressure 
balloons observed at about z = 20 km near the equator from November 2019 to February 2020. 07_STR2, one of 
the eight superpressure balloons, flew at a mean altitude of 54.8 hPa from 6 December 2019–28 February 2020, 
and the averaged momentum flux for the frequency range of 15 min–1 day was 4.4 mPa. Since GWs are generated 
by various sources, parameterized CGWMF must be smaller than the observed GW momentum flux. The abso-
lute momentum flux of the current GPM calculation averaged between 10°N and 10°S at 50 hPa is 2.5 mPa for the 
same period. This implies that the magnitude of the parameterized CGWs calculated using GPM is reasonable, 
which has the same order of magnitude as the observed GWs.

Figure 9 shows the zonal CGWMF spectrum at three selected levels (cloud top, 50 hPa, and 1 hPa) using GPM 
(red) and MERRA-2 (black) averaged over each latitudinal bin. The green line on the right of each plot represents 
the zonal-mean zonal wind, and the gray-shaded area represents the range of one standard deviation. Figure 10 
shows the CGWD averaged over the period and location shown in Figure 9. In the equatorial region (10°N–10°S), 
momentum fluxes at the positive phase speeds are larger than those at the negative phase speeds for both GPM 
and MERRA-2 in January and July. Clearly, GPM-CTMF (MERRA-CTMF) is larger at high (low) phase speeds 
in the equatorial region, although the absolute GPM-CTMF is smaller than MERRA-CTMF near the equator 

Figure 7. Latitudinal distributions of the zonal-mean zonal convective source, wave-filtering and resonance factor (WFRF), and cloud-top momentum flux (CTMF) 
spectrum calculated using Global Precipitation Measurement (GPM; top) and Modern-Era Retrospective Analysis for Research and Applications, Version 2 
(MERRA-2; bottom) in (a) January and (b) July.
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(Figure 6). As mentioned earlier, the larger values of GPM-CTMF at high phase speed components are due to 
the deeper clouds that yield WFRF and resultant CTMF with stronger power at high phase speeds. The momen-
tum fluxes at low phase speeds are mostly filtered out in the stratosphere due to weak zonal winds there, and 
differences in the momentum flux between GPM and MERRA-2 notably decrease with height. Since CGWD 
is afforded when the momentum flux is decreased, the CGWD of MERRA-2 is larger than that of GPM in 
the upper troposphere and lower stratosphere, approximately below 10 km (Figure 10). Momentum fluxes with 
negative phase speeds are almost filtered out because of the negative wind shear between 50 and 1 hPa, and only 
the eastward momentum flux remains at 1 hPa, providing positive CGWD to the upper stratosphere through the 
saturation process. As GPM-CTMF with high phase speeds is larger than MERRA-CTMF, the CGWD of GPM 
at z ≈ 55 km is 3.0 (1.4) m s −1 day −1 in January (July), which is larger than 2.8 (1.3) m s −1 day −1 of MERRA-2. 
Recently, Ern et al. (2021) indicated that high phase-speed GWs are required in the tropics to drive the SAO in 
the mesosphere and mesopause region. This implies that, even if source-dependent CGWD parameterization is 
used, the contribution of CGWs to drive the SAO may be underestimated if unrealistic cloud information is used.

In the summer subtropics (10°–30°), the momentum fluxes of the positive and negative phase speeds at the cloud 
top are almost symmetric, which is similar to the source-level spectrum assumed in the parameterization of 
Alexander and Dunkerton (1999). In the NH summer subtropics (10°–30°N July), the CGWD of GPM is slightly 
small at 70–30 hPa. However, in the SH summer subtropics (10°–30°S January), the two results are almost iden-
tical at altitudes above 300 hPa. In the winter subtropics (10°–30°N January and 10°–30°S July), the CGWD of 
GPM is larger than that of MERRA-2 in the stratosphere.

