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Abstract A widely recognized issue found in most Earth System Models is that of convective precipita-
tion being triggered too early during the day over land, often resulting in persistent light rainfall. In an effort
to address this issue, a model-consistent subgrid convective trigger is demonstrated in the Community
Earth System Model (CESM). Subgrid convective initiation is achieved by first calculating a convective
threshold within the Community Atmosphere Model (version 5.3). The convective threshold is then passed
to each subgrid land cover type within the Community Land Model (version 4.0) and convection is consid-
ered to be active if the convective threshold is exceeded and the convective available potential energy
(CAPE) exceeds 70 J kg21 (the default trigger). In total, three simulations are performed: (1) a Control (CTL)
with the default CAPE trigger, (2) a simulation with the default CAPE trigger as well as the subgrid trigger
(HCF trigger) applied over land and ocean, and (3) a simulation the same as the HCF trigger but only applied
over land (HCF land). By including this subgrid trigger, convective onset time is delayed by 1–4 h; however,
the time of peak precipitation is unchanged. This diurnal shift improves the number of hours the deep con-
vective scheme is invoked from more than 75% to less than 50%, alleviating the overactivity problem. The
delayed onset time of deep convection allows for greater CAPE accumulation and a greater proportion of
precipitation generated outside the convective scheme. More CAPE consequently produces an overall
increase in intense precipitation events.

1. Introduction

Despite the many advances in subgrid sampling techniques [e.g., Khairoutdinov and Randall, 2001; Khairout-
dinov et al., 2005; Li et al., 2012] and increasing model resolution [Dirmeyer et al., 2012; Bacmeister et al.,
2014; Wehner et al., 2014; Zarzycki and Jablonowski, 2014], modeling the diurnal timing of convection in a
computationally efficient manner in Earth System Models (ESMs) remains a challenge [Bechtold et al., 2014;
Couvreux et al., 2015]. The challenge arises partly from the time scale separation inherent in the coupled
land surface-convection system. The land surface is stationary in space and retains moisture anomalies from
days to weeks, whereas the atmosphere evolves rapidly, especially during convective initiation and develop-
ment. Capturing these rapid interactions between the land surface and atmosphere may provide a pathway
for improving persistent model biases such as excessive light rain events, convection occurring too fre-
quently, and peak precipitation always occurring around solar noon [Ghan et al., 1996; Dai and Trenberth,
2004; Dai, 2006; Dai et al., 2007; Couvreux et al., 2015].

The consensus in the literature points to two interrelated issues that appear to be producing these persis-
tent biases: (1) an overreliance of convective triggering criteria on surface turbulent fluxes [Xie and Zhang,
2000; Betts, 2002; Xie et al., 2002; Zhang, 2003; Guichard et al., 2004; Lee et al., 2010; Song et al., 2013; Suhas
and Zhang, 2014] and (2) departure from the convective quasi-equilibrium (QE) assumption especially over
land [Zhang, 2002; Donner and Phillips, 2003; Bechtold et al., 2014], where quasi-equilibrium concisely refers
to the assumption that large-scale destabilization is balanced by convective stabilization at some hourly or
subhourly time scale in order to close the convective system of equations. Although this work is focused on
improving the convective triggering mechanism, issues regarding QE over land motivate the model
changes. To be clear, it is not expected that modifying the convective triggering mechanism will improve
all aspects of precipitation, but rather we expect to see improvements in convective overactivity and onset
time. Other features such as precipitation amount and intensity are also presented but not expected to
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improve over all regions as they may depend on other components of the convective parameterization
such as convective closure, inherent parameterization structure, and interplay with other model
components.

Convective triggering is typically parameterized in models as a threshold or a small set of criteria that must
be met in order for a convective parameterization to be activated. As a result, these simple criteria can
largely determine the character of modeled convection. Recent studies have highlighted the importance of
accurately balancing local and large-scale forcing on convective initiation as a crucial step toward improv-
ing parameterized convection [Suhas and Zhang, 2014]. For example, Zhang [2003] analytically separated
the local instability contribution due to surface forcing from the large-scale environment in the Zhang-
McFarlane scheme [Zhang and McFarlane, 1995]. He found that the use of a convective available potential
energy (CAPE) threshold leads to convective initiation being overly sensitive to surface turbulent fluxes.
One consequence of a CAPE threshold is that convection is in phase with the diurnal cycle of surface fluxes,
peaking around noon. Suhas and Zhang [2014] performed a more detailed evaluation of convective trigger-
ing criteria using single-column simulations forced by observations from the Atmosphere Radiation Mea-
surement (ARM) Southern Great Plains (ARM-SGP) Central Facility. Similar to Zhang [2003], they found that
the best triggers were those that accounted for both large-scale and local generation of instability. Lee et al.
[2008] performed a series of sensitivity tests using the National Center for Environmental Prediction’s Global
Forecast System (GFS) and found that a convective triggering criterion based on the level of free convection
and the level of maximum equivalent potential temperature greatly control the diurnal timing of convec-
tion, but this may be due to an incorrect neglect of the nighttime inversion when considering a parcel
launch level.

