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Abstract Within the tropics, and during the summer months in midlatitudes, most of the rainfall reaching
the surface is generated by moist convection. Over land, the diurnal cycle in moist convective rainfall
usually peaks in the late afternoon. In most climate models, the diurnal peak in convective rainfall occurs
several hours too early and is often near local solar noon. We argue that this bias partly originates from the
methods used in convective parameterizations to calculate the cloud base mass flux. In most convective
parameterizations, the initial convective mass flux is determined from the convective available potential
energy (CAPE) of an updraft parcel originating from the model layer closest to the surface. In models, the
rapid increase in the CAPE of this near-surface layer following sunrise contributes to a rapid increase in
convective precipitation. However, the mass-weighted CAPE of the boundary layer as a whole responds
much more slowly to the increase in downward solar radiation at the surface. Using a recently developed
convective parameterization in version 4 of the Community Atmosphere Model (CAM4), we show that
the overall accuracy in the diurnal simulation of convective precipitation increases as the number of
near-surface layers from which convective air parcels are permitted to originate increases from one to
four. We also show that the simulation of the diurnal cycle in convective precipitation over land can be
improved through the introduction of variables which attempt to represent the persistence of subgrid-scale
convective organization within a grid column across model time steps.

1. Introduction

Most of the rainfall in the tropics, and in midlatitudes during the summer months, originates from convec-
tive clouds. Over land, convective rainfall exhibits a strong diurnal cycle, with a characteristic peak in the
late afternoon or early evening [Nesbitt and Zipser, 2003]. This diurnal cycle gives rise to diurnal cycles in
cloud amount [May et al., 2012] and relative humidity [Soden, 2000] which modify the propagation of solar
and thermal radiation through the troposphere and affect the surface radiation balance. Regional-scale sea
breeze circulations, especially in the tropics, are usually strongly coupled to the diurnal variation in convec-
tive rainfall [Ploshay and Lau, 2010]. The boundary layer mixing ratios of many species, including carbon
dioxide [de Arellano et al., 2004], also exhibit strong diurnal cycles. In this case, the net convective trans-
port of the chemical species from the boundary layer into the free troposphere will depend on the phase
relationship between the diurnal cycle of the chemical tracer and the local rainfall rate.

The diurnal cycle in convective rainfall over land is poorly represented in many climate [Dai, 2006; Kim et al.,
2010; Yuan et al., 2013] and weather forecast [Betts and Jakob, 2002; Clark et al., 2007; Kim and Alexander,
2013; Kidd et al., 2013] models. In many models, the diurnal rainfall peak occurs several hours too early and is
often near local solar noon [Dai, 2006; Bechtold et al., 2004]. This model bias in the diurnal timing of convec-
tive rainfall generates errors in the reflection of solar radiation back to space, especially by extensive upper
tropospheric cirrus anvil clouds [Taylor, 2012] and is the dominant source of error in forecasts of tropical
rainfall over land on short time scales [Chakraborty, 2010].

The convective available potential energy (CAPE) of an atmospheric column is usually calculated with
respect to an air parcel originating from the surface. One can, however, vary the altitude of origin and cal-
culate the CAPE of any air parcel in the boundary layer. The absorption of solar energy by the land surface
increases the upward flux of heat and water vapor from the surface and increases the fraction of boundary
layer air parcels with positive CAPE. The existence of near-surface air with positive CAPE is a thermodynamic
precondition for moist convection. In many convective parameterizations, the convective cloud base mass
flux is directly related to the CAPE of a single-model layer which is usually the model layer closest to the
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surface [Grell, 1993; Jakob and Siebesma, 2003; Bechtold et al., 2001]. However, there are many mechanisms
which can delay the onset of convective precipitation. For example, it is likely that deep convective plumes
entrain air not only from the shallow surface layer but also from the entire boundary layer. In this case,
the mass-weighted CAPE of the boundary layer is likely to be a better proxy for the convective cloud base
mass flux than the CAPE of the near-surface layer alone. We refer to the lag in the development of convec-
tive precipitation associated with the diurnal deepening of the near-surface convective layer as boundary
layer resistance.

There are a variety of microphysical processes that also contribute to delays in the development of convec-
tive precipitation. These include delays associated with the formation of warm rain, and those associated
with the time required for convective plumes to rise sufficiently high that the ambient temperature is cold
enough to initiate the activation of ice condensation nuclei.

The entrainment of subsaturated air from the background atmosphere into convective plumes can also be
expected to delay the onset of convective precipitation. Entrainment is associated with condensate evap-
oration, cooling, and loss of buoyancy. Due to mixing, most convective plumes dissipate before producing
precipitation. However, by moistening the local atmosphere, they diminish the impact of entrainment on
the development of subsequent plumes. There can therefore be an additional delay in the onset of deep
convection, equal to the time scale over which shallow convection increases the midlevel relative humidity
to the threshold required to support deep convection [Tompkins, 2001a; Guichard et al., 2004].

Convective precipitation often occurs in association with some form of mesoscale organization such as
squall lines [Tulich and Kiladis, 2012]. In this case, the development of convective precipitation can be
expected to be delayed by processes associated with the development of the precipitating stratiform anvil,
the formation of evaporatively driven downdrafts, and the horizontal propagation of the cold pools and
gust fronts that provide the vertical uplift necessary to overcome convective inhibition and rapidly convert
positive CAPE air near the surface into buoyant air within convective plumes.

Finally, at some locations, convection is associated with propagating convective systems that have been
remotely generated by, for example, orography [Ahijevych et al., 2004]. In this case, there would be an
additional delay associated with the movement of convective systems from their place of origin.

Although there are numerous mechanisms which can delay the onset of convective rainfall over land, we
show that the representation of the diurnal cycle in convective rainfall over land in a climate model can be
significantly improved by a more accurate treatment of boundary layer resistance. Within each grid column,
rather than restrict the initiation of convective updrafts to the model layer nearest the surface, we test for
positive CAPE in each of the four lowest model layers. The parameterization could be easily modified to test
for CAPE in higher model levels. However, positive CAPE above the first four levels was rare. The initial con-
vective mass flux therefore responds to the convective instability of the column as a whole, rather than to
the CAPE of a relatively thin layer near the surface. This modification delays the onset of convective rainfall
over land and brings the diurnal rainfall peak into better agreement with observations.

The method outlined here for improving the diurnal cycle in convective rainfall over land is quite simple
and should be relatively easy to implement in most climate models. There is, however, significant geo-
graphic variation in the amplitude and timing of the diurnal cycle in convective rainfall over land, especially
in regions in which the convective rainfall appears to be affected by orography or coastlines. Our imple-
mentation of increased boundary layer resistance is therefore not able to generate realistic diurnal cycles in
convective rainfall in all regions.

