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ABSTRACT5

Properties of the transition to strong deep convection, as previously observed in satellite pre-6

cipitation statistics, are analyzed using parcel stability computations and a convective plume7

velocity equation. A set of alternative entrainment assumptions yield very different char-8

acteristics of the deep convection onset boundary (here measured by conditional instability9

and plume vertical velocity) in a bulk temperature-water vapor thermodynamic plane. In10

observations the threshold value of column water vapor above which there is a rapid increase11

in precipitation, referred to as the critical value, increases with temperature, but not as12

quickly as column saturation, and this can be matched only for cases with sufficiently strong13

entrainment. This corroborates the earlier hypothesis that entraining plumes can explain14

this feature seen in observations, and places bounds on the lower tropospheric entrainment.15

Examination of a simple interactive entrainment scheme in which a minimum turbulent en-16

trainment is enhanced by a dynamic entrainment (associated with buoyancy-induced vertical17

acceleration) shows that the deep convection onset curve is governed by the prescribed min-18

imum entrainment. Results from a 0.5 degree resolution version of the Community Climate19

System Model, whose convective parameterization includes substantial entrainment, yield20

a reasonable match to satellite observations in several respects. Temperature-water vapor21

dependence is seen to agree well with the plume calculations and with offline simulations per-22

formed using the convection scheme of the model. These findings suggest that the convective23

transition characteristics, including the onset curve in the temperature-water vapor plane,24

can provide a substantial constraint for entrainment assumptions used in climate model deep25

convective parameterizations.26
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1. Introduction27

With the move toward higher resolution in global models, one might hope that additional28

aspects of the precipitation generating processes would improve. However, the interaction29

with traditional convective parameterizations can potentially become problematic, as the30

separation of scale between the grid size and convective plume size is reduced. There is a31

need for benchmarks that summarize statistics of fast time-scale motions in a manner that32

is relevant for the large-scale. The agenda here is to link a particular set of such benchmark33

statistics for deep convective onset from prior observational work (outlined below) with calcu-34

lations of convective plume buoyancy similar to those used in convective parameterizations.35

This includes quantifying the dependence of deep convective onset on free tropospheric mois-36

ture as well as providing a constraint on the entrainment assumptions. We thus begin with37

a brief review of background on each aspect.38

A number of observational studies have indicated that moist convection is sensitive to39

free-tropospheric humidity (Austin 1948; Malkus 1954; Brown and Zhang 1997; Sherwood40

1999; Parsons et al. 2000; Bretherton et al. 2004; Sherwood et al. 2003). Some of these41

findings have also been confirmed from recent numerical modeling studies using convection-42

allowing models (Tompkins 2001; Grabowski 2003; Derbyshire et al. 2004). The transition43

of convection from shallow clouds to deep cumulonimbus involves many complex effects, and44

its realistic representation in climate models is essential for an accurate simulation of rainfall45

statistics.46

Many climate models find it difficult to simulate this shallow to deep convective transi-47

tion. Derbyshire et al. (2004) reported that commonly used convection schemes are likely too48

insensitive to free tropospheric humidity. While several factors may contribute, including49

separate shallow and deep convection schemes and coarse vertical resolution, one of the more50

significant of these is thought to be the entrainment profile used in the updraft cloud model.51

The entrainment assumptions used in a convection scheme can play a substantially impor-52

tant role in its ability to simulate the observed transition to deep convection. Entrainment53
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dilution has a strong effect on the estimated convective available potential energy (CAPE)54

and closure assumptions in convection parameterization (e.g., Zhang 2009). Specifically, the55

relative roles of boundary layer humidity and the free tropospheric humidity can significantly56

change, based on entrainment assumptions. Consequently, the entrainment profile chosen for57

instability computations can strongly influence the estimated statistics of quasi-equilibrium.58

Lee et al. (2003) found that enforcing a minimum value of entrainment can yield a substantial59

increase in tropical intraseasonal variabilty. Given the importance of mixing assumptions in60

buoyancy computations, Neale et al. (2008) included the effect of entrainment dilution in the61