In the midlatitudes (30°–60°), the positive wind shear is evident in the troposphere regardless of season; thus, the 
momentum fluxes with negative phase speeds at the cloud top are larger than those with positive phase speeds. In 
the summer (winter) midlatitude, the westward (eastward) momentum flux is dissipated by critical-level filtering 

Figure 8. Global distributions of the 6 yr (June 2014 to May 2020) averaged eastward and westward convective gravity wave momentum flux (CGWMF) calculated 
using Global Precipitation Measurement (GPM) and MERRA-2 LHR data at the cloud top, 50, 10, 1, and 0.3 hPa (bottom to top) in (a) January and (b) July. The 
zonally averaged values are plotted to the right of each plot.
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under the influence of the easterly (westerly) winds in the stratosphere, providing positive (negative) CGWD in 
the upper stratosphere. In the winter SH midlatitudes (30°–60°S), where the largest difference in CTMF between 
GPM and MERRA-2 is present, the CGWD calculated using GPM at z ≈ 55 km is −2.5 m s −1 day −1, which is 
significantly smaller than the −0.6 m s −1 day −1 of MERRA-2 (Figure 10b).

Figure 11 shows the 6 yr mean of the zonally averaged CGWD calculated using GPM (upper) and MERRA-2 
(middle), and their differences (bottom) in January (left) and July (right). The 6 yr averaged zonal-mean zonal 
wind from MERRA-2 is overlaid with solid (dashed) lines representing positive (negative) values. Above the 
middle stratosphere, positive and negative CGWD are present in the summer and winter hemispheres, respec-
tively, with a much clear seasonal distinction in July. The minimum value of GPM-CGWD is −4.6 m s −1 day −1 
at 38°S in July, which is considerably smaller than −1.4 m s −1 day −1 at 47°N in January. On the other hand, 
the maximum values of GPM-CGWD in January and July are similar: 10.7 (8.8) m s −1 day −1 at 11°S (16°N) in 
January (July). The maximum CGWD occurs where the eastward momentum flux is large (Figure 8), such as 
in Central Africa and the Maritime Continent in January and the Asian monsoon regions in July. In the winter 
hemisphere midlatitudes, the westward momentum flux is larger than the eastward momentum flux (Figure 8) 
due to the westerly background winds in the stratosphere, affording strong negative CGWD in the mesosphere 
over the storm track regions. Seasonal differences in CGWD are relatively weak near the equator compared with 
those in midlatitudes, as CGWD is more influenced by QBO and SAO (Ern et al., 2021; Pulido & Thuburn, 2008; 
Schirber et al., 2014).

Compared with MERRA-CGWD, both the maximum and minimum GPM-CGWDs are larger, and their differ-
ence is the largest in the SH winter near 30°–60°S. It is likely that MERRA-CTMF, which is significantly smaller 
than GPM-CTMF in the SH midlatitude (30°–60°S; Figure 7), attributes to the smaller MERRA-CGWD there. 
Furthermore, since a stronger spectral power of CTMF exists at high phase speed components for GPM (Figure 7) 
due to deeper clouds, there are more chances for the high phase-speed CGWs to propagate to the mesosphere with-
out filtering by the background wind below. Subsequently, large amounts of drag will be deposited in the meso-

Figure 8. (Continued)
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Figure 9. The 6 yr (June 2014 to May 2020) averaged convective gravity wave momentum flux (CGWMF) spectrum at three selected levels (cloud top, 50 hPa, and 
1 hPa) using Global Precipitation Measurement (GPM; red) and Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2; black) 
averaged over 10°N–10°S, 10°–30°N, 10°–30°S, 30°–60°N, and 30°–60°S in (a) January and (b) July. Green line in the right of each plot indicates the zonal wind 
averaged over the same period and location. Gray-shaded area in the right of each plot denotes the standard deviation of the zonal wind.
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sphere when they are broken. Since the CGWD parameterization used in this study considers the spatiotemporal 
variations of both convective source spectrum and WFRF, it can represent more realistic variations in CGWD 
compared to any nonorographic parameterization assuming a constant GW source spectrum (Kang et al., 2017; 
Plougonven et al., 2020). However, the significant difference between GPM-CGWD and MERRA-CGWD, as 