There have also been several recent attempts to improve the diurnal cycle in convective rainfall over land
in climate models through the introduction of some form of subgrid-scale convective organization, irre-
versibility, or memory, into convective parameterizations. Convective organization can be introduced into
convective parameterizations by using a variable from the local grid column from the previous or current
time step to modify the behavior of the convective parameterization. Convective organization variables
have included the height of the lifting condensation level [Stratton and Stirling, 2012], the existence of sur-
face cold pools [Rio et al., 2009], and column evaporation [Mapes and Neale, 2011]. These approaches tend
to increase the initial resistance to the development of convective precipitation in a grid column, but once
established, convective rainfall tends to be more persistent. The introduction of convective organization has
had some success in delaying the onset of convective precipitation over land and generating more realistic
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diurnal cycles [Rio et al., 2009; Stratton and Stirling, 2012; Chao, 2013]. The convective parameterization used
here implements a form of convective organization in which four of the parameters used in the convec-
tive scheme are an increasing function of the precipitation generated by the grid column over roughly the
past 2 h. Our use of convective organization contributes to some of the improvement in the diurnal cycle in
convective precipitation over land in our model.

The introduction of convective organization into convective parameterizations is intended to partially com-
pensate for deficiencies that arise from the inability of climate models to represent subgrid-scale forms of
convective organization that would otherwise persist across model time steps and have a strong effect on,
for example, the cloud base mass flux. At higher spatial resolution, climate model simulations should be able
to more naturally account for the inertia associated with the development of mesoscale convective systems
and their persistence once established. However, while the diurnal cycle in convective rainfall over land does
improve with increased resolution in some climate model simulations [Sato et al., 2009; Ploshay and Lau,
2010; Yamada et al., 2012], other simulations show little improvement [Yuan et al., 2013]. The diurnal cycle is
sometimes improved by the implementation of different convective parameterizations [Liang et al., 2004].
Convective triggering schemes are in some ways similar to the introduction of convective organization and
can also improve the diurnal cycle in convective rainfall [Zhang, 2003; Xie et al., 2004; Lee et al., 2008].

2. Overview of the Convective Parameterization

The model simulations discussed in this paper are based on an implementation of a recently developed
convective parameterization [Folkins, 2009], referred to here as the IF parameterization, into version 4 of
the Community Atmosphere Model (CAM4) [Neale et al., 2013]. The climate model obtained by replac-
ing the default schemes for both shallow [Hack, 1994] and deep [Zhang and McFarlane, 1995] convection
with the IF parameterization in version 4 of the Community Atmosphere Model will be referred to as the
CAM4-IF model.

The IF convective parameterization is a mass flux scheme in which the effects of convective updrafts and
downdrafts on the background atmosphere are represented by a spectrum of updraft and downdraft
parcels moving vertically under the influence of buoyancy. The updraft parcels originate from the four
model levels closest to the surface. These levels occur at roughly 980, 958, 918, and 856 hPa, correspond-
ing to pressure thicknesses of 14.5, 29.3, 53.0, and 72.7 hPa, respectively. At each of the four levels nearest
the surface, we assume that subgrid-scale variability in temperature and relative humidity gives rise to
an ensemble of updraft parcels with various values of moist enthalpy, as described in the Appendix A.
Parcels from this spectrum with sufficient CAPE are given an initial upward kinetic energy, and subse-
quently move vertically using specified rules for precipitation formation and mass exchange with the
background atmosphere. When the buoyancy of the parcel becomes negative, it fully detrains into the
background atmosphere.

All condensate within updraft parcels is assumed to be liquid. Updraft parcels produce two kinds of precip-
itation. If the temperature of an updraft parcel is higher than Tfreeze (here Tfreeze = 270 K), and the updraft
parcel condensate loading exceeds a prescribed threshold, the excess condensate loading is converted
to updraft rain. This form of precipitation is assumed to remain within the cloud at all heights, does not
evaporate, and does not produce downdrafts. At temperatures colder than Tfreeze, excess updraft parcel con-
densate is converted to updraft snow. This form of precipitation is assumed to remain within cloud until the
melting level. At the first model level warmer than 0◦C, this precipitation is assumed to exit cloud base, melt,
start evaporating, and start generating downdrafts.

In the model, the induced grid-scale subsidence and heating within a convecting grid column tends to
produce locally positive geopotential height anomalies with respect to neighboring columns. The outward
pressure gradient accelerations associated with these geopotential height gradients will tend to produce
divergent grid-scale outflows in the upper troposphere. The upward grid-scale motions required to balance
this divergent upper tropospheric grid-scale outflow increase the relative humidity of the middle and upper
troposphere. In this case, water vapor in excess of 90% relative humidity with respect to ice within any
grid box above the melting level is converted to stratiform snow. This stratiform snow is then added to the
updraft snow and treated in an identical manner.
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Figure 1. A conceptual diagram of the downdraft formalism of the con-
vective parameterization. It is assumed that the base of precipitating
stratiform clouds always occurs at the melting level. See the text for
further details.

In convective regions, the upper part
of the boundary layer also tends
to become supersaturated. Below
750 hPa, we remove moisture in
excess of 90% relative humidity with a
2 h time scale. The rain generated by
this stratiform mechanism is added
to the updraft rain and treated in an
identical manner.

The default CAM4 model has a
parameterization for producing
precipitation from the grid-scale
condensate. This source of precipi-
tation is turned off whenever the IF
convective parameterization is acti-
vated. As a result, it has very little
effect on the precipitation of convec-
tive regions and does not affect the
results discussed in this paper.

