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Abstract: The diurnal cycle of convection and precipitation is an important atmospheric feature.
It also poses a great challenge to global numerical atmospheric modeling. Over continental East
Asia, most global models cannot well capture the nocturnal and early morning peaks of summer
rainfall. This problem may lead to dry biases and limit the modeling skills. This study investigates
this problem using a global multiscale modeling framework (Super-Parameterized CAM5; SPCAM5).
The nocturnal and early morning peaks, which are almost absent in CAM5 and a coarser-resolution
SPCAM5, can be successfully captured by SPCAM5 with a moderate increase in the horizontal
resolution. On the lee side of the Tibetan Plateau, SPCAM5 generates robust eastward propagating
rainfall signals, which correspond to the moving convective systems, as revealed by the heating and
drying profiles. Over the eastern plain of China, the early morning peaks become more evident,
corresponding to a stratiform-type heating structure in the midlevel. A sensitivity experiment
with altered grid-scale forcing also suggests the important preconditioning role of the vertical
moisture advection in regulating the early morning peaks. These results highlight the added value of
representing multiscale processes to the successful simulation of the diurnal cycle over continental
East Asia.

Keywords: global weather and climate models; convection and precipitation; diurnal cycle; numerical
modeling of the atmosphere

1. Introduction

The diurnal cycle of convection and precipitation reflects fundamental mechanisms of atmospheric
dynamics and physics, and is of great importance to weather and climate. The diurnal variability
of rainfall has become a performance metric that poses a great challenge to numerical weather
prediction and climate modeling. It is well-known that state-of-the-art global models generally
cannot simulate the diurnal features well [1–3], and the reasons that are responsible for the model
biases are complex [4–6]. The failure in the simulation of the diurnal cycle of rainfall may result
in a systematic dry bias [7,8], leading to an unreliable performance of weather prediction, climate
simulation, and future climate projection.

Global models that can resolve multiscale atmospheric dynamics have offered new opportunities.
These models generally perform better than conventional models in simulating the diurnal
features [9,10]. For example, Dirmeyer et al. [11] provided an analysis of simulations of several
representative global models. In their study, increasing the horizontal resolution of a conventional
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general circulation model (GCM) with parameterized physics has little impact on the simulated
diurnal cycle. In contrast, the introduction of the super-parameterization (also known as the
Multiscale Modeling Framework, or MMF; [12,13]) into a low-resolution GCM results in a significant
improvement in the diurnal cycle. Moreover, a global nonhydrostatic model, when configured as a
global cloud-resolving model, is found to well simulate the diurnal cycle, and generates features that
the conventional GCM at a similar resolution cannot.

Over continental East Asia, a variety of observed diurnal features of summer rainfall has been
well documented [14]. However, for most of the general circulation models, a satisfactory simulation of
these diurnal features remains an elusive target. In this regard, Zhang and Chen [15] (ZC16 hereafter)
compared the Community Atmosphere Model, version 5 (CAM5; [16]) and Super-Parameterized
CAM5 (SPCAM5; [17,18]) simulations of summer precipitation features. At a relatively low horizontal
resolution (1.9◦ × 2.5◦, referred to as 2◦ hereafter, ~200 km in the equator), CAM5 simulates the diurnal
peaks mostly around noon. SPCAM5, which replaces the CAM5 model physics with an embedded
two-dimensional (2D) cloud-resolving model configured at a four-km horizontal resolution, can better
simulate a continuous transition stage from shallow to deep convection over regimes dominated by
surface heating-induced convection, helping to delay the peak time in the afternoon, and also improve
the frequency–intensity structure. Nevertheless, their simulations do not indicate clear nocturnal and
early-morning rainfall peaks. This is not an isolated problem for a particular model, but it is also found
in many state-of-the-art global climate models [19].

In nature, the nocturnal and early morning rainfall peaks over continental East Asia are usually
associated with organized convection and stratiform cloud precipitation [20–22]. They are somewhat
similar to those on the lee side of Rocky Mountains over central Great Plains of U.S. [23,24]. Previous
studies focusing on the diurnal cycle of rainfall over central U.S. have identified robust eastward
propagating rainfall signals in the super-parameterized models [25,26], and suggested that these
features are sensitive to specific model configurations [10,25]. Nevertheless, the rainfall modeling
problem over continental East Asia is unique due to the distinctive topographic feature and summer
monsoon system. The nocturnal and early morning rainfall peaks can occur due to multiple
reasons [14,27,28], and pose a great challenge to global weather and climate modeling.