To better balance the large-scale and surface forced contributions, Tawfik and Dirmeyer [2014] identified a
unique atmospheric profile level (the buoyant condensation level; BCL) that was shown to identify convec-
tive initiation resulting from low-level jet intrusion and land-sea breeze circulations, as well as contributions
from surface fluxes, based on radiosonde observations and forecast analysis. A convective triggering
scheme based on the BCL was included in the Climate Forecast System version 2 (CFSv2) and was shown to
improve the onset and termination timing of the Indian monsoon [Bombardi et al., 2015], and reduce the
number of false alarm convective initiation events [Bombardi et al., 2016]. The improvement in monsoon
timing was primarily due to the greater accumulation of CAPE and reduced sensitivity of convective trigger-
ing to surface fluxes when using the BCL triggering.

In addition to unbalanced triggering criteria, other approaches have also shown promise in improving the
diurnal cycle of convection without considering the influence of surface fluxes directly [Stratton and Stirling,
2012; Bechtold et al., 2014; Park, 2014; Couvreux et al., 2015]. For example, Couvreux et al. [2015] showed that
improvements in convective initiation time could be achieved by more directly connecting the boundary
layer properties with the triggering mechanism and closure representation of a parameterization. Modifica-
tions to the entrainment and detrainment rates were also shown to improve initiation time. Bechtold et al.
[2014] achieved a several hour delay in the diurnal cycle of convection by including boundary layer forcing
in the entraining CAPE-based convective closure formulation of the ECMWF Integrated Forecasting System
(IFS). This was achieved in part by recognizing the different adjustment time scales over land and ocean,
and the potential departure from quasi-equilibrium over land that may occur; for example, in the presence
of a strong capping inversion. Although quasi-equilibrium tends to hold over the tropics and ocean, it is
less applicable over the midlatitudes and over land [Zhang, 2002; Donner and Phillips, 2003].

In this paper, we implement into the CESM a convective trigger based on the Heated Condensation Frame-
work (HCF) [Tawfik and Dirmeyer, 2014; Tawfik et al., 2015a]. The HCF trigger attempts to balance the large-
scale background state and surface flux forcing on convective initiation. One advantage of the HCF trigger
is that it enables direct calculation of subgrid convective initiation. The goal of this work is to improve con-
vective onset time and overactivity by informing the deep convective scheme with currently unused sub-
grid land surface information. Although we only anticipate reductions in convective overactivity and an
improvement to the convective onset time, other features of convection such as precipitation intensity and
amount will be presented for completeness. In section 2, we describe the current default trigger in the
CESM deep convection scheme, outline the implementation of the new subgrid HCF trigger, and describe
the simulations and observational data used for this work. In section 3, we present results regarding the
changes to convective onset time, precipitation frequency and intensity, and the effects on propagating
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convection over the United States Central Plains. Possible explanations for these model differences in con-
vective characteristics due to the new subgrid HCF trigger are discussed in section 4 and summarized in
section 5.

2. Method: Convective Trigger Description

2.1. Default Deep Convection Trigger
The Zhang-McFarlane (ZM) deep convective scheme [Zhang and McFarlane, 1995] currently uses a dilute
plume adjusted CAPE initiation criterion [Neale et al., 2008] with momentum transport [Richter and Rasch,
2008]. In particular, deep convection is triggered in the Community Atmosphere Model version 5 (CAM)
[Neale et al., 2012] when CAPE exceeds 70 J kg21. This CAPE-based closure has been shown to produce too
frequent deep convection and relatively early convection initiation times [Suhas and Zhang, 2014; Wang
et al., 2015]. This results in a precipitation maximum around local solar noon. It has been suggested that this
local noon phase locking is caused by the strong influence of surface energy fluxes on CAPE [Zhang, 2003],
and greater balance should be ascribed to the large-scale forcing environment [Zhang and Mu, 2005]. The
dilute plume formulation currently in CAM5 attempts to represent some of this large-scale interaction by
allowing mixing of the rising plume with surrounding environmental air [Neale et al., 2008]. However, these
formulations still use measures of convective intensity (CAPE) instead of measures of convective inhibition
(CIN) for triggering convection [Guichard et al., 2004]. This can be problematic when considering a typical
warm season midlatitude environment that can achieve high CAPE values, but never triggers deep convec-
tion due to the presence of a capping inversion.

2.2. New Subgrid Tile Trigger
2.2.1. Brief Description of the HCF
In an effort to incorporate a more physically based convective trigger that also includes subgrid surface
information, the Heated Condensation Framework (HCF) [Tawfik and Dirmeyer, 2014; Tawfik et al., 2015a,
2015b] approach is taken. The HCF contains a set of variables that quantify the synoptic environment with
respect to convective initiation and allow for the contribution of local surface forcing to be isolated. Specifi-
cally, the HCF contains a variable referred to as the buoyant mixing potential temperature or convective
threshold temperature, hBM. It is the temperature that the 2 m potential temperature, h2m, needs to reach in
order for moist convection to be triggered locally in a growing, well-mixed boundary layer. The hBM–h2m

relationship has been shown to accurately capture convective initiation when applied to events triggered
by land-sea breeze circulations and low-level jet intrusions over the United States Central Plains [Tawfik and
Dirmeyer, 2014; Tawfik et al., 2015a, 2015b]. Additionally, the difference between hBM and h2m is analogous
to the traditional parcel-based convective inhibition (CIN) but has the advantage of not requiring parcel
selection or the presence of a level of free convection (LFC) to be calculated. Given that the HCF can repre-
sent initiation for these starkly different regimes when applied to reanalysis and observations, it is an
appealing candidate as a convective trigger in models.