Figure 1 gives a conceptual overview
of the procedure used to generate

downdrafts. Within a convecting grid column, once the updraft parcel motions have been completed, the
total snow flux from both updraft and stratiform sources is equally divided into three shafts. The three shafts
are assigned lengths of 9 km, 20 km, and 45 km. The fraction of the grid column occupied by each shaft is
calculated from the assumption that the local precipitation rate within each shaft is 100 mm/day, a repre-
sentative rain rate for precipitating anvil clouds which are generating downdrafts [Leary and Houze, 1979].
Each snow shaft is divided into 15 layers. A descending snow layer encounters cloud-free air at the first
model level having a temperature above 0◦C. The snow layers of a snow shaft sequentially descend through
the local grid column. In doing so they interact with air parcels at each model level whose fractional area is
equal to the area of the parent snow shaft. These downdraft air parcels are effectively “entrained” from the
grid column, and the snow parcels are considered to melt and evaporate within them as they fall toward the
surface. The exposure time of a particular entrained air parcel to a snow/rain layer is determined in part from
the remaining width of a snow/rain layer and its prescribed fall speed. In general, the negative buoyancy of
an entrained air parcel will increase with the passage of every additional snow/rain layer through it. When
the negative buoyancy of an air parcel is sufficiently large to overcome the stability of the atmosphere, the
air parcel descends one model level. Due to interactions with multiple snow (rain) layers of a single snow
shaft, an air parcel may descend multiple model levels within a time step and successively descend toward,
and sometimes detrain at, the surface. This is more likely to occur for air parcels under the taller snow shafts,
which have thicker snow (rain) layers, longer exposure times, and generate more intense cooling. The fall
speed of the snow (rain) layers is parameterized in terms of temperature (as a surrogate for density) and typ-
ically decreases from 8 m/s just below the melting level to 5 m/s near the surface. No allowance is made for
the slower fall speeds of snowflakes prior to melting. Each snow layer falls to the surface within a convective
time step.

The moist enthalpy (km), total water mixing ratio (rt), and dry mass (md) of the updraft and downdraft parcels
are updated as the parcels move vertically, mix, precipitate, and extract water from falling precipitation.
Entrainment of updraft and downdraft parcels from the background atmosphere generates local sinks of
km, rt , and md , whereas parcel detrainment generates sources of conserved quantities. It is assumed that
the convective parameterization does not change the top and bottom pressure levels of each grid box and
that the difference between the top and bottom pressure is related to the mass of a grid box via hydro-
static balance. At levels where the detrainment of mass exceeds entrainment, the grid box mass will exceed
the hydrostatic mass (and conversely, where entrainment exceeds detrainment). To restore hydrostatic bal-
ance, the model moves mass vertically. For example, deep convection is typically associated with net mass
detrainment at upper levels, and therefore triggers immediate downward subsidence within the grid col-
umn. Net upward vertical motion associated with the convective (subgrid-scale) movement of updraft and

FOLKINS ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4

http://dx.doi.org/10.1002/2013JD020149


Journal of Geophysical Research: Atmospheres 10.1002/2013JD020149

downdraft parcels is therefore usually associated with downward advection. This downward advection is
usually associated with positive advection of dry static energy and negative advection of water vapor mixing
ration, generating heating and drying within the column.

Convective organization has been introduced into the IF convective parameterization by making four of the
model parameters an increasing function of the local precipitation generated by the convective scheme
over the past 2 h. These include (i) an AMP factor, which increases the cloud base mass flux, (ii) a dkm param-
eter, which determines the width of the moist enthalpy updraft parcel spectrum, (iii) a fdeep parameter, which
determines the fraction of updraft parcels which mix less rapidly with the background atmosphere, and (iv)
a fprecip parameter, which determines the fraction of updraft condensate in excess of a prescribed threshold
that is converted to precipitation. Increases in these parameters tend to favor the production of additional
convective precipitation. Their introduction therefore tends to favor the nonlinear growth in convective pre-
cipitation and make convection less likely at low rain rates. These parameters are described in more detail in
Appendix A.

Both the default CAM4 model and the CAM4-IF model with the new convective parameterization were run
with a horizontal resolution of 1.9◦ × 2.5◦ (latitude × longitude), 26 vertical levels, and a time step of 30 min.
The model runs start on 1 January 2000 and end on 31 December 2002, using fixed climatological sea sur-
face temperatures [Gent et al., 2011]. The initial atmospheric state was a climatological state for the start
date from the CAM4 model.

3. Data Sets

There is significant geographic variability in the diurnal cycle of convective rainfall over land [Yang and
Slingo, 2001]. Here, we use the Tropical Rainfall Measuring Mission (TRMM) 3B42-gridded rainfall data set
[Liu et al., 2012] to determine the spatial variability in the monthly mean diurnal cycle of convective rain-
fall. This data set has a temporal resolution of 3 h and a spatial resolution of 0.25◦. We use TRMM 3B42 rain
rates from 2003 to 2010 to calculate the mean diurnal cycle in rainfall within every CAM4 grid cell. For each
land grid cell in which the convective precipitation exceeds 2 mm/d, we calculate the correlation coefficient
between the TRMM diurnal cycle and the diurnal cycles of various CAM4 model simulations. The global aver-
age of this correlation coefficient is then used as an indicator of the fidelity with which the model matches
the observed diurnal cycle. We also use the TRMM 3B42 data set to assess the accuracy of the climatological
rainfall patterns generated by the CAM4-IF model.

The climatological monthly mean longwave and shortwave top of the atmosphere fluxes of the CAM4 and
CAM4-IF models are compared with data from the Clouds and the Earth’s Radiant Energy System (CERES)
Energy Balanced and Filled Top-of-Atmosphere Data Set [Wielicki et al., 1996]. All-sky fluxes were available
from March 2000 to June 2012 with a spatial resolution of 1◦. The CERES data were spatially averaged to
the CAM4 grid resolution for comparison with model output. We used edition 2.6 of the longwave data set
and edition 2.7 of the shortwave data set. The CERES fluxes are best estimates obtained using a variety of
satellite platforms and input data.

The monthly mean temperature and relative humidity profiles of the CAM4 and CAM4-IF models were
compared with monthly mean profiles from the following 13 tropical radiosonde stations: Belize (17.53◦N,
271.70◦E), Grand Cayman (19.3◦N, 278.63◦E), Hilo (19.72◦N, 204.93◦E), San Juan (18.43◦N, 294◦E), Koror
(7.33◦N, 134.48◦E), Lihue (31.98◦N, 200.65◦E), Majuro (7.08◦N, 171.38◦E), Pago Pago (14.33◦S, 189.28◦E),
Ponape Island (6.97◦N, 158.22◦E), Seawell (13.07◦N, 300.49◦E), Truk (7.47◦N, 151.85◦E), Yap Island (9.48◦N,
138.08 ◦E), and Guam (13.55 ◦N, 144.83◦E). The radiosonde data were downloaded from the United States
High Resolution Radiosonde Data Archive archived at the Stratospheric Processes And their Role in Climate
(SPARC) Data Center. At most stations, the twice daily profiles were available from 1998 to 2011.