Figure 10. The 6 yr (June 2014 to May 2020) averaged zonal CGWD using Global Precipitation Measurement (GPM; red) and Modern-Era Retrospective Analysis for 
Research and Applications, Version 2 (MERRA-2; black) averaged over 10°N–10°S, 10°–30°N, 10°–30°S, 30°–60°N, and 30°–60°S in (a) January and (b) July.
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Figure 11. Latitude-height cross sections of the 6 yr (June 2014–May 2020) averaged CGWD (shading) calculated using 
Global Precipitation Measurement (GPM; top) and Modern-Era Retrospective Analysis for Research and Applications, 
Version 2 (MERRA-2; middle), and their differences (bottom) in (a) January and (b) July. Positive (negative) zonal-mean 
zonal winds are plotted as solid (dashed) lines, with contour intervals of 8 m s −1.
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revealed by the same color scales among the CGWDs by GPM, MERRA-2, and GPM-MERRA in Figure 11, 
demonstrates that uncertainties in the convective source information, such as CMHR and cloud top and bottom 
heights, afford uncertainties in the CGWD magnitude even when source-dependent CGW parameterization is 
implemented in GCM.

To examine the impacts of GPM-LHR on QBO, CGWD averaged between 10°N and 10°S that is calculated 
using GPM and MERRA-2 from June 2014 to May 2020 and their differences are shown in Figure 12. CGWD 
below 40 km is mainly induced by a critical-level filtering process, and positive (negative) CGWD is provided 
in the positive (negative) wind shear zone, which greatly contributes to the QBO descent. As is well known, 
negative QBO forcing by CGWs is larger than that by any equatorial waves, and positive QBO forcing by CGWs 
is comparable to that by Kelvin waves (Ern et al., 2014; Kang et al., 2020; Y.-H. Kim & Chun, 2015b; Pahlavan 
et al., 2021).

Above 40 km, positive CGWD is predominant for both GPM and MERRA-2. The difference in CGWD between 
GPM and MERRA-2 is evident above z = 40 km, with larger values for GPM than MERRA-2. At z = 45–50 km, 
the CGWD value for GPM (19.2 m s −1 month −1) is 5% larger than that for MERRA-2 (18.4 m s −1 month −1), 

Figure 12. Time-height cross sections of the CGWD (shading) calculated using (a) Global Precipitation Measurement 
(GPM) and (b) Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) from June 2014 to 
May 2020 averaged over 10°N–10°S, and (c) difference between (a and b). Positive (negative) zonal winds are plotted as solid 
(dashed) lines, with contour intervals of 10 m s −1.
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and CGWD is about 30%–70% of the forcing required to drive the equatorial SAO of 30–60 m s −1 month −1 
in ERA-Interim, as shown in Ern et al. (2015). This result is consistent with Ern et al. (2021), who suggested 
that saturation of high phase speed GWs play an important role in driving the SAO. Relatively larger values of 
GPM-CGWD than those of MERRA-CGWD above z = 40 km is attributed to the relatively strong power of the 
eastward propagating components of CTMF at high phase speeds (Figure 9), and consequently, more eastward 
propagating CGWs can reach above z = 40 km, particularly above 1 hPa where the easterly background wind 
exists both in January (Figure 9a) and July (Figure 9b). On the other hand, little difference exists between CGWD 
calculated using GPM and MERRA-2 in the equatorial stratosphere below z = 40 km, where the QBO is domi-
nant. This confirms that the CGWD during the 2015/2016 and 2019/2020 QBO disruptions (Kang & Chun, 2021; 
Kang et al., 2020), which is the same as MERRA-CGWD, comprises less uncertainty with respect to the heating 
information.

