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Abstract 12 

In this study, we examine the resolution dependence of the convective spectrum in 13 

Community Atmospheric Model version 5 (CAM5) simulations, focusing on the transition from 14 

shallow to deep convection and the associated cloud-radiative effect (CRE) change. We first apply 15 

the bin method (percentile binning) on precipitation intensity to obtain the convective spectrum in 16 

the tropics. The same approach is also used in the column-integrated moist static energy (MSE) 17 

budget analysis. The binning results show that over the light-rain regime, the convective structure 18 

is dominated by shallow convection, functioning to destabilize the atmosphere by importing 19 

column-integrated MSE. The heavy-rain regime shows the coexistence of deep and shallow 20 

convection, which inclines to stabilize the atmosphere by exporting the column-integrated MSE. 21 

Moreover, we also note that the longwave (LW) component of CRE (LWCRE) is more sensitive 22 

to the change of model spatial resolution than the shortwave (SW) component of CRE (SWCRE), 23 

characterized by a stronger response in the coarser resolution run over the heavy-rain regime. The 24 

resolution dependence of convective spectrum and CRE changes presented in this study highlights 25 

the importance of scale-aware cumulus parameterization design in climate models, which is not 26 

yet implemented in CAM5. 27 

Keywords:  convective spectrum, moist static energy budget, cloud-radiative effect.28 
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1. Introduction 29 

Convective spectrum is a continuous sequence of vertical motions from shallower to deeper 30 

convection that is seen in the vertical profile of vertical motions and does not cleanly separate in 31 

time and space (Boccippio et al. 2005). Over the tropical region, differences in convective 32 

spectrum are measured by convective intensity, convective depth, area of cloud coverage, and 33 

atmospheric instability (e.g., Boccippio et al. 2005; Liu and Zipser 2005; Petersen et al. 2003). 34 

These different measures of convective spectrum can be linked to the impacts of convection on 35 

large-scale circulation, which can be further enhanced or reduced because of their interactions with 36 

radiation, namely, the cloud-radiative effect (CRE) (e.g., Crueger and Stevens 2015; Labbouz et 37 

al. 2018). Specifically, convection redistributes energy, water vapor, and tracer both vertically and 38 

horizontally, playing a significant role in the climate system. Studies have shown that 39 

different convective spectra have different impacts on atmospheric stability (Bui et al 2016; Chen 40 

et al. 2016). Hence, a detailed examination of the resolution dependence of convective spectrum 41 

in the tropics and its association with CRE change in state-of-the-art climate model simulations is 42 

necessary, especially as the resolution becomes finer in the Coupled Model Intercomparison 43 

Project, phase 6 (CMIP6) models (Eyring et al. 2016).  44 

Convective spectrum has been extensively studied with observational data from instruments, 45 

such as precipitation radar (e.g., Houze 1997; Johnson et al. 1999; Boccippio et al. 2005) and 46 

climate models, although the findings from comparisons of observations with climate models are 47 

diverse. For example, a few sensitivity tests were conducted by Labbouz et al. (2018) to evaluate 48 

the effect of different physical processes that might be crucial in simulating the convection 49 

structure. By running the National Center for Atmospheric Research (NCAR) Community 50 

Atmospheric Model version 5 (CAM5) using different spatial resolutions, Bui et al. (2019a) 51 

recently showed that a higher spatial resolution tends to produce more shallow convection, 52 

whereas a coarser one tends to generate less shallow convection. These results have critical 53 

implications for explaining different precipitation distributions in the tropics and understanding 54 

how the precipitation pattern might change in the future under a warmer climate (Bui et al., 2019b; 55 

Chen et al. 2016). However, how the statistical behavior of convective spectrum changes with 56 

various model spatial resolutions remains poorly understood, particularly, the resolution 57 

dependence of transitioning from shallow to deep convection and associated CRE change. This 58 

question motivates this study. 59 
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We also note that various factors can influence the transition from shallow to deep 60 

convection. For example, the inhomogeneity of the boundary layer over land and the moist lower 61 

free troposphere can favor the shallow to deep transition on a diurnal time scale (Zhang and Klein 62 

2010). Some studies emphasize the processes below the cloud base and associated cold pools 63 

critical for convective aggregation (e.g., Khairoutdinov and Randall 2006; Kurowski et al. 2018). 64 