4. Comparison With Observed Diurnal Cycle

Figure 2 shows the diurnal rainfall cycle simulated by the CAM4 and CAM4-IF model runs in four regions: the
southeast United States, equatorial Brazil, equatorial Africa, and northern India. We also show the diurnal
cycle from the TRMM 3B42-gridded rainfall data set. The boundaries of each region are shown in Figure 3b.
We chose areas that had weak orography and selected months in which each region had enhanced rainfall.
The rainfall of the CAM4 (default) model peaks near solar noon, a feature common to many climate
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Figure 2. Each curve refers to the diurnal variation in rainfall of one of the
four regions shown in Figure 3b. Dashed curve: TRMM 3B42. Gray curves
with solid circles: default CAM4 model. Black curves with open boxes:
CAM4-IF model.

models[Bechtold et al., 2004; Dai
and Trenberth, 2004]. The CAM4-IF
model simulates the timing of the
late afternoon rainfall maximum in all
four regions.

Figure 3b shows the geographic vari-
ation in the correlation coefficient
between the CAM4-IF and TRMM
diurnal cycles. The TRMM rainfall rates
were first spatially averaged to the
1.9◦ × 2.5◦ horizontal resolution of
the CAM4 model and then used to
calculate the monthly mean diurnal
variation at each grid cell. The 3 years
of rainfall data from the CAM4-IF
model run were used to determine
the average rain rate at the eight
daily TRMM times. We then calcu-
lated, for each month, the correlation
coefficient between the eight local
TRMM and CAM4-IF diurnal rain rates.
This was done only at land grid cells
where both the TRMM and CAM4-IF

monthly mean rain rates exceeded 2 mm/d and at locations where the rainfall could be assumed to be
convective. Within the 20◦S–20◦N latitude range, rainfall was considered to be convective throughout the
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Figure 3. (a) The spatial variation in the annual mean correlation coefficient of the default CAM4 model with the local
TRMM diurnal cycle. (b) The spatial variation in the annual mean correlation coefficient of the default CAM4-IF model
with the local TRMM diurnal cycle. The rectangular regions outlined in white refer to the areas in Figure 2.
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year. Within the 20◦S–40◦S and 20◦N–40◦N latitude windows, rainfall was considered to be convective dur-
ing the December–February and June–August seasons, respectively. The correlation coefficients shown in
Figure 3 were obtained by averaging over the months in which the above two conditions were satisfied. For
an individual month, using the eight common diurnal data points available, the threshold for statistical sig-
nificance at the 95% level is r = 0.62. This is achieved for 24% of the land grid cells. These cells are indicated
in Figure 3b (blue and purple colors). This includes most of India, the southeast United States, Central Amer-
ica, and tropical South America. The diurnal cycle is poorly simulated in much of Africa, the interior of China,
northern Australia, and the midwestern United States.

Figure 3a shows the spatial variation in the annual mean correlation coefficient between the default CAM4
and TRMM diurnal rainfall cycles, calculated using the same criteria as described above for the CAM4-IF
model. The CAM4 model accurately simulates the diurnal cycle in only a few regions.

Figures 4a and 4b show the geographic variation in the local solar time of the TRMM and CAM4-IF diurnal
rainfall peaks. The local time of peak rainfall was calculated from the annual mean diurnal cycle of convec-
tive rainfall. The months in which the local rain was considered to be convective were the same as defined
earlier. The spatial variation in the time of the local TRMM rainfall peak is similar to maps shown previously,
with a late afternoon or early evening peaks in most regions but with overnight rainfall peaks in locations
such as the American midwest, the northeast coast of Brazil, and the interior of China [Yang and Slingo,
2001; Chao, 2013]. In general, Figure 4b tends to be a lighter shade of blue than Figure 4a, indicating that
the diurnal rainfall peak of the CAM4-IF model tends to occur slightly earlier than the peak in TRMM rain-
fall. In general, the CAM4-IF model does not simulate the spatial variation in the timing of the local diurnal
rainfall peak.

A comparison of Figures 3b and 4a suggests that the accuracy of the CAM4-IF simulation of the local diur-
nal cycle is compromised in regions where the local TRMM rainfall peak does not occur during the usual
late afternoon to early evening time window. For example, Figure 4a exhibits three nearly parallel diagonal
lines of anomalous rainfall timing in tropical South America, one of which corresponds to the Andes. Each of
these diagonal lines is associated with a line of reduced correlation at a similar location in Figure 3b. Other
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Figure 5. (a) Dashed curve: the frequency of occurrence of the local
time of peak TRMM 3B42 rainfall, for convective land grid cells where
the monthly mean rain rate exceeded 2 mm/d. Solid curve: the fre-
quency of occurrence of the local time of peak rainfall from the
CAM4-IF model. (b) The gray dots refer to the correlation coefficient
between the CAM4-IF and TRMM diurnal cycles of a particular grid cell,
plotted against the local time of peak TRMM rainfall. The solid curve
was obtained by binning the correlation coefficients in 1 h increments.

regions of anomalous rainfall timing, and
also low correlation, include northern
Argentina, the American midwest, and
the interior of China.

Some of the regional anomalies in
the diurnal timing of convective rain-
fall shown in Figure 4a have been
attributed to local changes in the gen-
esis, propagation, or organization of
convective systems. For example, the
nighttime peak over the Great Plains of
the United States has been attributed to
the eastward propagation of mesoscale
convective systems originating during
the afternoon over the Rocky Mountains
[Dai et al., 1999; Ahijevych et al., 2004].
Along the northeast coast of Brazil, the
nocturnal maximum during the January
to April time period has been attributed
to a convergence zone forming near the
coast between the onshore northeasterly
trade winds and an offshore land breeze,
with squall lines form along the conver-
gence zone often propagating inland
[Kousky, 1980; Cohen et al., 1995]. The
middle diagonal line of maximum night-
time rainfall across Brazil appears similar
to a feature that was previously tenta-
tively attributed to a remote response
to diurnally forced convection over the
Andes [Garreaud and Wallace, 1997]. The
region of anomalous diurnal timing in
northern Argentina and Paraguay cor-
responds to a preferred region for the
development of mesoscale convective

complexes [Velasco and Fritsch, 1987; Salio et al., 2007]. It can be expected that many of these features would
be difficult to simulate in coarse resolution climate models. However, some of the regional variation in the
diurnal cycle of South American convective rainfall has been simulated by a regional-scale model with 50 km
resolution [da Rocha et al., 2009]. Over the United States, there was a mixed improvement in the simulation
of the diurnal cycle when the horizontal grid size was decreased from 2◦ to 0.5◦ [Lee et al., 2007].