The hBM is a diagnostic variable calculated using vertical profiles of temperature and humidity and is analo-
gous to the lifted condensation level (LCL). However, unlike the LCL, the hBM does not require the selection
of a parcel for ascent. Rather the hBM is diagnosed by effectively growing the planetary boundary layer (PBL)
until saturation is reached at the top of a hypothetical PBL, thus mimicking the gradual growth of the
observed convective PBL due to surface heating. The hBM is calculated by first mixing specific humidity pro-
files at each model level to the surface resulting in a vertical profile of mixed specific humidity, qmix,z, given
by this following equation.

qmix;k5

Xz

k5sfc
qk dpkXz

k5sfc
dpk

(1)

where z is a model level, q is the midlayer specific humidity, and dp is the pressure thickness of the model
layer. Saturation occurs when the qmix,z equals the saturation specific humidity, qsat,z, at a given level. The
hBM is then defined as the potential temperature where qsat,z minus qmix,z equals zero. Convection is initiated
when the 2 m potential temperature equals or exceeds the hBM threshold (hBM–h2m� 0). In this sense hBM–
h2m is analogous to CIN when compared to the parcel-based approach. Note that the procedure calculates
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hBM as merely a diagnostic quantity. As can be seen by equation (1) the moisture content of the atmo-
spheric profile does influence hBM. Specifically, when the profile is more humid hBM will decrease making
convective initiation more likely. Overall, the HCF approach captures (1) the influence of moisture on con-
vective initiation through hBM, (2) the ability of surface heating to overcome inversions through h2m, and (3)
the presences of inversion layers through growing a hypothetical mixed layer when diagnosing the hBM. For
more detailed information regarding the HCF and its applications see Tawfik and Dirmeyer [2014] and Tawfik
et al. [2015a, 2015b].
2.2.2. Implementation
Rather than aggregate subgrid surface fluxes in CLM before passing the data back to CAM5 as is done in
the default configuration, the implementation of the HCF makes use of this subgrid information directly.
This is performed in four steps and is schematically outlined in Figure 1. (1) The convective threshold, hBM, is
calculated in CAM5 at the grid cell level. (2) The hBM is passed to the Community Land Model (CLM4.0) [Law-
rence et al., 2011; Oleson et al., 2013] subgrid land cover tiles including landunits (glaciers, lakes, wetlands,
urban, etc.) and vegetated patches (plant functional types; PFT). (3) h2m is subtracted from hBM and the frac-
tion of the subgrid that has achieved or exceeded the threshold is returned. (4) Finally, the fraction of the
CLM subgrid that exceeds the threshold (r) of the subgrid is passed back to CAM5 and convection is trig-
gered if r is greater than zero. The above four steps constitute the subgrid HCF trigger, noting that there is
one hBM per grid cell and at least one subgrid h2m over land depending on the number of subgrid tiles (Fig-
ure 1). Despite being analogous to CIN, the HCF has a computational advantage over using CIN. Specifically,
in order to calculate CIN at each subgrid tile in CLM either the entire vertical profile of temperature from
CAM would need to be passed to CLM where the 2 m specific humidity and temperature would then be
used to calculate CIN, or each subgrid 2 m specific humidity and temperature would need to be passed to
CAM. In this regard, the HCF avoids any computational overhead because only one variable is being passed
between CAM and CLM.

The HCF trigger is included in addition to the default 70 J kg21 CAPE threshold in the ZM convective
scheme. Over ocean points the HCF trigger has no tiling because there is no direct subgrid information
available; however, there can still be a fraction of convection (e.g., 0< r< 1) over the ocean points due to

Figure 1. Schematic describing the implementation of the HCF Tile trigger in CAM and CLM. The hBM is defined as the convective threshold (K) (see section 2.2), h2m values are the 2 m
potential temperatures diagnosed from each CLM subgrid land cover tile, and r is the fraction of the subgrid CLM that is convectively active. The BDT subgrid land cover type stands for
broadleaf deciduous temperate forest, bare is a bare ground fraction, and grass is a C3 nonarctic grassland. The HCF trigger simulation activates convection when r is greater than 0, and
the HCF land simulation activates convection when r> 0 only over land.

Journal of Advances in Modeling Earth Systems 10.1002/2016MS000866

TAWFIK ET AL. SUBGRID CONVECTIVE TRIGGER 1743



the regridding that occurs between the pre-
scribed ocean grid and the CAM grid. The
HCF trigger also does not apply to grid cells
with sea ice because deep convection is
unlikely over those regions (r 5 0 for these
points). There were two simulations per-
formed using the subgrid HCF trigger, one
that applies to land and ocean, and another
that only applies over land (land fraction

greater than 60%). The full set of simulations performed is described in the following section and summa-
rized in Table 1.

One of the advantages of this method is that CLM can be run at a higher resolution than CAM without
any modification to the described implementation. By running CLM at a higher resolution, greater sub-
grid heterogeneity can be achieved without sacrificing much computational cost relative to running
CAM at greater resolution. Performing these higher resolution CLM simulations will also be the subject
of future work. The source code necessary for implementing the HCF subgrid trigger in the CESM version
1.2.2 is provided at https://github.com/abtawfik/CESM_1.2.2_Subgrid_Triggering. These files are source
modules that can simply be placed in the case directory in order to perform simulations with the HCF
subgrid trigger. Step-by-step implementation instructions are provided in the Readme file associated
with the Git repository.