Wu et al. (2009) highlighted the importance of atmospheric instability in the lower layers for 65 

aggregating cumulus convection while suggesting the existence of a critical lapse rate of 66 

temperature for deep convection initiation. Recently, Schiro and Neelin (2019) also reported the 67 

importance of lower-free-tropospheric moisture in initiating deep convective clouds. In this study, 68 

we provide another datapoint to analyze the processes affecting the transition from shallow to deep 69 

convection in the tropics by running a state-of-the-art climate model with different spatial 70 

resolutions. 71 

In this study, we use the column-integrated moist static energy (MSE) budget to examine the 72 

shallow to deep convection transition and associated CRE change among various model spatial 73 

resolutions. In the MSE budget, vertical and horizontal advection are strongly related to the 74 

convective adjustment of atmospheric stability. For instance, Bui et al. (2016) found that a top-75 

heavy structure of vertical motion produces a positive value of MSE transport that tends to stabilize 76 

the atmosphere. In contrast, a bottom-heavy structure of vertical motion generates a negative value 77 

of MSE transport, functioning to destabilize the atmosphere. Chen et al. (2016) further associated 78 

the change of tropical convection to the change in atmospheric gross moist stability (e.g., Neelin 79 

and Held 1987; Yu and Neelin 1997; Yu et al. 1998) under a similar MSE budget framework. 80 

The interaction of convective clouds with radiation is also critical in modifying the amount 81 

of radiation energy reflected, emitted, and absorbed by the atmosphere and the underlying earth’s 82 

surface, including ocean and land. Thus, changes in clouds have profound impacts on atmospheric 83 

circulation and hydrological cycles (Stephens et al. 2012; Li et al. 2015, 2016; Chen et al. 2018; 84 

Liu et al. 2018). However, the net CRE significantly differs, depending on the cloud types. For 85 

example, the warming generated by cirrus clouds is strong enough to cancel the ascending cooling 86 

of air motion (Mather et al. 2007). The shallower precipitating clouds have a small radiative effect 87 

because of their small optical depths and area fractions. The stratocumulus clouds, nonetheless, 88 

tend to reflect most of the incoming shortwave (SW) radiation, cooling the atmosphere. Ying and 89 

Huang (2016) recently noted that the intermodel spread of cloud-radiation feedback is a leading 90 
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source for the uncertainty in the tropical Pacific sea surface temperature-warming pattern under 91 

the influence of global warming in CMIP5 models. All studies highlight the importance of 92 

parameterizing cloud-radiation interaction in climate models. 93 

This study extends the model sensitivity experiments of Bui et al. (2019a) to answer the 94 

following questions: (1) How does model spatial resolution impact the statistical behavior of 95 

convective spectrum across the tropics? (2) How does the associated CRE change with convective 96 

spectrum in both SW and longwave (LW)? We address these questions by running a series of 97 

coupled (a slab ocean) climate model experiments using various spatial resolutions to examine the 98 

resolution dependence of convective spectrum across the tropics. The model and experimental 99 

design are described in Section 2. Descriptions of the bin method, MSE budget analysis, and 100 

calculating CRE are presented in Section 3. Section 4 compares changes in convective spectrum 101 

among various spatial resolution runs and associated CRE changes and implications. The 102 

conclusion and further discussion are provided in Section 5. 103 

2. Model and experiment 104 

The model setup used in this study is the same as in Bui et al. (2019a), and we only provide 105 

a synopsis here. The NCAR CAM5 (Neale et al. 2010) is used to examine the spectrum of 106 

convection and associated cloud-radiative effect. The CAM5 version used here has 30 vertical 107 

layers, using the deep convection scheme from Zhang and McFarlane (1995) and shallow 108 

convection scheme from Park and Bretherton (2009). We run a series of 50-m mixed layer depth 109 

slab ocean simulations (Danabasoglu and Gent 2009; Kiehl et al. 2006), where the horizontal 110 

resolutions are varied from 4°, 2°, 1°, to 0.5° (corresponding to a grid space of approximately 400 111 

km, 200 km, 100 km, and 50 km, respectively). Depending on the spatial resolutions, slight 112 

differences in some parameters are needed to ensure energy balance at the top of the atmosphere. 113 

For more details, please refer to Section 2.2 of Bui et al. (2019a). The simulations are run with a 114 

time step of 1800 seconds. Twelve-year simulations are conducted, but only the last decade of 115 

model outputs is used for analysis. Several observational field campaign datasets are also used to 116 

compare to the model simulations. Table 1 summarizes the periods, locations, and references for 117 

the field campaigns. 118 
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We also analyze the daily data from the fifth global reanalysis produced by the European 119 

Center for Medium-Range Weather Forecasts (ERA5; Hersbach et al., 2020) with a grid size of 120 

0.5° × 0.5° and 37 pressure levels from 2010 to 2019 to compare with the model results. Further 121 

interpolation of the ERA5 to different grid-sizes of the CAM5 is also performed to examine the 122 

scale-awareness issue in convective parameterization (see the Supplementary Materials). We only 123 

focus on the oceanic regions in this study to avoid complications of interpretation caused by 124 

topography. 125 

3. Methods 126 

3.1. Bin method 127 

To examine the convective spectrum, we use the bin method, as in Bui et al. (2019a). We 128 

identify different convection structures based on regime sorting of large-scale conditions and 129 

convection properties (Bui et al. 2019a; Takayabu et al. 2010). The precipitation events are sorted 130 

and binned according to the precipitation intensity with 100 bins (each bin contains 1% of the total 131 

sampled precipitation events), similar to the percentile ranks (Hagos et al. 2010). Since one goal 132 

of this study is to compare the convection spectrum in model simulations with the observed 133 

precipitation consisting of various types of precipitating rainfall, using the total precipitation from 134 