In this study, we show that when the SPCAM5 is configured with a higher external resolution
(0.9◦ × 1.25◦, referred to as 1◦ hereafter, ~100 km in the equator), while keeping its internal resolution
of the embedded 2D model unchanged, it is able to generate the nocturnal and early-morning rainfall
peaks, and exhibits improved simulations of diurnal cycles as compared to CAM5 (which is configured
at the same resolution). We further focus on the modeling differences, and explore the possible
reasons that may explain the different model behaviors. It would be valuable if we can understand the
sensitivity of this problem in a global model, which could help improve the model performance over
continental East Asia.

The remainder of this paper is organized as follows. Section 2 describes the model, numerical
experiments, data, and methods. Section 3 presents a detailed analysis of the results of numerical
modeling. A summary is given in Section 4.

2. Model, Numerical Experiments, Data, and Methods

2.1. Model and Experiments

SPCAM5 is a latest version of the SPCAM family (see [29] for a brief introduction). It has two
dynamical systems: a large-scale hydrostatic core for the model dynamics, and a two-dimensional
cloud-scale anelastic nonhydrostatic core for the model physics, giving it an ability to explicitly
simulate multiscale atmospheric dynamics. The sub-grid cloud model of SPCAM5 is configured at
a four-km resolution along the east–west direction. Such a resolution is sufficient for resolving the
mesoscale dynamics [30,31], while it marginally resolves the shallow convection.
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We adopt the standard Atmospheric Model Intercomparison Project (AMIP) experimental protocol
with the prescribed sea surface temperature of each year (2008–2012). Since running SPCAM5 in a 1◦

resolution is quite expensive, and our focus is limited to the summer months, an efficient integration
approach is used to quantify the modeling difference. For each year between 2008–2012, we initialized
the model using the ERA-interim reanalysis data [32] at 00:00 UTC on 31 May. The initialization
method is to use the atmospheric state (zonal and meridional winds, temperature, moisture, and
surface pressure) in the reanalysis data to replace the state in the initial data (see details in [33]).
The model is then continuously integrated over the entire June–July–August (JJA) months. In this
manner, we may construct a five-year JJA climate, while avoiding a five-year continuous integration.
Previous studies [33–35] have suggested that utilizing the ensemble of discontinuous runs is an efficient
approach for comparing the modeling differences, especially for the fast moist processes in the model
climate. Note that all of the results shown in this paper come from the 1◦-resolution simulations.
The 2◦ modeling results (also mentioned in certain parts of this paper) are referred to ZC16.

2.2. Data and Methods

To measure the observed rainfall features, a high-resolution (0.1◦ × 0.1◦) hourly gauge-satellite
merged precipitation dataset [36] (referred to as OBSCMO hereafter) is used. The data have been
binned to a 1◦ × 1◦ resolution to match the resolution of the model. To quantify the sub-grid scale
diabatic heating and drying, data of an hourly apparent heat source (Q1) and apparent moisture sink
(Q2) are generated from the grid-scale model states using a residual method [37]:

Q1

cp
=

∂T
∂t

+ V.∇T −ω(
RT
cp p
− ∂T

∂p
), (1)

Q2

cp
= −L(

∂q
∂t

+ V.∇q + ω
∂q
∂p

)/cp, (2)

where cp is the specific heat constant of dry air, T is the temperature, q denotes the specific humidity, ω

denotes the vertical speed in a pressure-based coordinate, p denotes the pressure, R is the air constant
of dry air, ∂

∂t denotes the time derivation, V.∇ denotes the horizontal advection, ω ∂
∂p denotes the

vertical advection, and L is the latent heat of evaporation/condensation. The analysis is performed at
constant pressure levels. The unit of Q1/Q2 is scaled to K·day−1. Positive values of Q1 and Q2 denote
heating and drying, respectively. The normalized hourly precipitation rate in this paper is given by:

N(h) =
P(h)− P

P
, (3)

where N(h) is the normalized value, and P(h) is the hourly precipitation rate, and P denotes the daily
mean value.