Recently, Polichtchouk et al. (2022) performed high-resolution simulations with approximate 1.4 km horizontal 
grid spacing for November 2018 and August 2019 using the ECMWF Integrated Forecast System. They showed 
that in November 2018 (August 2019), the magnitude of GWD averaged between 10°N and 10°S was maximal 
at 33 (17) hPa, with a contribution of 55% explained by the small-scale GWs with wavenumbers greater than 
399. Figure S6 in Supporting Information S1 shows the zonal CGWD over the same period as in Polichtchouk 
et al. (2022). The overall vertical structure is similar to Figure 6c in Polichtchouk et al. (2022). For example, the 
maximum magnitude of CGWD occurs at 35 (14) hPa (Figure S6 in Supporting Information S1). This implies 
that the small-scale GWs in the tropical region are relatively well represented by the CGW parameterization used 
here. However, the magnitude of the CGWD using both GPM and MERRA-2 is approximately 1.5 times smaller 
than GW drag (GWD) in Polichtchouk et al. (2022). Moreover, the ratio between CGWD in the lower strato-
sphere (lower than ∼70 hPa) and CGWD in the mid-to-upper stratosphere is smaller than that in Polichtchouk 
et al. (2022). The relatively small magnitude of the parameterized CGWD in the lower stratosphere compared to 
the explicitly resolved GWD suggests a method for updating the current GW parameterizations, which may help 
alleviate the common bias of the QBO amplitude in the lower stratosphere (e.g., Bushell et al., 2020).

4. Discussion
4.1. Convective-Stratiform Separation

The observed precipitation from the satellite can be classified into convective and stratiform types depending on 
the microphysical processes of the growth and fallout of the precipitation, which is not related to the dynamic 
stability or strength of the vertical motion (Houze, 1997). In detail, the rain type of the GPM dual-frequency 
precipitation radar (DPR) is classified as a convective cloud if no bright bands are present, while it is classified 
as stratiform if a localized bright band area is present (Awaka et al., 2016). Consequently, shallow clouds with 
low cloud top heights, wherein bright bands hardly appear, are classified as convective clouds. On the other hand, 
convective clouds are often classified as stratiform in the midlatitudes, where the temperature is cooler than that 
near the equator. Therefore, such a procedure affords uncertainty in the precise classification of convective and 
stratiform clouds. As an example, many precipitation areas related to typhoons Nangka (2015) and Soudelor 
(2015) were classified as stratiform in GPM DPR (J. Kim & Shin, 2020). This suggests that precipitations clas-
sified as stratiform clouds, accounting for most of the total precipitation in the TRMM precipitation radar and 
GPM DPR (Gao et al., 2017), can partly be convective clouds. Therefore, in this study, we employ GPM 3GCSH, 
which does not classify convective and stratiform clouds, to analyze the CMHR and CGWMF characteristics in 
the midlatitudes without data loss.

Recently, Liu et  al.  (2022) calculated CGWMF at 100  hPa using TRMM convective LHR profiles from the 
tropics to subtropics. Compared to their study, CGWMF in the subtropical regions is larger in the present study 
because stratiform type is not excluded (not shown). When we only use LHR classified as convective given by 
GPM 2HCSH (GPM Science Team, 2017b), the conclusions of this study do not significantly change (Figures 
S7 and S8 in Supporting Information S1) and only minor differences are afforded. First, the CGWMF at 50 hPa 
over 10°N–10°S yields a broader phase-speed spectrum than the original result. This is because strong and deep 
convections are selected in the tropics when the stratiform clouds are excluded, which is similar to the results of 
Alexander et al. (2021). Second, in July, the momentum flux using 2HCSH is smaller than that using 3GCSH in 
the SH midlatitudes because the stratiform fractions exceed 60% in the midlatitudes.
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4.2. Cloud Top and Bottom Height