CAM5 should be more appropriate than using only convective precipitation. A sensitivity test was 135 

performed to compare the binning spectrum among different types of convective rainfall using two 136 

model spatial resolutions (figure not shown). The results show that convective rainfall dominates 137 

the total precipitation and the contribution from shallow convective or large-scale precipitation is 138 

relatively small. In this study, a precipitation event is counted when the precipitation rate is greater 139 

than 0.1 mm day−1, as in previous studies (Chou et al. 2012; Sun et al. 2007). The first few tenths 140 

of percentile bins represent light precipitation events that are typically dominated by shallow 141 

convection, whereas the last few tenths of percentile bins denote heavy precipitation events in 142 

which both deep and shallow convection often coexist. Since the magnitudes change significantly 143 

across a broad range of the entire percentile bins, for comparison, each after-binning vertical profile 144 

is normalized by its maximum, allowing us to focus on a direct comparison of the vertical structure 145 

changes across various percentile bins. Our analyses focus on the region within the climatological 146 

intertropical convergence zone (ITCZ), defined as the area with negative values of the mean 147 
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vertical velocity at 500 hPa (𝜔500̅̅ ̅̅ ̅̅ < 0), similar to Chen et al. (2016) and Bui et al. (2016). The 148 

results from a region outside the ITCZ are also presented in the Supplementary Materials for 149 

reference. 150 

3.2. Moist static energy budget 151 

To understand the energy balance of large-scale circulation, the time-mean, vertically 152 

integrated MSE budget (Chou et al. 2009a, b; Chen et al. 2016; Bui et al. 2016) is employed. 153 

〈𝜔𝜕𝑝ℎ〉 =  −〈𝐯. ∇(𝑞 + 𝑇 + 𝑔𝑧)〉 +  𝐹𝑛𝑒𝑡                                           (1) 154 

where h = s + q is the MSE, s = T + gz is the dry static energy, with g the gravity and z the height. 155 

T is the temperature in energy unit (J kg−1) by absorbing the heat capacity at constant pressure Cp 156 

(= 1.004 × 103 J kg−1 K−1). q is specific humidity also in energy unit (J kg−1) by absorbing the heat 157 

of condensation L (= 2.44 × 106 J kg−1). Omega (𝜔) is the pressure velocity and v is the horizontal 158 

wind vector. The angle brackets represent a mass-weighted vertical integral over the tropospheric 159 

depth; here, from 1000 hPa to 100 hPa. All terms in (1) are thus in energy units of W m−2. The left-160 

hand side term, 〈𝜔𝜕𝑝ℎ〉, represents the export/import of MSE by large-scale vertical motions. On 161 

the right-hand side, the first term, −〈𝐯. ∇(𝑞 + 𝑇 + 𝑔𝑧)〉, describes the horizontal MSE advection 162 

and the second term 𝐹𝑛𝑒𝑡 is the net radiation (𝑅𝑛𝑒𝑡) into the air column, including SW and LW 163 

radiation, along with surface evaporation (E) and surface sensible heat flux (H). Both LW and SW 164 

are defined as the differences between top of atmosphere (TOA) and surface, representing the net 165 

radiation flux into the atmosphere. 166 

𝐹𝑛𝑒𝑡 =  𝑅𝑛𝑒𝑡 + 𝐸 + 𝐻                                                            (2) 167 

𝑅𝑛𝑒𝑡 =  𝑆𝑊 + 𝐿𝑊                                                                  (3) 168 

3.3. Cloud-radiative effects 169 

To quantify the influence of clouds on the earth’s radiative energy balance, we separate the 170 

effects between LW and SW radiation. To infer the CRE, the radiative fluxes over a cloudy sky 171 

(i.e., the all-sky condition) are compared to the corresponding fluxes where the influence of clouds 172 

has been removed (i.e., the clear-sky condition) (Allan and Ringer 2003; Cess and Potter 1987; 173 
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Ramanathan et al. 1989). Here, the LWCRE is calculated as the difference between the all-sky net 174 

longwave radiation into the atmosphere (LWa) and its clear-sky counterpart (LWc). 175 

LWCRE = LWa – LWc                                                               (4) 176 

Likewise, the SWCRE is calculated as 177 

SWCRE = SWa – SWc                                                    (5) 178 

where SWa is the net all-sky SW radiation into the atmosphere and SWc is its clear-sky counterpart. 179 