3. Results

3.1. Differences in the Simulated Diurnal Cycles

Figure 1 depicts the diurnal peak time of rainfall over continental East Asia for the summer
months (JJA). In OBSCMO, two contrasting rainfall peaks can be observed. Over southeastern China
(the right side of the black line), the occurrence of the rainfall maxima is mainly in the late afternoon.
Similar to ZC16, SPCAM5 delays the peak time a few hours as compared to CAM5 (Figure 1). On the
left side of the black line, SPCAM5 exhibits improved nocturnal and early morning peaks. CAM5 in
its 1◦ configuration cannot reproduce the nocturnal and early morning peaks (similar to the 2◦ case;
c.f., ZC16). The diurnal cycle in CAM5 is mainly dominated by the surface solar heating-induced
convection, which leads to frequent noontime precipitation maxima. This behavior is in accordance
with its deep convection scheme [38], which relates convection with the Convective Available Potential
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Energy (CAPE). Previous studies have proposed alternative procedures to mitigate the adverse impact
of such a formulation: for example, by using different triggering functions [39] or by modifying the
closure [40]. Moreover, the deep convection scheme of CAM5 does not support the organization
memory (e.g., [41,42]), which may limit its ability of simulating the convective system life cycle.
Increasing the model resolution does not alleviate such a “missing-physics” problem.
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simulates a single peak around 14:00 LST. SPCAM5 is able to simulate the dominant nighttime peak 

Figure 1. The peak time (local solar time) of rainfall over continental East Asia in, (a) a high-resolution
(0.1◦0.1◦) hourly gauge-satellite merged precipitation dataset (OBSCMO), (b) Community Atmosphere
Model, version 5 (CAM5), and (c) Super-Parameterized CAM5 (SPCAM5); the topography of the model
is contoured with thin black lines. The two blue boxes show the regions that are analyzed in Figure 2.
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Figure 2 shows the normalized hourly rainfall rates averaged within two representative regions.
The first regime (Figure 2a) is on the lee side of the Tibetan Plateau (27–32◦ N, 103–108◦ E), where a
single nighttime peak around 04:00 local solar time (LST) is found in the observation. CAM5 simulates
a single peak around 14:00 LST. SPCAM5 is able to simulate the dominant nighttime peak around
04:00 LST. SPCAM5 also gives an artificial sub-peak around 15:00 LST as CAM5, but the amplitude is
much smaller.
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Figure 2. The diurnal cycles of normalized rainfall rates averaged within two regions, (a) on the lee side
of the Tibetan Plateau (27–32◦ N, 103–108◦ E), and (b) the eastern plain of China (32–40◦ N, 110–118◦ E);
the horizontal axis denotes local solar time.

The second regime (Figure 2b) is the eastern plain (32–40◦ N, 110–118◦ E), where two peaks are
observed: one around 18:00 LST and one during 04:00–07:00 LST, i.e., the coexistence of late afternoon
and early morning rainfall peaks. CAM5 only simulates a single peak with a large amplitude around
14:00 LST, while SPCAM5 successfully captures two peaks. The peak in the afternoon is a response to
the surface solar heating, which is similar to the case over southeastern China, and is earlier than the
observed late-afternoon peak (SPCAM5 slightly delays the peak time). The distinctive early-morning
peak is in good agreement with OBSCMO, and will be further studied.

To better illustrate the differences in the diurnal cycle, Hovmöller diagrams (time–longitude
contours) of the normalized rainfall rates averaged within 27–32◦ N are shown (Figure 3). Over
100–110◦ E, OBSCMO shows a clear eastward delayed rainfall signal during ~18:00–06:00 LST.
The maximum amplitude occurs during the midnight (~00:00 LST) at ~105◦ E. CAM5 does not
well simulate the eastward delayed rainfall signals: the rainfall maxima are mainly located to the west
of ~103◦ E, which is the region that has the largest topographic gradient on the eastern periphery of
the Tibetan Plateau (see Figure 1). In SPCAM5, the rainfall maxima extend eastward over time, closer
to that in the observation. The maxima in SPCAM5 are located at ~100◦ E in the afternoon (~16:00 LST,
Figure 3c), implying that the model generates more artificial rainfall amounts when forced by the steep
topography. By examining the hourly snapshots, we confirmed that most of these propagating rainfall
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signals are continuous in time. In ZC16, a similar Hovmöller diagram was examined for this region
(Figure 10 of that paper). The strength of the eastward delayed rainfall signal is much weaker than that
shown here. SPCAM5 in its 2◦ configuration does not well reproduce the nocturnal and early-morning
rainfall peaks over continental East Asia (c.f., ZC16). Based on these results, we may conclude that for
SPCAM5, increasing the horizontal resolution is helpful to the simulation of the diurnal cycle.
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3.2. Reasons Responsible for the Modeling Differences