In Figure 5b, we show how the correlation between the CAM4-IF and TRMM diurnal cycles in convective
rainfall varies with the local solar time of the TRMM diurnal rainfall peak. The individual points refer to the
correlation coefficient of a grid cell for a particular month, while the solid line shows the mean dependence
of the correlation coefficient on the local time of the TRMM rainfall peak. On average, the correlation coeffi-
cient is largest when the observed TRMM rainfall peak occurs between 13:00 and 18:00 local time. Figure 5a
(dashed line) is a probability distribution function (PDF) of the local solar time of the TRMM diurnal rainfall
peak, constructed from grid cells at which the local rainfall could be considered to be convective using the
previous definition, and at which the monthly mean rain rate exceeded 2 mm/d. The most probable time
for the TRMM diurnal rainfall peak is 16:30 in the late afternoon. The solid curve of Figure 5a shows the PDF
of the local solar time of the diurnal rainfall peak from the CAM4-IF model. Although the overall shape of
the CAM4-IF PDF is similar to the TRMM PDF, the CAM4-IF maximum occurs slightly earlier than the TRMM
maximum, and the CAM4-IF PDF under represents the frequency of occurrence of rainfall peaks during
the night.
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Figure 6. (a) The amplitude of the annual mean TRMM diurnal rainfall cycle. (b) The amplitude of the annual mean TRMM
diurnal rainfall cycle. The diurnal amplitude has been defined as the difference between the maximum and minimum
rainfall rates, divided by the mean daily rainfall. The locations of the 13 tropical NOAA/National Climatic Data Center
radiosondes used here have been identified using open boxes.

Figures 6a and 6b show the regional variation in the amplitude of the annual mean TRMM and CAM4-IF
convective rainfall diurnal cycles, with the annual mean again constructed using the previous defini-
tion of months considered convective. The diurnal amplitude was defined as (Rmax − Rmin)∕Rmean, where
Rmax, Rmin, and Rmean refer to the maximum, minimum, and mean rainfall rates using the eight rain rates
used to define the local diurnal cycle. Although defined somewhat differently, the spatial variation
in the amplitude of the TRMM diurnal cycle is similar to previous maps [Yang and Slingo, 2001; Chao,
2013] of the observed diurnal cycle, with amplitude maxima over the northeast coast of Brazil, Central
America, the southeast United States, and parts of Africa. In general, the CAM4-IF model is not able to
simulate the spatial variability in the amplitude of the TRMM diurnal cycle. In the CAM4-IF model, for
example, the amplitude of the diurnal cycle in East Africa is near zero, whereas the TRMM amplitude is
quite large.

5. Effect of the Mass Flux Closure

It is not possible to isolate a single reason for the improvement in the diurnal cycle of convective rainfall
in going from the default CAM4 model to the CAM4-IF model. However, much of the improvement results
from a change in the mass flux closure. Prior to deep convection, the default CAM4 model first identifies
the layer near the surface with the largest moist static energy. This is usually the layer closest to the surface.
If the CAPE of an air parcel launched from this layer exceeds a threshold of 70 J/kg, mass is removed from
the layer with a 1 h time scale and entrained into a convective plume which subsequently rises within the
grid column. The CAM4-IF model, on the other hand, calculates the CAPE of the bottom four model layers.
If the CAPE of any layer exceeds a threshold of 100 J/kg, mass from the layer is used to construct an updraft
parcel spectrum as described in Appendix A. In this method, the total initial updraft parcel mass roughly
scales with the CAPE of the boundary layer as a whole, rather than the CAPE of a relatively thin layer near the
surface. This difference can affect the diurnal variation in convective rainfall generated by the two models.
Figure 7 shows the diurnal variation in the CAPE of the near-surface layer of the CAM4-IF model, and of the
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Figure 7. Dashed line: the diurnal variation of the CAPE of
the lowest model layer. Solid line: The diurnal variation of the
mass-weighted CAPE of the four lowest model layers. Both curves
were obtained from the CAM4-IF model from the southeast United
States region during July.

average mass-weighted CAPE of the low-
est four model layers, both averaged over
the southeast United States region in July.
The boundary layer CAPE was calculated
by using each of the four lowest layers
as a launch level and then weighting the
resulting CAPE of each layer by the appro-
priate pressure thickness. The CAPE of
the near-surface layer sharply increases
after sunrise and peaks near 10:00 [Chao,
2013]. The secondary peak near 20:00 is
caused by an early evening local increase in
near-surface water vapor mass mixing ratio.
However, the mass-weighted CAPE of the
boundary layer responds much more slowly
to the morning increase in solar insolation
and reaches a weak maximum near 16:00.

To investigate the effect of changes in the
mass flux closure on the diurnal cycle of

convective rainfall, we ran three additional simulations of the CAM4-IF model. In the LEV1, LEV2, and LEV3
simulations, updraft parcels were entrained from only the lowest one, two, and three model levels, respec-
tively. As described in the Appendix A, the cloud base mass flux of each model layer is proportional to the
CAPE of that layer. If the number of model levels from which updraft parcels may originate is reduced, the
convective mass flux will be reduced and convection will tend to occur at larger and less realistic values of
CAPE. To compensate for the reduction in the number of levels from which updraft parcels may originate,
the convective removal time scale tremove in the three simulations was reduced to 2 (LEV1), 4 (LEV2), and 8
(LEV3) h.

We also wanted to investigate the degree to which the implementation of subgrid-scale organization was
affecting the simulation of the diurnal cycle. We therefore ran two additional simulations. In the NO-ORG
simulation, all four organization variables were fixed at constant values. This includes (with the fixed value
in brackets) the mass flux amplification factor AMP (3), the updraft parcel spectrum width dkm (0 J/kg), the
deep mixing fraction fdeep (0.50), and the updraft condensate to precipitation conversion efficiency fprecip

(0.5). In a second simulation called NO-AMP, the mass flux amplification factor was fixed as given above, but
the other three organization parameters varied as described in Appendix A.

For each of the five additional simulations, we calculated the global mean correlation coefficient between
the TRMM and simulated diurnal cycles in the same manner as described earlier. The variation in the global
mean correlation between the model runs is shown in Figure 8. The solid curve refers to the value of the
correlation over land, while the dotted curve shows the correlation over the ocean. Over land, the default
CAM4 model had the lowest value global mean correlation, with an overall anticorrelation with the TRMM
diurnal cycle. For the CAM4-IF model, there was a progressive improvement in the simulation of the diurnal
cycle as additional near-surface layers were permitted to generate convective updraft parcels. The addition
of subgrid-scale convective organization was also associated with an improvement in the simulation of the
diurnal cycle, with the average correlation coefficient of the CAM4-IF model run higher than the coefficients
of both the NO-AMP and NO-ORG model runs. Over the ocean, the correlation coefficients of the six model
runs were similar to each other, with the default CAM4 model exhibiting a slightly higher correlation than
the other five model runs.