CAPE computation of the Zhang-McFarlane convection scheme used in the National Center62

for Atmospheric Research (NCAR) Community Atmosphere Model version 3.5 (CAM3.5),63

and noted substantial improvements in several aspects of tropical circulation. Bechtold et al.64

(2008) formulated the organized component of the total entrainment as a function of the en-65

vironmental relative humidity and found improvements in rainfall simulation and tropical66

wave activity. Strong sensitivity to entrainment and other parameters affecting the onset of67

convection has been noted in Stainforth et al. (2005), Zhao et al. (2009), and Neelin et al.68

(2010). A number of studies have worked toward evaluating convective plume entrainment69

observationally (Raymond and Blyth 1986; Brown and Zhang 1997; Jensen and Del Genio70

2006; Bacmeister and Stephens 2010; Luo et al. 2010) or via cloud-resolving modeling (Kuang71

and Bretherton 2006; Li et al. 2008; Romps and Kuang 2010) and one of the aims here will72

be to complement these approaches with independent criteria.73

Examining the transition to strong convection at high time resolution, Peters and Neelin74

(2006, hereafter PN06) borrowed techniques from clustering transition systems in statistical75

physics and showed that they could be usefully employed to condense information about76

precipitation onset statistics, and for showing relations among properties. A key quantity is77

the value of the column water vapor (CWV) at which the transition to strong deep convection78

occurs, termed the critical CWV, wc. Neelin et al. (2009, hereafter NPH09) examined the79

dependence on tropospheric temperature of this CWV. Taking into account bulk measures80
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of tropospheric temperature aided collapse of a number of leading precipitation statistics to81

relatively simple dependences on CWV and wc. The critical value for the onset of convection82

was found to increase roughly linearly with tropospheric temperature, but this dependence83

differed substantially from that of the most obvious rule of thumb, column saturation. At84

higher temperatures convective onset occurs at lower saturation across a set of tropical85

regions.86

This paper will focus on explaining this behavior and linking it to entraining plume87

calculations in a single plume framework such as can be used to constrain climate model88

convective parameterizations. It is thus worth reviewing an example of these results. Fig.89

1a shows precipitation retrievals conditionally averaged on CWV and a bulk tropospheric90

temperature. These are displayed as a function of CWV for various values of this bulk91

temperature. Here a tropospheric average temperature T̂ (200-1000 mb) is used (NPH0992

obtained similar results for other measures). Such bulk measures are consistent with the93

use of CWV, and permit analysis of the leading order behavior of the moisture-temperature94

dependence of the onset of deep convection. Ideally one would like to carry out such esti-95

mates with additional vertical degrees of freedom but the approach makes use of the vast96

number of measurements available for CWV. Specifically, in Fig. 1a, microwave estimates97

of precipitation (for details see Section 3) are conditionally averaged in T̂ bins of 1K and98

CWV bins of 0.3 mm, using temperature profiles from the National Center for Environ-99

mental Prediction-National Center for Atmospheric Research (NCEP-NCAR) Re-Analysis100

(Kalnay et al. 1996), and precipitation and CWV values from Tropical Rainfall Measuring101

Mission (TRMM; Kummerow et al. 2000) Microwave Imager (TMI; processed by Remote102

Sensing Systems with the Hilburn and Wentz 2008, algorithm), over the tropical western103

Pacific. A rapid pickup in precipitation can be seen to occur at a value of CWV that differs104

for each T̂ . This value is referred to as the critical CWV, wc (following the PN06 and NPH09105

terminology). A non-linear fitting of a power-law above wc allows an objective estimate of106

where the onset occurs. Specifically, the power-law fit is of the form a(w − wc)
β (following107
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PN06 and NPH09), with β = 0.185 for all the curves.108

Because wc turns out to be an important measure, it is worth examining its dependence109

on temperature as shown in Fig. 1b. A natural thing to compare this to (Bretherton110

et al. 2004) is the column saturation value q̂sat, which is also shown as a function of T̂111

in Fig. 1b. The wc values (estimated here using NCEP temperatures) are very close to112

those reported in NPH09 (where temperatures from the European Center for Medium-Range113