In this study, the criteria for determining the cloud top and bottom heights from the LHR profiles of GPM 
and MERRA-2 are adapted from Stephan and Alexander (2015) and Kang et al. (2020), respectively. In Kang 
et al. (2020), who calculated CGWMF and CGWD using MERRA-2 DTDTMST, the DTDTMST had a long tail 
structure in the upper stratosphere, unlike the LHR profiles based on the GPM satellite data, and considering 
this, the threshold for determining cloud top height was determined to be 20%. Stephan and Alexander (2015) 
defined the top of heating profiles as the level where the heating rate falls to 10% of the CMHR and the bottom 
as the heating where the heating rate falls to zero. They developed an algorithm to generate heating profiles 
using defined values and confirmed that the precipitation data could reconstruct heating profiles simulated in the 
cloud-resolving model. Since the LUTs were constructed by the cloud-resolving model in the GPM CSH, the top 
and bottom heights were defined using the same thresholds following Stephan and Alexander (2015).

As the cloud top and bottom heights are important in CTMF and the resultant CGWD, their sensitivities to 
thresholds to determine the cloud top and bottom heights are analyzed by an additional calculation of the GPM 
using the method to determine the cloud top and bottom heights applied to MERRA-2 (GPM_MERRA). In 
GPM_MERRA, cloud top height is decreased and cloud-bottom height is slightly increased, especially in the 
midlatitudes, yielding shallower clouds. The absolute CTMF in GPM_MERRA is slightly larger than the original 
GPM (GPM_CTL), with a similar horizontal distribution (Figure S9 in Supporting Information S1). This is likely 
because the shallower convection allows for stronger WFRF at low phase speeds where the convective source is 
stronger (Figure 7). The CGWD of the GPM_MERRA is very similar to the GPM_CTL in most latitude bins and 
heights (not shown), but it is slightly smaller than the GPM_CTL in the upper stratosphere, especially in 30°–60°S 
in July. However, CGWD by two GPM calculations is still larger than that by the MERRA-2 (Figure 10), implying 
that applying different thresholds for the cloud top and bottom heights to GPM does not significantly change the 
results of the current study, at least for the period considered in the present study.

4.3. Comparison With TRMM Products

In the present study, we compared the GPM results to the MERRA-2. In order to make sure the reality of the 
GPM results, the comparison between CGWMF and CGWD from GPM and those from TRMM is made addi-
tionally. The data set used is the TRMM 3GCSH. Since TRMM 3GCSH only covers 37°N–37°S, comparisons 
are conducted for tropical and subtropic regions. After October 2014, the precipitation radar of the TRMM could 
not obtain normal observations due to orbital descent (Takahashi et al., 2016), and therefore TRMM data for four 
months from June–September 2014 are used for the comparison.

Figure  13 represents the 4  months averaged (a) CTMF spectrum and (b) CGWD using GPM (red), TRMM 
(green), and MERRA-2 (black) over three latitudinal bins (10°N–10°S, 10°–30°N, and 10°–30°S). First, the 
CTMF spectrum (Figure 13a) calculated using the TRMM at high (low) phase speeds is larger (smaller) than that 
using MERRA-2, which is consistent with the original results using the GPM. Although the momentum flux of 
the TRMM is slightly smaller than that of the GPM at low phase speeds, momentum fluxes at high phase speeds 
are very similar to each other. When carefully examined the convective source and WFRF spectra (Figure S10 in 
Supporting Information S1), it is found that the WFRF of the GPM is slightly larger than that of the TRMM at 
low phase speeds, while the convective source spectrum is similar. This is likely because the GPM detects shal-
low convection better than TRMM (Lang & Tao, 2018). Second, vertical structure of the CGWD (Figure 13b) 
calculated using the GPM and TRMM is similar to each other, although the CGWD by the TRMM is slightly 
smaller than either by the GPM or MERRA-2 in 10°–30°S in the upper stratosphere. The above results support 
that the differences in the CTMF and CGWD between the GPM and MERRA-2 shown in the present study are 
likely robust without significant differences depending on the type of the satellite data used. This implies that 
more realistic cloud information is required in GCMs, when convective source-based CGWD parameterization is 
implemented, for better representation of CGWMF and CGWD.