2.3. Simulation Design
Three simulations were performed: a Control (CTL) simulation that uses the default ZM convective trigger
where convection is activated when CAPE> 70 J kg21, an HCF trigger simulation that uses the default ZM
CAPE trigger and the HCF subgrid trigger applied over all model grid cells (referred to as HCF trigger), and
an additional HCF trigger simulation that is the same as the HCF trigger simulation but only applies over
grid cells with more than 60% land area (referred to as HCF land). See Table 1 for a summary of the simula-
tions and their triggering criteria. All simulations follow the Atmospheric Model Intercomparison Protocol
(AMIP) using observed sea surface temperature forcings and were run from 1979 to 2006 at 18 resolution
using the CAM 5.3 with the spectral element (CAM-SE) dynamical core [Taylor et al., 1997; Taylor and Four-
nier, 2010; Taylor, 2011; Dennis et al., 2012] and CLM version 4.0 using prescribed satellite phenology [Law-
rence et al., 2011; Oleson et al., 2013]. Precipitation (ZM deep convection and resolved precipitation), surface
fluxes, CAPE, and hBM have been output hourly to provide a robust evaluation of convective onset time and
precipitation statistics. Simulations were performed on the Yellowstone High Performance Computing plat-
form (ark:/85065/d7wd3xhc) provided by the National Center of Atmospheric Research Computational
Information Systems Laboratory [Computational Information Systems Laboratory, 2012].

2.4. Observational Data
The Tropical Rainfall Measuring Mission (TRMM) 3B42 is a satellite precipitation product that provides
rain rate estimates at 3-hourly intervals [Huffman et al., 2007]. The TRMM 3B42 algorithm uses the
precipitation radar as its primary data stream, but also makes use of the passive microwave and infra-
red radiometer data, as well as infrared brightness temperature measurements from geostationary
satellites and rain gauge measurements when the precipitation radar data are of insufficient quality.
The TRMM 3B42 precipitation data are on 0.258 3 0.258 spatial grid spanning from 508S to 508N. The
data used for this work start on January 1998 to December 2013. While this does not capture the
entire simulation time period (1979–2006), TRMM has been used as a comparison point for climate
simulations at monthly [Dolinar et al., 2016; Stanfield et al., 2016] and diurnal time scales [Collier and
Bowman, 2004; Reboita et al., 2016]. To more directly compare TRMM to the model output, a bilinear
interpolation was performed to aggregate both TRMM and the simulations to a uniform 18 3 18 grid,
where the hourly model output was first averaged to the TRMM 3-hourly temporal resolution and
then regridded spatially to maintain consistency. All comparisons between TRMM and simulations
hereafter use this post-processed data; however, comparisons based solely on simulations maintain
the native nonuniform CAM-SE grid.

Table 1. The Triggering Criteria for the Control, HCF Trigger, and HCF
Land Simulations are Outlined

Simulation Triggering Criteria

Control (CTL) Activate when CAPE> 70 J/kg
HCF trigger Activate when CAPE> 70 J/kg and

the convectively active fraction r> 0
HCF land Same as Control over ocean

and HCF trigger where land fraction> 60%
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3. Results

3.1. Convective Onset Timing
It is important to make the distinction between the time of convective initiation and time of precipitation
maximum. Due to the temporally coarse nature of most ESM output, these two terms have often been used
interchangeably or simply referred to as convective timing. Because this study focuses on improving the
modeled onset time of convection and only modifies the triggering criterion, we define the first call to the
ZM convective scheme as ‘‘initiation’’ meaning when the criterion for triggering convection is first met for a
given day. Only days with total rain accumulations greater than 0.5 mm are included to avoid days with
light drizzle.

Figures 2a and 2d show the average time of convective initiation for the CTL run for January and July. We
can see that the standard CAPE-based trigger generally initiates deep convection early in the day, typically
a couple of hours after sunrise during each hemisphere’s summer. Over most convective regions, convec-
tion is initiated not long after sunrise, between 0600 and 0900 local solar time (LST). This early triggering of
convection may partially explain the excessive drizzle frequency commonly seen in CESM and other ESMs
[Dai, 2006].

In contrast the HCF trigger and HCF land, simulations delay deep convection by 1–4 h (Figures 2b and 2c
and 2e and 2f). This means that the first call to the deep convective scheme occurs during the late morning
(1000–1200 LST) rather than immediately after sunrise as was found in the CTL. Both HCF simulations show
very similar spatial patterns of delay suggesting that the HCF triggering criterion has little impact on initia-
tion time over the oceans. Figure 3 shows the relationship between the CAPE trigger and the HCF trigger.
Orange areas identify regions where the CAPE triggering criterion is achieved first followed by the HCF con-
dition (r> 0), i.e., activation of the ZM deep convection scheme is delayed due to HCF criterion. Conversely,
blue areas show activation is controlled by the CAPE criterion. It is clear from Figure 3 that the HCF trigger
controls initiation time primarily over land during the convectively active season, and the CAPE condition
regulates initiation time over the oceans and land areas during the midlatitude winter months. This is prom-
ising because the HCF triggering condition only applies to regions that tend to violate the QE assumption
over land, but do not limit convection over tropical oceans where QE has been shown to hold [Zhang, 2002;
Donner and Phillips, 2003]. As consequence the spatial patterns of precipitation frequency and amount look

Figure 2. The average time of convective initiation (local hour) for (left) the Control, (middle) the difference (h) between the Control and the HCF trigger simulation, and (right) difference
between the Control and the HCF land simulation for (top) January and (bottom) July in local solar time (LST) where grey indicates morning and red indicates late afternoon for the indi-
vidual model configurations.
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very similar between the two HCF simulations, which will be shown in the remaining sections. Therefore, for
the remainder of the paper, results from both HCF simulations are only shown when there are significant
differences between the two simulations, as is the case with propagating convective systems (section 3.4).