Weather Forecasts (ECMWF) Re-Analysis (ERA-40; Uppala et al. 2005) were used). Figure114

1b corroborates (with a different temperature data set) the findings of NPH09 that at higher115

temperatures the deep convective onset tends to occur at lower values of relative humidity, as116

can be seen from the increasing distance of the onset boundary and the column saturation117

line with increasing temperatures. As in NPH09, similar results are found when the wc118

estimation is carried out for different tropical regions (the western Pacific chosen here). The119

empirical critical value thus does not have a simple relation to the column saturation value120

— it is this property that we aim to explore in this paper.121

To illustrate the usefulness of this critical value, Fig. 1c shows an example of how various122

statistics related to deep convection can be collapsed to similar dependences when CWV is123

rescaled. The probability of occurrence of CWV values (for precipitating points), variance124

of precipitation, and precipitation (normalized by an amplitude factor determined from the125

power-law fits) are shown as a function of CWV rescaled by the corresponding estimated wc126

values (as in Neelin et al. 2008). The curves for different T̂ tend to collapse to a common127

dependence on the rescaled variable w/wc. Thus, the critical value of CWV seems to be a128

robust indicator of the transition to deep convection over the tropical oceans, and can be129

useful in condensing properties of various statistical measures of precipitation.130

To investigate physical mechanisms governing the CWV-precipitation relationship, Hol-131

loway and Neelin (2009, hereafter HN09), examined entraining plume buoyancy using sonde132

data from Nauru. Using various entrainment schemes, they found that higher values of133

CWV are associated with higher plume buoyancies, especially in the upper troposphere.134
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Moisture content of the lower-tropospheric air was found to be particularly important for135

this buoyancy increase, by means of entrainment. Thus highly entraining plumes were found136

to produce relationships between CWV and onset of conditional instability matching as-137

pects of the observed onset of deep convection and precipitation. This paper further pursues138

this agenda under the hypothesis that the bulk temperature-CWV relationship seen in the139

observed convective transition can be explained by such plume models. Quantifying the re-140

lationship of the onset of deep convection in observations through that in entraining plume141

models potentially provides additional constraints for convective parameterization schemes.142

This also helps to establish whether onset statistics such as are seen in Fig. 1a can provide143

useful metrics for climate models.144

A first step is to verify whether the observed transition boundary as a function of temper-145

ature and moisture can be reasonably reproduced by simple plume calculations and offline146

versions of convection schemes used in climate models (section 2). In these calculations,147

conditional instability of a deep convective column and plume vertical velocity are used as148

representative measures of the onset of deep convection. For the computation of plume149

vertical velocity, an updraft velocity equation is coupled to the buoyancy calculation, with150

the caveat that the vertical pressure gradient term is ignored. Similar calculations were151

performed using an offline version of the Zhang-McFarlane convection scheme as modified152

by Neale and Richter (Neale et al. 2008, hereafter ZMNR). Analysis of these parameters as153

a function of bulk measures of water vapor and temperature, shows that the onset of deep154

convection is strongly influenced by the choice of entrainment formulation (section 3). In155

order to investigate if climate models can capture the temperature-moisture dependence of156

deep convective onset, we compare the model output from a high-resolution (0.5 degree)157

simulation of CAM3.5, with satellite observations (section 4). Agreement between the of-158

fline calculations using ZMNR and the high-resolution model output supports the use of the159

offline model to analyze the physics and sensitivity in a more controlled environment.160
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2. Buoyancy Computation and the Updraft Equation161

a. Buoyancy Computation and Entrainment Cases162

The buoyancy computations use the standard formulation:163

rk = (1 − χk−1∆p)rk−1 + χk−1∆p r̃k−1, (1)

where r is a conserved variable, r̃ is the corresponding environmental value, k is the pres-164

sure level, ∆p is the pressure interval (5 hPa), and χ denotes the mixing coefficient. For165

the buoyancy computations, a theoretical parcel is made to rise from the 1000 hPa level,166

conserving total water specific humidity qt and the ice-liquid water potential temperature167