5. Summary and Conclusions
In this paper, the spatiotemporal characteristics of LHR from GPM 3GCSH were investigated for the period from 
June 2014 to May 2020, and CGWMF and CGWD using the GPM LHR were calculated and compared with those 
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using the MERRA-2 LHR. The GPM-LHR profile exhibited a bimodal structure near the equator but a unimodal 
structure in the other regions. In the tropical regions, the maximum LHR located at z = 6 km and the secondary 
maximum appeared at z = 2 km. The averaged CMHR was maximal between 10°N and 10°S. Additionally, the 
magnitude and temporal variations of CMHR were similar between GPM and MERRA-2. The largest difference 
in CMHR between GPM and MERRA-2 was found over land, where the CMHR of MERRA-2 was larger than 
that of GPM. The correlation coefficient between GPM LHR and MERRA-2 LHR ranged between 0.43 and 0.96, 
with the lowest in the NH midlatitude (30°–60°N).

The CTMF was maximum in the storm track regions for both GPM-CTMF and MERRA-CTMF, although the maxi-
mum CMHR occurred near the equator. This is due to that the CTMF was determined by a spectral combination of 
the convective source, represented by CMHR, and WFRF, which represents the critical-level filtering and resonance 
between vertical harmonics of the convective source and natural wave modes. The overlap between CMHR and 
WFRF was the maximal in the storm tracks. Additionally, the nonlinearity effect of CGWs included in the CTMF 
formulation was the largest in the equatorial region where the convective activities are strong, which reduced the 
CTMF magnitude. Relative to MERRA-CTMF, GPM-CTMF was enhanced in the SH midlatitudes in July by a 
factor of 1.7. In this region, strong convective events occurred more frequently in GPM than in MERRA-2, yielding 
stronger GPM-CTMF, which is in contrast to CMHR. At the cloud top, the eastward momentum flux was larger than 
the westward momentum flux in the low latitudes, while the opposite was true in the midlatitudes.

The characteristics and spatial distributions of CGWMF and CGWD at levels above the cloud top were inves-
tigated by assuming the columnar vertical propagation based on Lindzen's saturation theory. In January, the 
maximum of the westward momentum flux was located in the NH hemisphere, and it gradually dissipated from 
50 to 0.3 hPa, providing negative CGWD in the winter stratosphere. The CGWMF near the equatorial region was 
less filtered than in the midlatitudes from the cloud top to the lower stratosphere due to the weak easterly winds 

Figure 13. The (a) cloud-top momentum flux (CTMF) spectrum, (b) zonal wind, and (c) CGWD profiles averaged for 4 months (June–September 2014) calculated 
using the Global Precipitation Measurement (GPM; red), Tropical Rainfall Measuring Mission (TRMM; green), and Modern-Era Retrospective Analysis for Research 
and Applications, Version 2 (MERRA-2; black) data over each latitudinal bin.
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there. The CGWMF of GPM above the cloud top in the storm track regions (30°–60°) was greater in July than 
in January, which is much larger than that of MERRA-2 in July. Generally, above the middle stratosphere, the 
CGWD in the summer hemisphere was positive, while the CGWD in the winter hemisphere was negative. The 
maximum and minimum values of the GPM-CGWD were larger than those of MERRA-CGWD. Particularly, 
the magnitude of GPM-CGWD in the SH was very large compared to that of MERRA-CGWD. In the equatorial 
region, positive CGWD was dominant above z = 40 km in both GPM and MERRA-2, and the magnitude was 
larger in GPM-CGWD than that in MERRA-CGWD. Below z = 40 km, positive (negative) CGWD was afforded 
in the positive (negative) wind shear zone, contributing to the QBO descent. Little difference existed in CGWD 
between GPM and MERRA-2 below z = 40 km, implying that the estimated CGWD during the two QBO disrup-
tions by Kang and Chun (2021) and Kang et al. (2020) using MERRA-2 is quite reasonable.