Although the HCF simulations delay initiation, the time of precipitation maximum is generally unchanged
when comparing the HCF simulations to the CTL (Figure 4). This highlights the importance of using an
appropriate measure when testing new convective triggers because the commonly used time of precipita-
tion maximum (Figure 4) does not inform the possible diurnal shifts in the calls to the deep convective
scheme within the code. Furthermore, a delay in initiation does not necessarily result in a delay in the pre-
cipitation maximum. This can arise from a later initiation time but with a more rapid increase toward the
same time of maximum. The duel behavior of delayed initiation and minimal shift in the timing of precipita-
tion maximum will be discussed in section 4.1.

3.2. Precipitation Frequency and Amount
The deep convective scheme is considered active when any amount of precipitation, even minuscule
amounts, is present therefore providing a measure of how active the ZM scheme is in CESM when using
hourly model output.

The deep convection scheme is called remarkably frequently, especially in the tropics where it is called in
more than 75% of the simulation hours (Figures 5a and 5c). The implications of such overactivity will be dis-
cussed in more detail in section 4. The deep convection scheme is active less than 50% of the time in most
regions in the HCF land simulation (Figures 5b and 5d). The greatest reductions in activity for the HCF land
simulation are seen over land, especially over tropical and subtropical land areas, which show more than a
40% reduction in convective frequency. There are only weak changes over the oceans. The HCF trigger sim-
ulation showed almost identical reductions in activity over land and ocean (not shown here).

Not surprisingly the reduction in convective frequency also reduces the amount of precipitation generated
by the ZM convection scheme (Figure 6), with 50–200 mm less rain coming from deep convection in the
HCF simulations in the tropics (Figures 6b and 6d). Although there are reductions in deep convective

Figure 3. Identifies which triggering criterion, CAPE> 70 J kg21 or the r> 0 criterion, is achieved first for each day with deep convection. Orange areas identify regions where the CAPE
triggering criterion is achieved first followed by the HCF condition (r> 0). Blue areas show activation is controlled by the CAPE criterion.
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precipitation, total precipitation shows regions of increase (Figure 7). In particular, we find that in January
total precipitation increases over the Andes Mountains by more than 200 mm, but there are notable pock-
ets of reduced precipitation to the north and east of the increase (Figure 7b). During July total precipitation
shows the greatest increases over the Eastern Pacific off the coast of Central America in both HCF trigger
simulations (only HCF land is shown), and notable reductions of more than 100 mm over the Arabian Sea,
Bay of Bengal, and Red Sea. Overall, the decrease in ZM convective precipitation in HCF simulations is com-
pensated by increases in the resolved (i.e., large-scale) precipitation in some regions.

Comparing the changes in total precipitation to TRMM observations shows that all simulations tend to over-
estimate precipitation over oceans (Figure 8) with the exception of the Pacific Islands, which show a strong
dry bias of greater than 100 mm in July (Figures 8c and 8d). Biases in total precipitation are exacerbated in
the HCF simulations over the North Central United States in July, and over the Eastern and Western Pacific
(Figure 8d), whereas improvements can be seen over Central India, the Arabian Sea, and the Arabian Penin-
sula in July (Figure 8d). The reduction in precipitation over the Arabian Peninsula is consistent with another
study that used a more physical triggering mechanism in earlier versions of the Community Climate System
Model (CCSM) in addition to an improved convective closure [Zhang and Mu, 2005]. There are no obvious
improvements in total precipitation over the Northern Hemisphere in January when using on the HCF sub-
grid trigger (Figures 8b and 8d). To get a broader view of the differences, the root-mean-squared errors
(RMSE) are reported in the bottom left of each panel in Figure 8. It is clear from the RMSE that the CTL simu-
lation better captures total precipitation than the HCF land simulation despite having more physically based
convective triggers. This is not entirely surprising considering that total monthly precipitation is among the
variables that CESM is calibrated to represent. Also as stated earlier, the intended impact of including a
more physical triggering mechanism is to improve the convective onset time (Figure 2) and the invocation
frequency (Figure 5) of the deep convection scheme. Therefore, the changes found in total precipitation

Figure 4. The average time of day (in local solar time; LST) of the precipitation maximum for (left) the Control and (right) the difference between the Control and the HCF land simulation
for (top) January and (bottom) July where grey indicates morning and red indicates a late afternoon precipitation maximum for the individual model configurations.
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Figure 5. Percent of hours the deep convection scheme is called for all 25 months for (left) the Control and (right) the difference between the Control and the HCF land simulation dur-
ing (top) January and (bottom) July.

Figure 6. The average monthly convective precipitation (mm) derived from the ZM scheme for (left) the Control and (right) the difference between the Control and the HCF land runs
for (top) January and (bottom) July. Regions with differences significant at a 95% confidence interval are indicated by hash marks.
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were included for completeness, and were not anticipated to improve but are rather to illustrate the conse-
quences of delaying convection and reducing convective overactivity in the CESM.