θil, with no precipitation production, and thus all the condensate is retained by the parcel168

in the form of cloud water (below the freezing level) and cloud ice (freezing level and above).169

For clarity a simple single-step water-to-ice conversion at the freezing level is used (which170

permits this contribution to be assessed visually in buoyancy profiles).171

To examine the impact of entrainment formulations, a set of simple assumptions for the172

dependence of the mixing coefficients are examined. The following entrainment cases are173

considered (illustrated in the Appendix):174

(i) No Entrainment. The mixing coefficient for entrainment of environmental air is set to175

zero for the entire atmospheric column. Properties of a rising parcel are determined by its176

temperature and moisture content at the level of initiation.177

(ii) Constant Entrainment. In this formulation the mixing coefficient has one value through178

the vertical column (50-950 hPa) above the atmospheric boundary layer (ABL), with a larger179

fixed value in the ABL (950-1000 hPa). To study the sensitivity of the plume calculations180

to the prescribed values of the mixing coefficient, four different profiles are used. In the181

ABL, all of them have the same value of the mixing coefficient (0.18 hPa−1 ≈ 19.83 km−1),182

whereas for the rest of the vertical column, the prescribed values are 0, 1, 2, 4 in units of 10−3
183

hPa−1 specified in pressure coordinates and these are thus referred to as C0, C1, C2, and184
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C4, respectively. The corresponding values for C1, C2, and C4 are 0.1 km−1, 0.2 km−1, and185

0.4 km−1 in the lower troposphere (around 900 hPa), the conversion for p-coordinate values186

in the mid-troposphere (around 500 hPa) are approximately 0.06 km−1, 0.12 km−1 and 0.24187

km−1, respectively, and in the upper troposphere (around 200 hPa), they are approximately188

0.03 km−1, 0.06 km−1 and 0.12 km−1, respectively. The lower tropospheric values are similar189

to or moderately higher than those used by some convective parameterization schemes;190

for example, Tiedtke (1989) assumed an entrainment rate of 0.1 km−1 for deep convective191

clouds and Brown and Zhang (1997) use similar values. A constant, high value of the192

entrainment coefficient is used in the ABL in C0-C4 to make it clear that varying free193

tropospheric entrainment is the dominant factor in results here. Sensitivity tests have also194

been conducted, for instance, using C4 values from 950 to 600 or 700 hPa and C2 values in195

the upper troposphere.196

(iii) Modified version of the Zhang-McFarlane convection scheme (ZMNR). Neale et al. (2008)197

made modifications to the Zhang-McFarlane convection scheme used in the NCAR CAM3.5,198

by using a prescribed entrainment rate (1 km−1) for the CAPE computation, thus relaxing199

the assumption of a non-dilute plume (no mixing with environmental air) in the standard200

Zhang and McFarlane (1995) version. The motivation for this change was primarily to201

alleviate the bias in the model-simulated near-surface thermodynamic conditions and to202

increase the sensitivity of deep convection to free tropospheric humidity.203

(iv) Deep Inflow A. This is similar to the LES-based estimate of the vertical dependence of204

the mixing coefficient reported in Siebesma et al. (2007). In this case, the plume mixes with205

the environmental air through a sufficiently deep layer in the lower troposphere, unlike the206

constant entrainment case, where most of the mixing happens in the first few layers. The207

mixing coefficient in this formulation has an inverse dependence on height, and is given by208

the following relation (same as HN09):209

χk∆p = cǫz
−1

k ∆zk, (2)
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where χk is the mixing coefficient for layer k expressed in pressure coordinates as hPa−1, ∆p210

is the pressure interval between two consecutive vertical levels (5 hPa), ∆zk is the depth of211

the layer, and cǫ = 0.4. In height coordinates, the mixing coefficient for Deep A has a value212

of almost 1 km−1 at 970 hPa, 0.39 km−1 at 900 hPa and 0.06 km−1 at 500 hPa.213

(v) Deep Inflow B. Similar to HN09, an idealized updraft vertical velocity profile is chosen214

such that it increases almost linearly at lower levels (in height coordinates), with zero at 1000215

hPa (≈ 84 m) and maximum at 430 hPa (7 km). This is similar to the updraft velocities216

reported in Robe and Emanuel (1996), and some of the relevant observational studies (e.g.,217