3.2.1. The Lee Side of the Tibetan Plateau

The aforementioned analysis has revealed different diurnal features of two models. Since CAM5
and SPCAM5 mainly differ in their sub-grid model physics, the primary reason may be explained from
the diurnal progression of Q1 and Q2 profiles. Figure 4 presents several hour-pressure transects on the
lee side of the Tibetan Plateau, averaged within 27–30◦ N at three locations. At 103◦ E, both models
produce strong surface heating in the afternoon. In SPCAM5, the surface drying during 13:00–16:00
LST is stronger. Moreover, SPCAM5 exhibits stronger nighttime heating and drying than CAM5.
Above the heating regime, an upper cooling level is slightly more evident in SPCAM5. This probably
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indicates the stronger upper-level destabilization in SPCAM5: the cloud top longwave cooling in
the nighttime tends to create an unstable stratification, which provides a favorable condition for the
nighttime convection [43].
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Figure 4. The hour–pressure transects of apparent heat source (Q1) and apparent moisture sink (Q2)
averaged within 27–30◦ N at 103◦ E for (a) Q1 in CAM5, (b) Q1 in SPCAM5, (c) Q2 in CAM5, (d) Q2 in
SPCAM5, (e–h) same as (a–d), but at 105◦ E; (i–l) same as (a–d), but at 107◦ E, unit: K·day−1.

Moving to 105◦ E, it is found that CAM5 generates a dominant nighttime cooling trend in the
whole troposphere, while SPCAM5 supports heating. Below the heating regime, a surface cooling level
is found. The Q2 profiles in SPCAM5 show stronger drying in the nighttime. Moving to 107◦ E, CAM5
simulates stronger nighttime cooling than that in the upstream. SPCAM5 still generates nighttime
heating, which is weaker in strength and later in time as compared to its upstream counterpart.
In SPCAM5, the Q2 profiles show stronger drying from midnight to early morning. Combining these
results, it is suggested that the simulated nocturnal and early morning rainfall peaks on the lee side of
the Tibetan Plateau are not local phenomena. SPCAM5 supports eastward propagating convection,
corresponding to the eastward propagating rainfall signal. The downstream upper-level heating and
low-level cooling in SPCAM5 may also imply the existence of stratiform-type precipitation, which is
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usually associated with organized convection [44]. Partly due to the absence of these features, CAM5
produces lower climatological mean rainfall rates over this region than SPCAM5 (Figure S1).

3.2.2. The Eastern Plain

For the eastern plain, the observed early morning peak is mostly contributed by precipitation with
a relatively long duration [45], suggesting the existence of systematic stratiform cloud precipitation.
Figure 5 depicts an hour–pressure transect of Q1 and Q2 profiles averaged within 32–36◦ N,
113–118◦ E. This region is mainly dominated by the early-morning rainfall peaks (Figure 1). During
~03:00–07:00 LST, SPCAM5 shows stronger midlevel heating than CAM5 between 700 hPa and 300 hPa.
The upper-level heating and low-level cooling reflect the typical stratiform precipitation systems [46,47].
In SPCAM5, the drying in the early morning is also stronger. For CAM5, although it also produces a
stratiform-type heating structure in the early morning (but with weaker magnitude), the normalized
rainfall rates are much smaller. A possible reason is that surface heating-induced convection is too
active in CAM5, consuming a large portion of the moisture content transported from the boundary
layer. This problem is also found in earlier versions of CAM [48].
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Figure 6 depicts the large-scale environment over this region. Around 01:00–05:00 LST, both
models produce favorable large-scale vertical lifting (ω) and moistening of the vertical advection
(−ω ∂q

∂p ). The large-scale vertical lifting is partly related to the low-level jet and associated low-level
convergence [27,49], which transport abundant moisture. The peak time of the large-scale forcing
(before 05:00 LST) is earlier than the peak time of rainfall and sub-grid heating (05:00–07:00 LST),
suggesting a preconditioning role of the large-scale forcing. Considering that only SPCAM5 simulates
the rainfall maxima in the early morning, these results demonstrate that the favorable large-scale
forcing is not sufficient to guarantee a correct simulation of these rainfall peaks. The model physics
needs to adequately respond to the grid-scale forcing. Nevertheless, in the following section, we will
demonstrate that such favorable large-scale conditions are indeed important in regulating the rainfall
signals in this region.
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3.3. Impact of the Grid-Scale Forcing