Convective heating profiles are important information for not only the CGW parameterization but also other 
atmospheric phenomena, such as Hadley circulation (Fierro et  al.,  2009), MJO (Li et  al.,  2009), and Asian 
monsoon (Choudhury & Krishnan, 2011; Jin et al., 2013). This study showed that the monthly mean convective 
heating rates in modern reanalysis are quite realistic in terms of zonal-mean climatology and monthly to inter-
annual variabilities, especially in the equatorial region. This affords relatively small differences in the CGWD 
in the equatorial region between MERRA-2 and GPM. Although the GPM estimated LHR are based on the 
high-resolution modeling due to the difficulty in direct observations, such a retrieval should be continued to 
enhance our understanding and representation of convective heating. Particularly, efforts should be made for 
better quantifying the convective heating rates in the midlatitudes that still exhibit large uncertainties.

Appendix A: List of Abbreviations
Table A1

Abbreviation Definition

CFSR Climate Forecast System Reanalysis

CGW Convective gravity wave

CGWD Convective gravity wave drag

CGWMF Convective gravity wave momentum flux

CMHR Column-maximum heating rate

CSH Convective-stratiform heating

CTMF Cloud top momentum flux

DJF December–January–February

DPR Dual-frequency precipitation radar

ERA5 ECMWF Reanalysis v5

GCM General circulation model

GPM Global Precipitation Measurement

GW Gravity wave

GWD Gravity wave drag

HH Hydrometeor heating

ITCZ Intertropical convergence zone

JJA June–July–August

LHR Latent heating rate

LUT Lookup table

MERRA-2 Modern-Era Retrospective Analysis for Research and Applications, Version 2

MHH Maximum heating height

MJO Madden-Julian oscillation

Table A1 
List of Abbreviations Used in the Paper
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Data Availability Statement
The MERRA-2 data (GMAO,  2015) was downloaded from the Goddard Earth Sciences Data and Informa-
tion Services Center (GES DISC). The GPM 3GCSH (GPM Science Team, 2017a) was downloaded from the 
Goddard Earth Sciences Data and Information Services Center (GES DISC). The GPM 2HCSH (GPM Science 
Team, 2017b) was downloaded from the Goddard Earth Sciences Data and Information Services Center (GES 
DISC). The TRMM 3GCSH (TRMM, 2019) was downloaded from the Goddard Earth Sciences Data and Infor-
mation Services Center (GES DISC). The ERA5 data (Hersbach et al., 2018) was downloaded from the Coperni-
cus Climate Change Service (C3S) Climate Data Store (CDS).

References
Alexander, M. J., & Dunkerton, T. J. (1999). A spectral parameterization of mean-flow forcing due to breaking gravity waves. Journal of the 

Atmospheric Sciences, 56(24), 4167–4182. https://doi.org/10.1175/1520-0469(1999)056<4167:ASPOMF>2.0.CO;2
Alexander, M. J., Liu, C. C., Bacmeister, J., Bramberger, M., Hertzog, A., & Richter, J. H. (2021). Observational validation of parameterized 

gravity waves from tropical convection in the Whole Atmosphere Community Climate Model. Journal of Geophysical Research: Atmospheres, 
126, e2020JD033954. https://doi.org/10.1029/2020JD033954

Awaka, J., Le, M., Chandrasekar, V., Yoshida, N., Higashiuwatoko, T., Kubota, T., & Iguchi, T. (2016). Rain type classification algorithm module 
for GPM dual-frequency precipitation radar. Journal of Atmospheric and Oceanic Technology, 33(9), 1887–1898. https://doi.org/10.1175/
JTECH-D-16-0016.1

Beres, J. H., Alexander, M. J., & Holton, J. R. (2004). A method of specifying the gravity wave spectrum above convection based on 
latent heating properties and background wind. Journal of the Atmospheric Sciences, 61(3), 324–337. https://doi.org/10.1175/1520- 
0469(2004)061<0324:AMOSTG>2.0.CO;2