6. Comparison With Other Observations

New implementations of convective parameterizations in climate models are tested against a large number
of metrics in addition to the diurnal cycle. It is desirable that increased agreement in one metric not be offset
by decreased agreement in others. Although the comparisons given here are not intended to be defini-
tive, it is our experience that allowing convective updraft parcels to originate from the lowest four model
layers (as opposed to just the near-surface layer) does not undermine other aspects of the CAM4-IF model.
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Figure 8. The annual mean correlation between the simulated and TRMM
diurnal rainfall cycles, plotted as a function of model simulation. The solid
curve refers to the correlation coefficient obtained from convective loca-
tions over land, while the dashed curve refers to convective locations over
the ocean. The horizontal axis refers to different model simulations. Model
1 refers to the default CAM4 model. Model 7 refers to the CAM4-IF model.
The remaining points refer to modifications of the CAM4-IF model.

6.1. Comparisons With Monthly
Mean Rainfall
The rainfall climatologies of the 3
year model runs were compared
with the 2003–2010 TRMM rainfall
climatology using a Taylor diagram
[Taylor, 2001]. In this diagram, shown
in Figure 9, the angular coordinate
refers to the correlation coefficient
between the modeled and TRMM
monthly mean rain rates. In calcu-
lating the correlation, we restricted
attention to grid cells and months for
which the rain could be considered
convective using the previous defini-
tion, and considered land and ocean
regions separately. The radial coordi-
nate refers to the standard deviation
of the monthly mean convective rain-
fall rates of a model run (land and
ocean again considered separately),
normalized by the standard deviation
of the TRMM monthly mean rain rates.
Within each sum we used an appro-
priate area weighting factor, and the
monthly rain rates were defined as an
anomaly with respect to the annual
global convective mean. With these

definitions of the two axes, the distance of a particular model point from the REF point on the x axis in
Figure 9 becomes proportional to the centered root-mean-square (RMS) difference between the simulated
and observed rainfall patterns. The CAM4-IF results are shown in Figure 9 (solid circles), while the default
CAM4 results are shown in Figure 9 (open squares). In the case of ocean rain (Figure 9, label 1), the CAM4-IF
model has a much larger normalized standard deviation than the CAM4 model, and therefore has a much
larger RMS difference. In the case of land rain (Figure 9, label 2), the CAM4 model has a smaller normalized
standard deviation and a smaller RMS difference.

The rainfall climatology obtained from the 2003–2010 TRMM rainfall rates is an average over changes in
rainfall due to both internal atmospheric variability and changes in sea surface temperatures. The model
runs were conducted using fixed sea surface temperatures, and as such, only include variability that is
internally generated by the atmosphere during a 3 year period. It would therefore not be anticipated that
the RMS difference of the modeled rainfall fields from the TRMM rainfall fields would be zero, even in a
“perfect” model.

6.2. Shortwave and Longwave Fluxes
The Taylor diagram shown in Figure 9 also shows the correlation coefficients and standard deviations of the
top of the atmosphere 20◦S–20◦N shortwave and longwave fluxes of the two models. The CERES data set
was used as the reference climatology. For both fluxes, the RMS difference of the CAM4-IF model is smaller
than the RMS difference of the default CAM4 model.

It should be noted that some of the biases present in the representation of clouds in the CAM4 model have
been diminished or resolved in the more recent CAM5 model [Kay et al., 2012]. Within an area similar to the
southeast United States region shown in Figure 3b, the CAM5 model also appears to simulate the diurnal
cycle in convective rainfall more accurately than the CAM4 simulation shown in Figure 2a.

6.3. Temperature and Relative Humidity Profiles
Figure 10a shows the temperature biases of the CAM4 and CAM4-IF models as a function of height, with
respect to an annual mean tropical radiosonde profile. This profile was generated by the SPARC radiosonde

FOLKINS ET AL. ©2014. American Geophysical Union. All Rights Reserved. 11

http://dx.doi.org/10.1002/2013JD020149


Journal of Geophysical Research: Atmospheres 10.1002/2013JD020149

Figure 9. A Taylor diagram comparison of the CAM4-IF model (solid
circles) with the default CAM4 model (boxes). The variables plot-
ted are (1) ocean convective rain; (2) land convective rain; (3) top of
the atmosphere-reflected solar radiation (20◦S–20◦N); (4) top of the
atmosphere-reflected longwave radiation (20◦S–20◦N). The distance of
a model variable from the REF location on the x axis corresponds to the
centered root-mean-square (RMS) difference, in the case of the two rain
variables, with a TRMM climatology, and in the case of the two radiative
fluxes, with a CERES climatology.

stations indicated in Figure 6b (open
squares). The temperature profiles of
the models were averaged over the grid
columns containing the radiosonde sta-
tions. The CAM4-IF model runs exhibit
a cold bias throughout the troposphere
that peaks in the upper troposphere.
The default CAM4 model also has a cold
bias in the upper troposphere and a
small warm bias which peaks near 7 km.
Figure 10b compares the relative humid-
ity profiles of the models with an annual
mean relative humidity profile obtained
from the 13 radiosonde stations. Both
models are quite successful in simulat-
ing the annual mean relative humidity
profile in the lower troposphere (below
5 km). The CAM4-IF model exhibits a
moist bias in the middle and upper tro-
posphere. The CAM4 model has a smaller
relative humidity bias in the middle tro-
posphere but a larger relative humidity
bias in the upper troposphere. The actual
magnitude of the upper tropospheric
moist bias of the models is unclear, how-
ever, as radiosondes tend to exhibit a
dry bias at the colder temperatures char-

acteristic of the upper troposphere [Kley et al., 2000]. Though obtained from a restricted set of radiosonde
stations, the temperature and relative humidity biases of the CAM4 model shown in Figure 10 are similar
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Figure 10. (a) The temperature bias of the models with respect to an annual mean tropical radiosonde climatology. The
default CAM4 model is shown in red, while the CAM4-IF model is shown in blue. The gray curves refer to various mod-
ifications of the CAM4-IF model. (b) The dashed curve refers to an annual mean tropical relative humidity climatology.
At temperatures colder than 0◦C, the relative humidity has been calculated with respect to the saturated vapor pressure
of ice. The annual temperature and relative humidity profiles were obtained from the 13 radiosonde stations shown in
Figure 6b.
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to the overall tropical biases of the CAM4 model previously calculated with respect to a reanalysis data set
[Neale et al., 2013].