In previous sections, we have suggested that the occurrence of nocturnal and early morning
rainfall peaks is sensitive to the model physics. However, this does not imply that the large-scale
circulation is unimportant in terms of regulating these signals. The favorable large-scale forcing serves
as an ambient environment, and should also be properly simulated by the model. To illustrate this
point, we have performed a numerical experiment (referred to as SPCAM5-topo2d) by coarsening the
topographic data in SPCAM5 with data interpolated from the 2◦ model (the model resolution remains
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unchanged). The large-scale circulation on the lee side of mountains (note that the eastern plain is also
located on the lee side of a secondary terrain) will be altered due to the coarsened topographic data.

The diurnal peak time of rainfall in SPCAM5-topo2d is shown in Figure 7. The early morning
peaks over the eastern plain largely disappear. Interestingly, the eastward delayed rainfall signals
on the lee side of the Tibetan Plateau are still simulated by the model. This may also imply that the
precipitation mechanisms over these two regions are different, as we have analyzed. Next, we mainly
focus on the eastern plain because of the more evident change.
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Figure 8 compares the grid-scale model states and tendencies, and sub-grid heating over the
eastern plain. During 01:00–05:00 LST, the strong rising motion and vertical moisture advection in
SPCAM5 are largely weakened by SPCAM5-topo2d, suggesting that the modified topographic forcing
has altered the large-scale environment. Correspondingly, the midlevel diabatic heating strength
also decreases from SPCAM5 to SPCAM5-topo2d, showing a response of sub-grid processes to the
altered large-scale forcing. As a result, the early morning rainfall maxima in SPCAM5-topo2d largely
disappear due to the unfavorable large-scale environment that hinders strong moisture transport.
These results suggest that the preconditioning role of the large-scale forcing is indeed an important
factor to the simulation of these early-morning rainfall peaks. If the contribution from the large-scale
forcing is weakened, the rainfall process will be suppressed.
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Figure 8. The hour–pressure transects (eastern plain) averaged within 32–36◦ N, 113–118◦ E,
(a,b) the pressure vertical speed (hPa·day−1) in SPCAM5 and SPCAM5-topo2d, (c,d) the vertical
moisture advection (K·day−1) in SPCAM5 and SPCAM5-topo2d, (e,f) Q1 (K·day−1) in SPCAM5
and SPCAM5-topo2d.

4. Conclusions

In this paper, we focus on the simulations of nocturnal and early morning rainfall peaks in a
global multiscale modeling framework. It is encouraging that SPCAM5 is able to simulate distinctive
regional features of the diurnal cycles. Compared to an earlier study that used lower-resolution models
(ZC16), more significant differences between CAM5 and SPCAM5 are found, and possible reasons
have been explored. The major conclusions are summarized as follows.

With a moderate increase of the horizontal resolution from ~2◦ to ~1◦, SPCAM5 can well simulate
the nocturnal and early morning peaks of summer rainfall over continental East Asia. The heating and
drying profiles show that SPCAM5 supports the nocturnal eastward propagating convection on the
lee side of the Tibetan Plateau, leading to the improved eastward propagating rainfall episodes and
associated rainfall maxima. It is also found that SPCAM5 better simulates the early morning peaks
over the eastern plain of China than CAM5, corresponding to the stratiform-type rainfall maxima.
For SPCAM5, a sensitivity experiment using coarsened topographic data shows a deterioration of early
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morning rainfall maxima over the eastern plain. This is caused by the weakened large-scale vertical
rising motion and associated moisture transport. The resultant unfavorable large-scale forcing leads
to a reduction of the early morning rainfall amounts, and decreases the midlevel heating magnitude,
further confirming the important preconditioning role of the large-scale forcing in regulating these
stratiform rainfall peaks.

Altogether, these results highlight the importance of representing multiscale processes to the
successful simulation of the diurnal cycle over continental East Asia. Partly motivated by the successful
simulations of SPCAM, we are currently developing a global nonhydrostatic modeling system based on
the quasi-uniform grid for supporting multiscale atmospheric modeling. Some progress in the model
dynamical framework has been achieved (c.f., [50–52]), and we hope that we may report interesting
modeling results in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/2/53/s1,
Figure S1: The difference of five-year mean precipitation rates (unit: mm·day−1) in June–July–August (JJA)
months between CAM5 and SPCAM5 (CAM5 minus SPCAM5) over continental East Asia.
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