3.3. Precipitation Intensity
The frequency of precipitation within intensity categories is shown in Figure 9a for July to highlight the pre-
cipitation differences between simulations and observations. We further separate by contributions from
deep convection (identified by the dashed lines in Figure 9) to accent the influence of the subgrid trigger.
Focusing on the total (land and ocean from 508S to 508N) statistics we find that all simulations overestimate
the frequency of precipitation falling at rates less than 0.01 mm h21 and generally underestimate the occur-
rence of rates greater than 0.01 mm h21. Although all simulations underestimate the occurrence of

Figure 7. The average monthly total precipitation (mm) for (left) the Control and (right) the difference between the Control and the HCF land runs for (top) January and (bottom) July.
Regions with differences significant at a 95% confidence interval are indicated by hash marks.

Figure 8. The average monthly total precipitation (mm) for (left) the difference between the Control run and TRMM and (right) the difference between the HCF land run and TRMM for
(top) January and (bottom) July. Regions with differences significant at a 95% confidence interval are indicated by hash marks.
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precipitation rates greater than 3 mm h21, the HCF simulations increase the frequency of higher intensity
precipitation events by at least an order of magnitude compared to the Control (Figure 9a). The HCF trigger
simulation performs the best out of the three simulations at intensities greater than 3 mm h21 (Figure 9a).
It should also be noted that intense precipitation events (>5 mm h21) are almost exclusively derived from
the resolved precipitation and not the ZM scheme. This illustrates the balance between the resolved and
parameterized precipitation components and how the resolved precipitation can compensate for reduced
convective activity (Figure 5). The January frequency distributions (not shown) were very similar to those
shown in Figure 9a for July.

The percent of total precipitation derived from each intensity category is shown in Figure 9b. We can see
that all simulations capture the general shape of the TRMM observations with a peak contribution from the
0.1–1 mm h21 (Figure 9b). Additionally the simulations show very similar behavior (both in contribution
from the ZM scheme and percent contribution) for low precipitation rates (<0.1 mm h21). Interestingly, tak-
ing only the deep or resolved precipitation contributions in isolation results in greater agreement with the
TRMM observations below 0.1 mm h21. However, the simulations diverge for precipitation rates greater
than 3 mm h21 where the HCF simulations maintain a stronger contribution to the total rainfall from the
higher intensity bins (>3 mm h21) better reflecting TRMM observations. Not surprising this is similar to the
improvements shown in the frequency distribution (Figure 9a). For all simulations, the most intense precipi-
tation classes are solely derived from the resolved precipitation contribution and not the ZM scheme. This
points to a potential issue in nomenclature when referring to convective parameterizations as ‘‘deep’’ and
resolved precipitation as ‘‘stratiform’’ as this distinction is not reflected in the intensity distribution. The
results were similar when considering land and ocean areas separately (figure not shown).

To better understand the drizzle problem often found in models and the contribution of convective versus
resolved precipitation, the percent of rain-free hours are shown for July in Figure 9c. The TRMM observations
are rain-free during approximately 85% of hours. In contrast, every simulation is rain-free only 2–4% of the
time when considering total precipitation (Figure 9c). This suggests that the resolved precipitation can easily
offset the reduction in convective precipitation (Figure 5) occurring in the HCF simulations. When only consid-
ering rain-free hours from the ZM convection scheme (shaded bars in Figure 9c), the simulations are rain-free
56–60% of the time and are in closer agreement with TRMM observations for the rain-free hours when com-
pared to total precipitation. In agreement with the reduction in convective activity shown in Figure 5, the Con-
trol simulation has the least rain-free hours than the HCF simulations (Figure 9c). It should be noted, however,
that TRMM has difficulty capturing light rain events and therefore may overestimate the number of rain-free
hours overall [Wang et al., 2013]. A similar analysis was performed using the Climate Prediction Center morph-
ing method (CMORPH) [Joyce et al., 2004] that showed 78% rain-free hours (not shown here).

3.4. Propagating Convective Systems
A phenomenon that is poorly captured in CESM is propagating convection. Of particular interest are meso-
scale convective systems (MCSs) that originate over the leeside of the Rocky Mountains and propagate

Figure 9. The (a) frequency and (b) percent contribution of precipitation falling within each intensity bin for the (black) TRMM observations, (blue) Control simulation, (orange) HCF trig-
ger simulation, (green) HCF land, and (dashed lines) the contribution only from the ZM deep convection scheme for the Control, HCF trigger, HCF land for July. Precipitation bins are in
mm h21. Percent accumulations are for all land and ocean points between 558S and 558N. (c) The percent of rain-free hours for (black) TRMM observations, (blue) Control simulation,
(orange) HCF trigger simulation, and (green) HCF land; dark bar shading are for ZM deep convection precipitation and brighter shading is for the total precipitation.
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eastward over the Central Plains. This results in two precipitation peaks, an afternoon precipitation maxi-
mum and a nocturnal peak. These propagating systems can be seen in the TRMM observations when aver-
aging from 358N to 458N for all June months, which show coherent precipitation structures developing at
1058W and moving eastward throughout the day (Figure 10d). Comparing this behavior to the CTL, we see
that the precipitation structure shows no longitudinal motion and is phase locked with peak in solar radia-
tion incident on the surface (Figure 10a). Prior studies have demonstrated that this phase locking is typical
of convective schemes that use moist instability triggers [Zhang, 2003], which is the case for the ZM param-
eterization in the CTL simulation. The HCF trigger simulation begins to show some signature of propagation
and more intense precipitation confined to fewer hours in the day (Figure 10b). Interestingly, despite the
similarities in convective initiation timing between HCF trigger and HCF land (Figure 2), there is greater vari-
ation in precipitation timing and more pronounced presence of propagating systems found in HCF land
(Figure 10c). Although these systems seem to propagate eastward and more closely resemble observations,
propagating precipitation initiates farther east in the HCF simulations than observed (978W as opposed to
the observed 1058W). It should be emphasized that the propagating systems in the model are not expected
to resemble the character and structure of observed organized systems, especially when considering pre-
cipitation derived from the convective scheme. This is not expected because convective parameterizations
are column-based, meaning parameterized convection is confined to the atmospheric column where it was
activated. Organized propagation is therefore produced by the large-scale (i.e., resolved) model physics.
Precipitation in all simulations is considerably weaker than observed.