7. Summary

Most of the convective parameterizations used in climate models are mass flux-based parameterizations in
which the effects of convective clouds on the background atmosphere are represented by updraft plumes
or parcels moving upward under the influence of buoyancy. In many convective parameterizations, the
updraft plume or parcel is entrained from the model level with the highest moist static energy or a relatively
thin surface layer [Grell, 1993; Jakob and Siebesma, 2003; Bechtold et al., 2001]. However, there is no reason,
other than computational expediency, to restrict the initiation of convective clouds exclusively to a single
layer near the surface. Over the tropical oceans, the positive CAPE surface layer typically extends to 900 hPa,
while over southeast United States, the positive CAPE layer typically extends to 800 hPa [Mitovski and Folkins,
2013]. In the default CAM4 model, due to the practice of restricting the initiation of convective plumes to
the layer with highest moist static energy, convective plumes usually originate from a near-surface layer that
has a pressure thickness of about 14.5 hPa. In this case, in order to generate realistic deep convective mass
fluxes, it is necessary that the convective removal time scale from this layer be very short (1 h).

The rapid removal of positive CAPE air from a thin surface layer generates a bias in the simulation of the diur-
nal cycle. Over land during the day, boundary layer turbulence gives rise to an upward flux of heat and water
vapor from the Earth’s surface. This upward transport helps generate air parcels with positive CAPE through-
out the boundary layer. Because of the time lags associated with this upward transport, the mass-weighted
CAPE of the boundary layer responds more slowly to increases in solar insolation than the CAPE of the sur-
face layer. Climate models should therefore be able to improve their representation of the diurnal cycle in
convective rainfall over land by using convective parameterizations which employ mass flux closures which
are sensitive to the convective instability of the grid column as a whole, rather than a thin surface layer. We
have shown that the CAM4-IF model exhibits a significant improvement in the simulation of the diurnal
cycle in convective rainfall over land as the number of near-surface levels used to generate convective air
parcels increases from one to four. As a result, the CAM4-IF model is able to simulate the diurnal cycles in
convective rainfall over land and ocean to a comparable accuracy.

The method outlined here for generating the late afternoon peak in convective rainfall over land is quite
simple and seems to be the most natural explanation from an energetic point of view. However, within
the boundary layer, moist static energy usually decreases with height. If updraft air parcels are initially
entrained from a larger number of near-surface model layers, the average initial updraft moist static energy
will decrease. As a result, it may be necessary to modify the mixing schemes of convective parameterizations
in order to retain a strong outflow mode in the upper troposphere.

In addition to boundary layer resistance, it is likely that there are numerous other physical mechanisms that
can affect the timing of the diurnal peak in convective rainfall. In particular, some of the improvement in
the diurnal cycle of convective rainfall in the CAM4-IF model comes from the implementation of convective
organizational variables or convective memory, as reported by other authors [Rio et al., 2009; Stratton and
Stirling, 2012; Chao, 2013].

For the most part, our implementation of convective organization is not able to simulate the diurnal cycle
in regions where the diurnal peak in convective rainfall occurs at night. Most of the rainfall in these regions
appears to be associated with organized convective systems that are either remotely generated, or asso-
ciated with local synoptic forcings that favor nighttime development. In these regions, the correlation
between the local diurnal cycle simulated by the CAM4-IF model and the observed diurnal cycle measured
by TRMM is only weakly positive. Significant further improvement in the simulation of the diurnal cycle in
convective rainfall over land by the CAM4-IF model will therefore probably require more realistic simulations
of the types of convective organization that generate peak rainfall rates during the evening.

Appendix A: Subgrid-Scale Convective Organization in the CAM4-IF Model

The one-dimensional behavior of the IF convective parameterization has been described previously [Folkins,
2009]. During implementation into the CAM4 model, the parameterization was modified to include a form
of subgrid-scale organization. Rather than being fixed at constant values, four of the model parameters
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depend on the mean precipitation rate generated by the model grid column over the past 2 h. Although the
improvement in the simulation of the diurnal cycle in convective rainfall associated with the introduction
of convective organization is modest, its introduction does have a number of important benefits. It gives
rise to more rapid rates of growth and decay of convective precipitation, an increase in the mean height of
divergent outflow from shallow to deep during the development of high rain events, and a boundary layer
cooling that is coincident with high rain rates. The next four sections give a more detailed discussion of
convective organization in the IF convective parameterization.

A1. Boundary Layer Moist Enthalpy Spectrum
When convective precipitation is present, there is an increase in the variability of boundary layer temper-
ature and specific humidity [Zhang and Klein, 2010]. Cloud-resolving model simulations show that, during
convection, the moist static energy of parcels recently heated by the surface can exceed the moist static
energy of boundary layer downdraft parcels by as much as 10 kJ/kg [Khairoutdinov and Randall, 2006].
The updraft parcels that originate from each of the four model levels closest to the surface are therefore
assigned a range of moist enthalpy values. Let km refer to the moist enthalpy of a grid box, N to the number
of updraft parcels in the moist enthalpy updraft parcel spectrum, and dkm to the width of the spectrum. The
initial moist enthalpy of updraft parcel i is then defined as

km,i = km + (i − 1)
(N − 1)

dkm, (A1)

with i ranging from 1 to N. Each parcel within the updraft spectrum of a grid box is assumed to have the
same initial mass per unit area.

The width dkm of the initial updraft parcel spectrum is an increasing function of the mean local rain rate
Rmean, where Rmean is defined as

Rmean =
(

1 −
tstep

𝜏org

)
Rmean,prev +

tstep

𝜏org
Rcurrent. (A2)

The tstep refers to the time step of the CAM4 model (30 min), 𝜏org is a time scale over which Rmean responds to
changes in precipitation (𝜏org = 2 h), Rmean,prev is the previous local value of the mean precipitation rate, and
Rcurrent is the current precipitation rate in the grid column. With this definition, Rmean is roughly equal to the
mean precipitation rate of the local grid column over the time interval 𝜏org. It would be possible to simply
set Rmean equal to the precipitation at the most recent time step by using 𝜏org = tstep. However, this tends to
introduce excessive nonlinearity into the rainfall rate generated by the model. The values of the convective
organization variables therefore respond in a slightly lagged manner to changes in local rainfall.

The width dkm of the moist enthalpy spectrum is then defined using the following sigmoidal expression.

dkm = dkm,min +
dkm,max

1 + e−Rnorm
(A3)

Minimum width of the enthalpy spectrum is dkm,min, dkm,min + dkm,max is the maximum width, and Rnorm is
defined in terms of Rmean and two additional rainfall parameters Rhalf and Rscale.

Rnorm =
Rmean − Rhalf

Rscale
(A4)

Rhalf is the rain rate at which the spectrum width is roughly equal to half its maximum value. Rscale is a
parameter that determines the steepness of the sigmoidal curve. For small Rscale, the sigmoidal function
approaches a step function. Figure A1 shows the dependence of dkm on Rmean obtained by using the above
three equations, and the parameter values given in Table A1.