After obtaining both LWCRE and SWCRE, the net CRE, including both the LW and SW radiation 180 

effects, is calculated as 181 

CRE = LWCRE + SWCRE                                                          (6) 182 

In the current analysis, we use the net LW and SW in the atmosphere to give a direct link to 183 

atmospheric convection and stability. By including radiation from both the surface and TOA, we 184 

can explain the change of CRE based on the MSE budget viewpoint. For example, if CRE is 185 

positive, it implies a warming effect for the air column. 186 

4. Results 187 

4.1. Basic analysis 188 

We first apply the bin method to all precipitation events over the ITCZ to examine their 189 

spectral density distributions. As shown in Figure 1a, precipitation events are classified from the 190 

lightest (bin 1) to the heaviest percentile (bin 100) where all the data show a similar sharp increase 191 

in precipitation intensity in the last few bins. Among various CAM5 simulations, coarser resolution 192 

runs tend to produce more light-rain events than finer resolution runs (not shown). In contrast, 193 

finer resolution simulations incline to produce more heavy-rain events than the coarser resolution, 194 

especially for the last 10 percentiles of rainfall events. This result shows that a smaller grid spacing 195 

will produce a larger magnitude of vertical lifting. A similar analysis is also conducted for field 196 

campaign datasets (Fig. 1b). In general, they show a consistent trend as the CAM5 simulations, 197 

except for much weaker magnitudes because these field campaign data were gathered in a limited 198 

area and period in the tropics. 199 
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We then examine how the large-scale vertical motion might change with precipitation 200 

intensity (Fig. 2). The vertical velocity at each bin is normalized by its absolute maxima to focus 201 

only on the structure changes. At first glance, changes in the vertical velocity structure with 202 

precipitation intensity bins seem to be similar among the four CAM5 simulations and ERA5 data, 203 

characterized by the dominance of descending motions over the light-rain regime and ascending 204 

motions over the heavy-rain regime. However, when we take a closer look at the regime changes 205 

from light to heavy rain, some obvious differences appear. In the ERA5, shallow ascending motion 206 

appears at around the 20–30th bin and gradually increases its height as the precipitation intensity 207 

becomes stronger. A sudden jump in a vertical motion from shallow to deep convection occurs 208 

around the 50th percentile bin and deep convection prevails hereafter. In the four CAM5 209 

simulations, the transition from shallow to deep convection evolves more gradually, with a 210 

smoother transition from shallow to deep convection between the 30–55th percentile bins. 211 

Moreover, the depth of convection becomes deeper earlier in the coarser resolution runs than in 212 

the finer resolution runs. For instance, the deep convection profile starts to exist around the 70th 213 

percentile bin in the 4° × 5° resolution run, but the same deep convection profile occurs until 214 

around the 85th percentile bin in the 1° × 1° and 0.5° × 0.5° resolution simulations. The gradual 215 

transition from the bottom-heavy (shallow convection) to top-heavy (deep convection) structure is 216 

generally consistent with the observations of latent heating profile in Hagos et al. (2010), who 217 

showed that the heating peaks become elevated as the precipitation rate increases. We note that 218 

sub-grid scale convective moisture transport and mass flux tend to decrease as the model horizontal 219 

resolution increases, which was recently implemented into scale-adaptive or scale-aware cumulus 220 

parameterization by controlling the ratio of cumulus base mass flux relative to the total vertical 221 

transport of MSE (e.g., Arakawa and Wu, 2013; Ahn and Kang, 2018). As shown in Fig. 2, deep 222 

convection tends to occur at higher bins as the model resolution increases, implying a reduced 223 

frequency ratio of deep convection relative to the total precipitation events. The resolution 224 

dependency of the convective spectrum shown in Fig. 2 highlights the lack of scale-aware cumulus 225 

parameterization design in CAM5. 226 

To further understand the dynamic and thermodynamic response over the heavy-rain regime, 227 

Fig. 3 shows the vertical structures of vertical velocity, divergence, temperature, and moisture 228 

fields averaged over the last 30 percentile bins. There is a double-peak structure of vertical velocity 229 

in the ERA5 data and finer resolution runs (1° × 1° and 0.5° × 0.5°), indicating the coexistence of 230 
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deep and shallow convection (Fig. 3a). We note that shallow convection tends to be stronger in the 231 

ERA5 than in the CAM5 simulations. Among the four CAM5 simulations, the finer resolution runs 232 

produce more (less) shallow (deep) convection and the coarser resolution runs produce more (less) 233 

deep (shallow) convection, consistent with the results shown in Fig. 2 and Bui et al. (2019a). 234 