Bosilovich, M. G., Lucchesi, R., & Suarez, M. (2016). MERRA-2: File specification GMAO Office Note No. 9 (Version 1.1).
Bushell, A. C., Anstey, J. A., Butchart, N., Kawatani, Y., Osprey, S. M., & Richter, J. H. (2020). Evaluation of the Quasi-Biennial Oscillation in 

global climate models for the SPARC QBO-initiative. Quarterly Journal of the Royal Meteorological Society, 148, 1459–1489. https://doi.
org/10.1002/qj.3765

Choi, H.-J., & Chun, H.-Y. (2011). Momentum flux spectrum of convective gravity waves. Part I: An update of a parameterization using mesos-
cale simulations. Journal of the Atmospheric Sciences, 68(4), 739–759. https://doi.org/10.1175/2010JAS3552.1

Choi, H.-J., & Chun, H.-Y. (2013). Effects of convective gravity wave drag in the Southern Hemisphere winter stratosphere. Journal of the Atmos-
pheric Sciences, 70(7), 2120–2136. https://doi.org/10.1175/JAS-D-12-0238.1

Choudhury, A. D., & Krishnan, R. (2011). Dynamical response of the South Asian monsoon trough to latent heating from stratiform and convec-
tive precipitation. Journal of the Atmospheric Sciences, 68(6), 1347–1363. https://doi.org/10.1175/2011JAS3705.1

Chun, H.-Y., Choi, H.-J., & Song, I.-S. (2008). Effects of nonlinearity on convectively forced internal gravity waves: Application to a gravity wave 
drag parameterization. Journal of the Atmospheric Sciences, 65(2), 557–575. https://doi.org/10.1175/2007JAS2255.1

Corcos, M., Hertzog, A., Plougonven, R., & Podglajen, A. (2021). Observation of gravity waves at the tropical tropopause using superpressure 
balloons. Journal of Geophysical Research: Atmospheres, 126, e2021JD035165. https://doi.org/10.1029/2021JD035165

Cui, W., Dong, X., Xi, B., & Kennedy, A. (2017). Evaluation of reanalyzed precipitation variability and trends using the gridded gauge-based 
analysis over the CONUS. Journal of Hydrometeorology, 18(8), 2227–2248. https://doi.org/10.1175/JHM-D-17-0029.1

Eckermann, S. D., Doyle, J. D., Reinecke, P. A., Reynolds, C. A., Smith, R. B., Fritts, D. C., & Dörnbrack, A. (2019). Stratospheric gravity wave 
products from satellite infrared nadir radiances in the planning, execution, and validation of aircraft measurements during DEEPWAVE. Jour-
nal of Applied Meteorology and Climatology, 58(9), 2049–2075. https://doi.org/10.1175/JAMC-D-19-0015.1

Emori, S., Hasegawa, A., Suzuki, T., & Dairaku, K. (2005). Validation, parameterization dependence, and future projection of daily precipitation 
simulated with a high-resolution atmospheric GCM. Geophysical Research Letters, 32. https://doi.org/10.1029/2004GL022306

Ern, M., Diallo, M., Preusse, P., Mlynczak, M. G., Schwartz, M. J., Wu, Q., & Riese, M. (2021). The semiannual oscillation (SAO) in the 
tropical middle atmosphere and its gravity wave driving in reanalyses and satellite observations. Atmospheric Chemistry and Physics, 21, 
13763–13795. https://doi.org/10.5194/acp-21-13763-2021

Ern, M., Ploeger, F., Preusse, P., Gille, J. C., Gray, L. J., Kalisch, S., et al. (2014). Interaction of gravity waves with the QBO: A satellite perspec-
tive. Journal of Geophysical Research, 119, 2329–2355. https://doi.org/10.1002/2013JD020731

Acknowledgments
This work has supported by the 
National Research Foundation of 
Korea (NRF) through a grant funded 
by the Korean government (MSIT) (no. 
2020R1A4A1016537). This research was 
also supported by the Yonsei Signature 
Research Cluster Program of 2021 
(2021-22-0003).

Table A1 
Continued
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PSD Power spectral density
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SAO Semi-annual oscillation
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