If the convective precipitation within a grid column increases, the sigmoidal expression for dkm will increase
the value of dkm parameter on the next time step. This increase in boundary layer variance will tend to
increase the fraction of the boundary layer mass with positive CAPE and contribute to a further increase in
convective precipitation. The introduction of the dkm parameter therefore contributes to a nonlinear intensi-
fication of high rain events and an increase in the overall rainfall variance. The downdraft formulation of the
model is constructed to enable the direct injection of downdraft parcels with reduced moist static energy
into the boundary layer. Without the introduction of a moist enthalpy spectrum, this direct injection of cold
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Figure A1. Each curve shows the sensitivity of a particular variable
used in the convective parameterization to Rmean, roughly equal to the
mean rainfall rate of a grid column over the previous 2 h. The formulas
used to calculate the sigmoidal curves are given in Appendix A. At low
values of Rmean, the variables converge to the minimum value listed in
Table A1. At large values of Rmean, the variables converge toward the
sum of the minimum and maximum values listed in Table A1.

air would be a strong negative feed-
back on the development of high rain
events in the model. The dkm parameter
can be tuned to generate a reason-
able magnitude for the observed
boundary layer cooling coincident with
strong convective events [Mitovski and
Folkins, 2013].

A2. Cloud Base Mass Flux
At each of the four lowest model lev-
els, we define an initial updraft parcel
mass per unit area spectrum mp,i (where
i ranges from 1 to N) using the following
expression.

mp,i = AMP

( tstep

tremove

)(
cape(i)

capescale

)(
dp
gN

)

(A5)

The dp refers to the pressure differ-
ence between the top and bottom of a
grid box, cape(i) to the CAPE of parcel i
within the moist enthalpy updraft spec-
trum, capescale to a CAPE scale (800 J/kg),
tremove to a removal time scale (12 h).

Apart from defining an updraft parcel spectrum at each initial starting level, the above expression is similar
to the mass flux closures used in other convective parameterizations. Convection occurs in response to the
presence of CAPE. However, we have introduced an additional parameter AMP. This parameter depends on
the lagged mean rainfall rate Rmean in the same way that the dkm parameter depends on Rmean, except that
we use different coefficients. These coefficients are given in Table A1. The resulting dependence of AMP on
Rmean is shown in Figure A1. The introduction of this parameter also tends to generate faster growth rates of
convective rainfall.

A3. Deep- and Shallow-Mixing Fractions
Within the initial updraft parcel spectrum of a model layer, parcels whose CAPE exceeds 100 J/kg are given
an initial upward kinetic energy of 20 J/kg to overcome the local convective inhibition. This is a virtual
kinetic energy which is not exchanged with the energy of the column. At each subsequent model level, air
parcels mix with the background atmosphere using a buoyancy gradient formalism in which the fractional
mass entrainment (or detrainment) of a parcel at layer i is given by

𝜎 =
bp(i + 1) − bp(i − 1)

bmix
, (A6)

where bp(i − 1) is the buoyancy of the updraft parcel at the previous level and bp(i + 1) is the buoyancy
the parcel would have at level i + 1. The rate at which an updraft parcel mixes with the background atmo-
sphere is inversely proportional to a buoyancy scale parameter bmix. This formalism ensures that updraft

Table A1. Parameter Values for the Variables Which are Assumed to Depend on the Local Degree
of Convective Organizationa

Variable Rscale Rhalf Min Value Max Value Description

AMP 20 mm/d 40 mm/d 1 15 parcel mass amplification factor

dkm 15 mm/d 35 mm/d 0 J/kg 2000 J/kg parcel enthalpy spectrum width
fdeep 14 mm/d 14 mm/d 0.20 0.60 weak mixing fraction
fprecip 10 mm/d 15 mm/d 0.3 0.7 condensate precipitation fraction

aFor each variable, the four parameters listed here are used to calculate a sigmoidal value of the
variable using equations (A1) and (A2).
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parcels entrain (𝜎 > 0) when their buoyancy increases with height, and detrain (𝜎 < 0) when their buoyancy
decreases with height. Air parcels fully detrain into the background atmosphere at the first level at which
their buoyancy becomes negative and they have exhausted their initial kinetic energy.

Visual images of convective clouds indicate that convective parameterizations should be able to simulta-
neously generate different types of convective activity within a grid column. In the IF parameterization, the
initial moist enthalpy of an air parcel will depend on its level of origin and its position within the updraft
parcel spectrum of that level. However, this initial moist enthalpy variability is not able to generate by itself
a large range of convective outflow altitudes within a single grid column. We therefore introduce a second
source of convective variability in which parcels with larger initial moist enthalpy experience within the
updraft parcel spectrum of a layer experience reduced mixing by virtue of having a smaller bmix value. Let i
refer to the index of an updraft parcel within a spectrum. Its mixing parameter is then given by

bmix = bmix,0 +
(i − 1)
(N − 1)

Δbmix.

Here, N = 5 as specified above, Δbmix = 0.06 m/s2, and bmix,0 assumes two values. The updraft parcels with
bmix,0 = 0.20 m/s2 usually detrain in the lower troposphere, while the updraft parcels with bmix,0 = 0.32 m/s2

usually detrain in the upper troposphere. Each of the four levels nearest the surface is therefore in principle
able to generate deep and shallow outflow modes. A fraction fdeep of the parcel mass mp,i defined earlier
is assigned to the deep mode, while the remaining parcel mass is assigned to the shallow mode. The deep
outflow fraction fdeep is specified to be an increasing function of Rmean, using the same formalism used to
calculate the moist enthalpy spectrum width dkm. The coefficients used in the expressions for fdeep are given
in Table A1, and its dependence on Rmean is shown in Figure A1.

A4. Fractional Conversion of Excess Condensate to Precipitation
As updraft parcels rise in the atmosphere, they sometimes generate condensate (always assumed to be
liquid) in excess of a prescribed maximum rl,max. This maximum is specified as a function of temperature,
and for all updraft parcel temperatures warmer than 245 K is equal to 1.5 g/kg. At colder temperatures, it
increases to 4 g/kg. Some fraction fprecip of the updraft condensate in excess of rl,max is converted to precipi-
tation. The remainder is assumed to detrain into the background atmosphere (except when the background
atmosphere at that particular height is saturated, in which case fprecip = 1). The efficiency fprecip with which
updraft condensate is converted to precipitation increases with rain rate. We again use the same sigmoidal
formalism for fprecip as used for dkm, with the coefficients listed in Table A1.
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