A similar comparison is performed for the divergence field, showing a low-level 235 

convergence and upper-level divergence in all datasets (Fig. 3b). Compared to the ERA5, coarser 236 

resolution simulations generate greater divergence near the tropopause and less convergence in the 237 

atmospheric boundary layer, consistent with the stronger top-heavy structures of convection in the 238 

coarser resolution runs shown in Fig. 3a. The differences in divergence and convergence patterns, 239 

in turn, affect the vertical structures of temperature and moisture. In the free troposphere, 240 

temperature perturbations (Fig. 3c) approximately follow the moist-adiabatic process in the upper 241 

troposphere with a clear convective cold top feature near 150 hPa (Holloway and Neelin 2007, 242 

2009). Because of the stronger top-heavy structure (more latent heating because of more anvil 243 

clouds), the coarser resolutions tend to produce a warmer environment in the upper troposphere. 244 

For the moisture field (Fig. 3d), the CAM5 simulations, especially the coarser resolution, produce 245 

more (less) moisture in the upper (lower) troposphere, consistent with the more warming structure 246 

of temperature associated with more anvil clouds discussed above. In other words, the transition 247 

from shallow to deep convection occurs earlier at lower bins that would generate a stronger 248 

detrainment and greater upward moisture transport in the coarser resolution runs. We will later 249 

show that these transitions from shallow to deep convection are related to the changes in 250 

atmospheric stability. 251 

Before examining the changes in atmospheric stability among different resolution runs, we 252 

also plot the vertical structure of these dynamic and thermodynamic fields from the field campaign 253 

data (Fig. 4). In general, the vertical motions mostly show the top-heavy structure, peaking at ~400 254 

hPa. The divergence, temperature, and humidity fields show profiles adjusting toward this top-255 

heavy structure. The above features could be because these field campaign data were collected 256 

during the heavy rainfall periods. 257 

4.2. Moist static energy budget analysis 258 

Here we examine the MSE budget (Eq. 1) to understand how the different convection 259 

structures shown in Fig. 2 might affect the column energy balance across various rainfall intensities. 260 
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We apply the bin method on each term of the MSE budget and show the changes in each MSE 261 

budget term with precipitation bins. Studies have shown that the sign and magnitude of the vertical 262 

MSE advection are sensitive to the vertical structure of convection. A top-heavy (deep) structure 263 

functions to stabilize the atmosphere by exporting the MSE out of the atmospheric column 264 

( 〈𝜔𝜕𝑝ℎ〉 > 0 ), whereas a bottom-heavy (shallow) structure destabilizes the atmosphere by 265 

importing MSE into the atmospheric column (〈𝜔𝜕𝑝ℎ〉 < 0) (Back and Bretherton 2006; Bui et al. 266 

2016). As shown in Fig. 5a, the vertical MSE advection is negative over the light-rain bins but 267 

becomes positive over the heavy-rain bins. We also note that the vertical MSE advection becomes 268 

positive earlier in the coarser resolution runs than the finer resolution runs. In other words, in the 269 

critical percentile bins, the transition from shallow to deep convection occurs later at higher bins 270 

as the model resolution increases, consistent with the results shown in Fig. 2. 271 

For the horizontal MSE advection (Fig. 5b), all negative values imply the intrusion of drier 272 

and colder air into the convection center and the export of high MSE air in the upper troposphere 273 

when convection occurs. Unlike the vertical MSE advection, the behavior of the horizontal MSE 274 

advection is different over the extreme heavy rainfall region, where the behavior of this term can 275 

be divided into two groups: one group showing greater magnitudes toward higher bins in the finer 276 

resolution runs (0.5° × 0.5° and 1° × 1°) and the other group showing smaller magnitudes toward 277 

higher bins in the coarser resolution runs (2° × 2° and 4° × 5°). This implies that the atmosphere 278 

will become more stable in the finer resolution runs compared to the coarser ones. We also note 279 

that the behavior of horizontal MSE advection in ERA5 data is similar to the group of finer 280 

resolution runs, whereas the behavior of vertical MSE advection in the ERA5 agrees better with 281 

the coarser resolution group. Differences between CAM5 and ERA5 deserve a future analysis. 282 

We next examine the changes of total net flux with precipitation intensity (Fig. 5c). In 283 

general, the spectral pattern of 𝐹𝑛𝑒𝑡  is similar to the vertical MSE advection, indicating the 284 

dominance of 〈𝜔𝜕𝑝ℎ〉 in balancing 𝐹𝑛𝑒𝑡, as implied by Eq. (1). A large positive 𝐹𝑛𝑒𝑡 occurs over 285 

the heavy-rain region, with a significant increase in magnitude over the last 30 percentile bins. As 286 

mentioned in the introduction, the total heat flux (𝐹𝑛𝑒𝑡 ) is critical in regulating precipitation 287 

anomalies. Therefore, we further decompose the spectral density of 𝐹𝑛𝑒𝑡 into the contribution from 288 

radiation and surface latent and sensible heat fluxes. As shown in Fig. 6a for the changes of net 289 