To understand the difference between the simulations, we separate the precipitation contribution from the
large-scale and deep convective schemes (Figure 11). In the CTL simulation, not much precipitation is
derived from the resolved precipitation scheme over the Central Plains, but when it does occur there is evi-
dence of some eastward motion (Figure 11a). In contrast, the HCF simulations show greater resolved precip-
itation and some indication of systems developing closer to the observed 1058W meridian (Figures 11b and
11c). This signal is most pronounced in the HCF land simulation (Figure 11c). Looking at the contribution
from deep convection it becomes clear that the phase-locking behavior found in the CTL, and to a lesser
extent in the HCF simulations, is largely due to the ZM parameterization (Figures 11d–11f). This is not
entirely surprising because the ZM scheme is a column-based parameterization with no explicit treatment
for organized convection. Although ZM precipitation in the HCF simulations maintains a strong diurnal con-
nection, the precipitation duration is shorter than in the CTL. This is indicative of a delayed onset time and
an earlier termination time in the evening for the HCF simulations.

Overall, the overactivity of the deep convective scheme in the CTL simulation appears to consume CAPE,
leaving little convective energy available for use by the large-scale (e.g., resolved) precipitation resulting in
fewer MCS-like events. This balance between resolved and parameterized convection is discussed in greater
detail in section 4.2.

4. Discussion

4.1. Consequences of Delayed Onset
We found that convective onset was delayed by 1–4 h in most locations in the HCF simulations while still
maintaining the midday timing of precipitation maximum found in the Control. Overall the consequence of
delaying deep convection can be summarized through a series of steps, which are shown in Figure 12 by
the diurnal cycles of precipitation and CAPE for the Amazon and Great Plains regions (regions outlined in
Figure 13). The primary consequence of delayed onset time is the virtual elimination of nocturnal ZM pre-
cipitation for the HCF simulations (Figures 12a and 12b). This is not entirely realistic because there are often
two precipitation peaks, one during the mid to late afternoon and another at night. By eliminating noctur-
nal deep convection, CAPE is then allowed to accumulate during the evening into the night in the HCF sim-
ulations (Figures 12e and 12f). This results in an increase of �200 J kg21 in CAPE by sunrise that is then
available to the resolved precipitation and deep convection schemes during the subsequent day (Figures
12e and 12f). More broadly, we find that CAPE does not exceed 250 J kg21 in the tropics and during the
convectively active seasons over the midlatitudes in the CTL simulation (Figures 13a and 13c). In contrast,
CAPE reaches levels greater than 400 J kg21 in the HCF simulations on average (Figures 13b and 13d). This
is not entirely surprising considering that CTL simulation uses a constant triggering threshold of 70 J kg21
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Figure 10. Hovm€uller diagrams (contour) of total precipitation rate (mm d21) across a longitudinal transect from 1058W to 908W for average June conditions between 16 June to 26
June averaging from 358N 458N for (a) Control, (b) HCF trigger, (c) HCF land, and (d) TRMM. The attached line plots show the solar radiation incident on the surface (W m22) averaged
over the same domain to show the day-to-night contrast of precipitation occurrence.
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Figure 11. Same Hovm€uller diagrams as in Figure 10 but decomposing total precipitation into (top row) resolved precipitation and (bottom) ZM deep convection contributions
in mm d21.
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Figure 12. The average diurnal cycles of total precipitation (mm d21), ZM deep convective precipitation (mm d21), and CAPE (J kg21) for a
region over the Amazon and the Great Plains during each region’s most convectively active month. Regions are outlined in Figure 13.
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that is applied uniformly. This means that when CAPE exceeds 70 J kg21 the ZM parameterization is acti-
vated and CAPE is consumed until it is relaxed toward 70 J kg21. This also explains why most regions main-
tain an approximately 70 J kg21 CAPE average, except for those regions that generate CAPE more rapidly
than it is consumed (Figure 13). This may be a valid assumption over ocean points where quasi-equilibrium
has been shown to hold and near-surface inversions are generally not present; however, these assumptions
likely do not hold over land where nighttime inversions are more prevalent [Zhang, 2002; Donner and Phil-
lips, 2003; Bechtold et al., 2014]. Another consequence of delaying convective onset is the shift toward more
active (Figure 11) and intense precipitation events (Figure 9). More intense precipitation follows from the
presence of elevated CAPE that is no longer being consumed by the deep convection scheme and is then
available to the large-scale precipitation scheme. Therefore, care needs to be taken when evaluating
changes to the ZM deep convection scheme where first the intended effect must be demonstrated
(delayed onset time and reduced overactivity in this case) and then the subsequent nonlinear responses
due to the interactions between the other model parameterizations and components can be described.