LeMone and Zipser 1980; Cifelli and Rutledge 1994; LeMone and Moncrieff 1994). The218

mixing coefficients are then computed from the vertical gradient of the specified updraft219

vertical velocity profile (noting that for this case, the specified profile is simply a means of220

roughly justifying the mixing profile, as opposed to the interactive mixing of case (vi) where221

the updraft profile changes). For simplicity, the mixing coefficient is set to zero above 430222

hPa, since there is negligible increase in mass flux beyond this level. In height coordinates,223

the mixing coefficient for Deep B has a value of almost 2.8 km−1 at 970 hPa, and 1 km−1 at224

900 hPa.225

(vi) Interactive (dynamic) Entrainment. Unlike the previous cases, where the mixing coeffi-226

cient is fixed a priori and is thus independent of the evolution of the plume, in this case it227

is a function of the updraft vertical velocity, and hence is, in part, dynamically determined,228

rather than being statically prescribed (e.g., HN09, de Rooy and Siebesma 2010). The total229

entrainment essentially consists of two components, namely, the minimum prescribed value230

(turbulent entrainment), and the dynamic entrainment associated with buoyancy-induced231

vertical acceleration, as follows:232

χk = χmin +
(ωk − ωk−1)

∆p(ωk + ωk−1)/2
, (3)

where χk is the mixing coefficient for layer k, χmin is the minimum prescribed mixing, ∆p is233

the pressure interval between two consecutive vertical levels (5 hPa), and ωk is the pressure234
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vertical velocity for layer k (computed from the updraft vertical velocity, see eqn. 5). In the235

ABL (1000-950 hPa), entrainment is specified to be the same as Deep B, i.e., corresponding236

to assuming linear plume growth.237

In order to explore the sensitivity of the plume calculations to the minimum prescribed238

value, we perform two sets of computations, one with a prescribed minimum of 0.002 hPa−1,239

and the other with 0.004 hPa−1, denoted I2 and I4, respectively. Note that the minimum240

prescribed values for I2 and I4 are same as the free tropospheric values used in C2 and C4241

above.242

In discussion we loosely group the C0 and non-entraining scheme as low entrainment, C2,243

I2, Deep A, C4, I4, and Deep B as high entrainment, with the caveat that the vertical struc-244

ture differences must be taken into account when making finer distinctions (e.g., comparing245

C2 and C4, or Deep A and Deep B).246

b. Updraft Equation247

The plume equation is used to diagnose updraft velocity both for analysis and also to test248

the interactive entrainment assumptions. Interactive or “dynamic” entrainment attempts to249

take into account effects of vertical acceleration of the plume which would enhance entrain-250

ment by a mass flux balance, assuming that turbulence prevents the width of the plume from251

decreasing (Houghton and Cramer 1951; Ferrier and Houze 1989; de Rooy and Siebesma 2010,252

HN09). To estimate the importance of such effects, we use a plume velocity equation similar253

to those used in prior studies (e.g., Simpson and Wiggert 1969; Sud and Walker 1999; Gre-254

gory 2001; Siebesma et al. 2007; Kim and Kang 2011) to diagnose updraft vertical velocity255

from buoyancy:256

∂w2

u

∂z
= −

c

z
w2

u + aB, (4)

where wu is the updraft velocity, B is the buoyancy term, and c and a are constants. In257
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the Simpson and Wiggert (1969) formulation, a = 2/(1 + γ), with γ > 0, while Siebesma258

et al. (2007) make assumptions regarding the pressure gradient term such that the effects of259

buoyancy are actually enhanced, i.e., a > 2. We have done sensitivity tests with a from 1 to260

3, but in fact the sensitivity can be more easily seen from the analytic solution below.261

The plume velocity equation is treated as a separable add-on to the buoyancy calculations262