radiation (𝑅𝑛𝑒𝑡) with precipitation intensity, large negative values of 𝑅𝑛𝑒𝑡 occur over the light-290 
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rain bins and small negative values appear over the heavy-rain bins. This implies that the deep 291 

convective clouds warm the troposphere by reducing the outgoing LW radiation (i.e., play the role 292 

of greenhouse gases). Further analysis of the CRE’s role associated with the model spatial 293 

resolution change will be discussed in the next subsection. As for the surface heat fluxes (Figs. 6b, 294 

c), surface evaporation (E) is approximately an order of magnitude greater than the sensible heat 295 

flux (H), and both terms show positive values throughout the entire percentile bins, with larger 296 

values in the finer resolution runs than in the coarser ones. 297 

4.3. Cloud-radiative effect analysis 298 

Before examining the CRE, we first show the net LW and SW radiation (all-sky condition) 299 

into the atmosphere as a function of precipitation intensity. As shown in Fig. 7, the net SW 300 

radiation is relatively homogeneous across all precipitation intensity bins and its spectrum is 301 

insensitive to the model spatial resolution. In contrast, the spectrum of LW radiation demonstrates 302 

a clear bin-dependence pattern, with smaller negative values over the higher percentile bins. 303 

Besides, the spectrum of LW radiation is sensitive to the model spatial resolution, particularly over 304 

the higher percentile bins of precipitation. We note that cloudiness could reduce LW radiation 305 

emission to outer space, resulting in a smaller negative LW value and effectively producing 306 

anomalous warming in the troposphere. This anomalous warming (or less cooling) is greater in the 307 

coarser resolution runs (Fig. 7a) associated with a top-heavier convection structure (Fig. 3a) 308 

because of stronger anvil clouds produced in the coarser CAM5 simulation. The net LW radiation 309 

exhibits a spectral pattern similar to the net total radiation (𝑅𝑛𝑒𝑡 in Fig. 6a), vertical MSE advection 310 

(〈𝜔𝜕𝑝ℎ〉 in Fig. 5a), and to some extent, the precipitation intensity (Fig. 1), implying a strong 311 

coupling between the convection and LW radiation within the atmosphere. We also note that the 312 

clear-sky LW and SW fluxes show little dependence on precipitation bin (Fig. S5 in the 313 

supplementary), indicating the importance of cloud-radiation forcing. 314 

To give a clear picture of the association between precipitation intensity and CRE across the 315 

tropics, we show the spatial distribution patterns of CRE for both LW and SW components from 316 

light (<5 mm day−1), heavy (>10 mm day−1), and total (including light, heavy, and intermediate) 317 

precipitation events (Figs. 8–10). Here, we focus on the 1° × 1° and 2° × 2° simulations, as they 318 

are typical resolutions used in most state-of-the-art modern climate models (e.g., the CMIP3 and 319 

CMIP5 models). The LWCRE is significantly positive (>5 W m−2) over the climatological ITCZ 320 
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and negative (<−2 W m−2) over the southeastern Pacific cold tongue (Fig. 8). Surprisingly, the 321 

SWCRE is positive across the entire tropical Pacific (Fig. 9), but with much smaller magnitudes 322 

(<0.5 W m−2 in most areas) than LWCRE. The local minima of SWCRE occur over the ITCZ, 323 

especially over the light-rain regime (Figs. 9c and d). The strongest CRE response over the ITCZ 324 

is linked to cloud-radiation coupling. Note that the impact of clouds on the radiation budget is 325 

often measured at TOA (e.g., Wall et al. 2019). For the LW component, clouds are effective in 326 

trapping heat beneath them, producing a warming (greenhouse) effect for the earth’s system 327 

(including the atmosphere and earth’s surface). For the SW component, clouds increase the 328 

reflection of solar radiation, generating a cooling (the cloud-albedo effect) for the earth’s system. 329 

As a reminder, the LWCRE and SWCRE spatial distribution patterns shown in Figs. 8 and 9 are 330 

calculated as the differences between all-sky and clear-sky conditions of the net LW and SW 331 

radiation heating or cooling into the atmosphere (Eqs. 4–6). The small positive SWCRE shown in 332 

Fig. 9 implies that the cloud-albedo cooling at the earth’s surface is slightly greater than at the 333 

TOA, which is consistent with satellite observation (see Fig. 4 of Allan 2011). 334 

Comparing the two spatial resolution runs show a larger (smaller) LWCRE (SWCRE) in the 335 

coarser one relative to the finer one (Figs. 8e–f and Figs. 9e–f). Despite the substantial differences 336 

in the distribution of LWCRE and SWCRE over the tropical Pacific Ocean, their combined effect 337 

(CRE, Fig. 10), however, follows the LWCRE pattern (Fig. 8), where greater warming occurs in 338 

the coarser resolution run (Figs. 10e–f), especially over the heavy-rain regime. In summary, 339 