The HCF triggering mechanism takes into account the relative influences of the large-scale environment
and buoyancy production due to surface forcing (subgrid over land only). This means the ZM scheme is
only activated when buoyancy production can overcome the convective inhibition as defined by the differ-
ence between hBM and h2m (see section 2.2 for description), which is analogous to CIN. Therefore, triggering
is a function of overcoming inhibition and can coexist with elevated levels of CAPE, which is not the case
for the default trigger used in the CTL simulation. This coexistence can be seen over the Red Sea in the HCF
simulations in July where CAPE is 400 J kg21 on average (Figure 13), but precipitation is actually reduced
and improved over this region relative to the CTL (Figures 8e and 8f). Note that it is precisely these cases
where inhibition and elevated CAPE are present that are likely to violate the quasi-equilibrium assumption
and therefore stand to gain most from the implementation of an inhibition trigger.

4.2. Large-Scale Versus Parameterized Precipitation
The additional accumulation of CAPE caused by the HCF subgrid trigger results in more energy available for
use by the resolved macrophysics and microphysics schemes. A similar shift toward greater resolved

Figure 13. The average monthly convective available potential energy (CAPE) (J kg21) for (left) the Control and (right) the HCF land runs for (top) January and (bottom) July. Regional
boxes are for Figure 12.
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precipitation at the expense of reduced parameterized precipitation has been shown when model resolu-
tion is increased [Duffy et al., 2003; Boyle and Klein, 2010; Zarzycki et al., 2014]. While this produced propa-
gating precipitation resembling MCSs over the Central Plains derived exclusively from resolved
precipitation (Figure 11), the intensity (Figures 11b and 11c) and amount (Figure 9f) of precipitation were
not well captured over this region. Interestingly, increasing resolution alone has been shown not to result in
propagating systems in some models [Dirmeyer et al., 2012] suggesting that propagating systems may also
be constrained by the convective parameterization being used. Convective parameterizations attempt to
represent subgrid scale processes and thus operate solely on the vertical column, and are not advected.
This is illustrated in Figure 11 where the ZM scheme does not show any longitudinal motion. It may there-
fore be a fruitless effort to use column-based convective schemes and expect to improve the diurnal timing
and precipitation simultaneously, especially over regions where precipitation may have a nocturnal peak
resulting from nonlocally originating organized convection such as over the Central Plains.

5. Summary and Conclusion

A method for including subgrid convective triggering is introduced. The new convective trigger is applied
in two different ways to the Zhang-McFarlane deep convective scheme in CESM using a convective threshold
from the Heated Condensation Framework (HCF) [Tawfik and Dirmeyer, 2014; Tawfik et al., 2015a, 2015b]. The
HCF enables subgrid land surface types from CLM to be used in the triggering. Three simulations were per-
formed, a Control simulation with the default CAPE trigger, a simulation that uses the HCF trigger applied
over both ocean and land points (referred to as HCF trigger), and another simulation that uses the HCF only
over land (referred to as HCF land). See Table 1 for a summary of the triggering mechanism of each simula-
tion. The HCF trigger was used in conjunction with the default CAPE trigger used by the Control.

The HCF simulations improve convective initiation time by delaying convection by 1–4 h especially over the
Amazon and Eastern United States. It should be made clear that delaying convective onset time and reduc-
ing convective overactivity are the only intended outcomes of modifying the convective triggering criterion
in the ZM scheme; however, we have also explored the consequence of these changes on precipitation
intensity and amount for completeness. The HCF trigger simulation improved total precipitation over the
Central India, the Arabian Sea and Peninsula but exacerbated biases found in the Control simulation over
the Central United States, the Eastern tropical Pacific, and Western tropical Pacific in July. The HCF land sim-
ulation showed similar results over land relative to HCF trigger simulation suggesting that the effects of
modifying the trigger are more local and did not greatly influence circulation. All simulations overestimate
the drizzle frequency (precipitation< 0.01 mm h21) and generally underestimate the heavier precipitation
events. The HCF simulations increase the frequency of higher intensity precipitation events and more
closely resemble the TRMM observations relative to the Control. Given that the HCF land simulation cap-
tured the delay in convective initiation over land without significantly influencing precipitation over ocean
points thus retaining the quasi-equilibrium assumption over oceans, the preferred subgrid trigger simula-
tion is the HCF land.

Overall, the consequence of delaying convection is the accumulation of CAPE that is then available to the
resolved precipitation component of the model. The increased CAPE allows more intense precipitation com-
ing from resolved precipitation reflecting a more realistic precipitation distribution, and producing MCS-like
events over the central United States, which are not present in the default configuration. While the goal of
this work is to improve convective initiation and not precipitation statistics, this work points toward the
overall weakness of column-based convective schemes and the need to advect or organize convection
across model grid cells, as has been the target of other work [e.g., Mapes and Neale, 2011]. The subgrid HCF
triggers presented here provide a first step toward a convection scheme that connects more directly to sub-
grid heterogeneous land cover tiles.
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