LWCRE (i.e., the net LW radiative heating into the atmosphere because of clouds) is critical in 340 

the cloud-radiation interaction process, and the CRE is stronger as the model spatial resolution 341 

becomes coarser. 342 

5. Concluding remarks 343 

By analyzing the simulation results from four spatial resolutions using the CAM5, we 344 

investigate the impacts of model spatial resolution on the convective spectrum across the entire 345 

tropical Pacific, focusing on the transition from shallow to deep convection and associated CRE 346 

change. The results show that as the model spatial resolution becomes coarser, the convection 347 

becomes deeper earlier. Over the light-rain regime, the atmosphere is more unstable because of 348 

destabilization by shallow convection (import of column MSE; 〈𝜔𝜕𝑝ℎ〉 < 0). As the precipitation 349 
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intensity increases, convection deepens, and the atmosphere becomes more stable (export of 350 

column MSE; 〈𝜔𝜕𝑝ℎ〉 > 0). Moreover, the critical bins marking the transition from shallow to 351 

deep convection increase as the model resolutions increase, implying the earlier occurrence of 352 

deep convection and a more stable troposphere in the coarser resolution runs. 353 

Our analysis also shows that the net LW radiation into the atmosphere demonstrates a bin-354 

dependence spectrum, with smaller negative values over the higher percentile bins of precipitation. 355 

Besides, its spectrum is sensitive to the model spatial resolution, especially over the higher 356 

percentile bins, with a weaker cooling (or, alternatively, greater anomalous warming) in the coarser 357 

resolution runs associated with a greater portion of deep convection. In contrast, the spectrum of 358 

net SW radiation is relatively homogeneous and rather insensitive to the model spatial resolution 359 

across all precipitation bins. Consequently, the net LW radiation is more supportive in association 360 

with the spectrum of vertical MSE transport (〈𝜔𝜕𝑝ℎ〉) and, to some extent, the spectrum of 361 

precipitation intensity. 362 

By taking the difference between all-sky and clear-sky conditions of the radiation budget, 363 

we further show the associated CRE change within the atmosphere, including LWCRE and 364 

SWCRE components. LWCRE is significantly positive (>5 W m−2) over the ITCZ and negative 365 

(<−2 W m−2) over the eastern Pacific cold tongue. The SWCRE is positive across the tropical 366 

Pacific, but with much smaller amplitudes than LWCRE (<0.5 W m−2). Comparing the two 367 

resolution runs (1° × 1° and 2° × 2°) also show that LWCRE is much more sensitive to model 368 

spatial resolution than SWCRE, with a stronger response in the coarser resolution run, especially 369 

over the heavy-rain regime. Moreover, the spatial pattern of CRE is similar to that of LWCRE, 370 

implying the key role played by LWCRE in the cloud-radiation interaction process. 371 

Finally, we take the ERA5 reanalysis data as a reference, and the analyzed results show that 372 

differences in convective spectrum among various model resolution runs are because of the lack 373 

of scale-aware cumulus parameterization design in the CAM5 (Arakawa and Wu, 2013; Ahn and 374 

Kang, 2018). As the cloud-radiation feedback was recognized as the leading source of uncertainties 375 

in projecting future climate change in modern climate models (Meehl et al. 2000; Ying and Huang 376 

2016), further examinations using a broader set of climate system models, such as those archived 377 

in CMIP5 and CMIP6, or using variables of cloud properties (e.g., cloud fraction, liquid water 378 

content and ice water content), will help understanding the sensitivity of the convective spectrum 379 
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to model resolution and cumulus parameterization scheme chosen in climate system models. All 380 

these works will be conducted in our future study. 381 

Supplement Materials 382 

Supplement materials show the results from regions outside the climatological ITCZ. 383 
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Figure 2. Binned and normalized omega by precipitation intensity from 1 to 100 percentiles bins 544 

over the ITCZ region for ERA5 and CESM simulations. 545 

Figure 3. The normalized (i.e., by the absolute maximum) vertical structures averaged over the 546 

last 30 percentile bins of (a) omega, (b) divergence, (c) temperature, and (d) specific humidity from 547 

ERA5 and CAM5 simulations. The temperature and specific humidity are their deviations 548 

(perturbations) from the ITCZ mean. 549 

Figure 4. The same as Fig. 3, except for the field campaign datasets (Table 1).550 

Figure 5. Changes of (a) column-integrated vertical MSE advection, (b) column-integrated 551 

horizontal MSE advection, and (c) total net fluxes into the atmosphere as a function of precipitation 552 
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heat fluxes. Units are W m−2. 555 

Figure 7. The same as Fig. 5, except for the all-sky (a) longwave and (b) shortwave radiation. 556 

Units are W m−2. 557 

Figure 8. Spatial distribution of longwave cloud-radiative effect (LWCRE, Eq. 3) within the 558 

atmosphere averaged over the (a, b) total rain events, (c, d) light-rain events (precipitation <5 mm 559 

day−1) and (e, f) heavy-rain events (precipitation >10 mm day−1) for two spatial resolutions of (a, 560 

c, e) 1° × 1° and (b, d, f) 2° × 2°. Units are W m−2. 561 

Figure 9. The same as Fig. 8, except for the shortwave cloud-radiative effect (SWCRE) within the 562 

atmosphere (Eq. 4). 563 

Figure 10. The same as Fig. 8, except for the net cloud-radiative effect (CRE) within the 564 

atmosphere (Eq. 5). 565 

566 



22 

 

 567 

Figure 1. The spectral density distribution of precipitation intensity binned by percentile ranking 568 

of all precipitation events from (a) the reanalysis ERA5 and four resolutions of CAM5 simulations 569 

over the ITCZ region and (b) field campaign datasets (Table 1). Units are mm day-1. 570 

 571 



23 

 

Figure 2. Binned and normalized omega by precipitation intensity from 1 to 100 percentiles bins 572 

over the ITCZ region for ERA5 and CESM simulations.  573 
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Figure 3. The normalized (i.e., by the absolute maximum) vertical structures averaged over the 576 

last 30 percentile bins of (a) omega, (b) divergence, (c) temperature and (d) specific humidity from 577 

ERA5 and CAM5 simulations. The temperature and specific humidity are their deviations 578 

(perturbations) from the ITCZ mean. 579 
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Figure 4. The same as Fig. 3, except for the field campaign datasets (Table 1). 580 
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Figure 5. Changes of (a) column-integrated vertical MSE advection, (b) column-integrated 582 

horizontal MSE advection and (c) total net fluxes into the atmosphere as a function of precipitation 583 

intensity (in percentile bins) averaged over the ITCZ region. Units are W m−2. 584 

 585 



27 

 

Figure 6. The same as Fig. 5, except for the (a) net radiation (Rnet), (b) evaporation and (c) sensible 586 

heat fluxes. Units are W m−2. 587 

 588 
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Figure 7. The same as Fig. 5, except for the all-sky (a) longwave and (b) shortwave radiation. 589 

Units are W m−2. 590 
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Figure 8. Spatial distribution of longwave cloud radiative effect (LWCRE, Eq. 3) within the 592 

atmosphere averaged from the (a, b) total rain events, (c, d) light rain events (precipitation < 5 mm 593 

day-1) and (e, f) heavy-rain events (precipitation > 10 mm day-1) for two spatial resolutions of (a, 594 

c, e) 1° × 1°and (b, d, f) 2° × 2°. Units are W m−2. 595 
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Figure 9. The same as Fig. 8, except for the shortwave cloud radiative effect (SWCRE) within the 597 

atmosphere (Eq. 4). 598 

 599 
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Figure 10. The same as Fig. 8, except for the net cloud radiative effect (CRE) within the 600 

atmosphere (Eq. 5). 601 
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List of Tables 603 

Table 1. List of field campaign datasets used in this study. These include the Tropical Ocean 604 

Global Atmosphere Coupled Ocean–Atmosphere Response Experiment (TOGA COARE), the 605 

South China Sea Monsoon Experiment (SCSMEX), the Kwajelin Experiment (KWAJEX), the 606 

Tropical Warm Pool International Cloud Experiment (TWP ICE), and the ARM MJO Investigation 607 

Experiment (AMIE). All 6-hourly data with a vertical grid at 25 hPa intervals from 1000 to 100 608 

hPa are analyzed. 609 
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Table 1. List of field campaign datasets used in this study. These include the Tropical Ocean 610 

Global Atmosphere Coupled Ocean–Atmosphere Response Experiment (TOGA COARE), the 611 

South China Sea Monsoon Experiment (SCSMEX), the Kwajelin Experiment (KWAJEX), the 612 

Tropical Warm Pool International Cloud Experiment (TWP ICE), and the ARM MJO Investigation 613 

Experiment (AMIE). All the 6-hourly data with a vertical grid at 25 hPa intervals from 1000 to 614 

100 hPa are analyzed. 615 

Field campaign  Location  Period  References   

TOGA COARE 10◦S–10◦N, 140◦E–180 1 Nov 1992–28 Feb 1993 Webster and Lukas (1992)  

SCSMEX Southern China Sea 5 May–20 Jun 1998 Lau et al. (2000)   

KWAJEX 7–10◦N, 166–169◦E 24 Jul–14 Sep 1999 D et al. (2004)   

TWP ICE Darwin Island  17 Jan–12 Feb 2006 Xie et al. (2010)   

AMIE (TRMM) Gan Island, Indian Ocean  13 Nov–13 Dec 2011  Stokes and Schwartz (1994)  

 616 