(note that the buoyancy calculation does not have the same form as that of the plume263

equation for the vertical velocity). This is done in order to have a buoyancy computation264

that closely parallels the standard calculations that do not use a vertical velocity, while at the265

same time being able to explore some of the consequences for models where a plume velocity266

is calculated. The mixing coefficient for buoyancy is influenced by the vertical velocity only267

for the interactive entrainment cases.268

A solution for this formulation of the updraft velocity is:269

w2

u = z−c

∫ z

0

az̀cBdz̀ + w2

0

( z

z0

)
−c

, (5)

where w0 is the initial perturbation velocity, and z0 is the height where it is applied. This270

solution is similar to that of HN09, but with a second term on the rhs included. This term271

represents the initial perturbation to the updraft velocity of the plume, due to, for example272

propagating gust fronts initiated by convective downdrafts. Equivalently, one could define273

a perturbation pressure gradient through the layer of the gust front that would yield this274

vertical velocity at the top of the layer. For results shown, we have used a value of 10 m/s275

for w0 and 350 m for z0. Most of the observational studies on gust fronts have been done for276

the mid-latitudes, for example, Wakimoto (1982), and they report similar or higher values277

for the speed and depth, depending on the stage of development of the front.278

From this solution it may be seen that increasing a by some factor ‘f ’ and increasing w0279

by square root of ‘f ’ will leave the shape of the solution unchanged, although its amplitude280

will be proportional to ‘f ’. Thus for instance whether or not a plume reaches the upper281

troposphere will be independent of a (with this corresponding change of w0) because regions282
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of negative and positive buoyancy rescale by the same factor. The amplitude also cancels in283

the calculation of the dynamic entrainment contribution, so for purposes here sensitivity to284

a is equivalent to sensitivity to independent changes in w0 (aside from the amplitude of wu,285

which is not presented). Results are shown for the case of a = 1. For the entrainment used286

here (a strong momentum entrainment case c = 1 is shown, though smaller values have been287

tested) the influence of w0 drops off fairly rapidly with height [compared to, e.g., Gregory288

(2001) where the effects reach the upper troposphere], although w0 is important to the plume289

punching through layers of negative buoyancy in the lower troposphere.290

3. Transition to Deep Convection as a Function of Tro-291

pospheric Temperature292

In this section we explore the dependence of critical column water vapor wc, a measure of293

the transition to deep convection (PN06), on tropospheric temperature. As summarized in294

the introduction, NPH09 computed wc over various tropical ocean basins, using the ERA-40295

temperatures and the TMI column water vapor, exploring its dependence on bulk measures296

of tropospheric temperature. We compute wc values over the western Pacific using the same297

method as that used in NPH09, but using temperature profiles from the NCEP-NCAR Re-298

analysis. The wc values thus computed are plotted as a function of CWV and T̂ , and shown299

in Fig. 1b. These are repeated in Fig. 2 in order to compare them to plume calculations300

below. Also shown in Fig. 2 are wc values reported in NPH09 (which used ERA-40 tem-301

peratures). The slopes of the deep convective onset boundaries for the two temperature302

sources agree quite well, although the wc values estimated using the NCEP temperature303

profiles are marginally higher than those estimated from the ERA-40 profiles. The critical304

value for the onset of convection has an approximately linear dependence on T̂ , increas-305

ing at a rate of about 2.2 mm K−1 in the range of temperatures analyzed. This change is306

approximately 3.6% K−1, while the column saturation value increases at a rate of around307
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6% K−1, emphasizing that the ratio of wc to the column saturated value has a temperature308

dependence. In order to test if simple convective plume representations such as those used in309

current convective schemes can capture this behavior, and to improve our understanding of310

the physical mechanisms underlying the deep convective transition, we perform plume com-311

putations with different entrainment formulations and various assumptions for the vertical312

structure of temperature perturbations.313

a. Plume calculations using typical temperature profiles from ERA-40314

We select a set of temperature profiles typical of those for conditions that have a reason-315

able chance of deep convection from the ERA-40 data set. For this, temperature profiles over316

the tropical western Pacific are first binned at 1 K intervals of corresponding T̂ values. Then,317

for each bin, we choose only those temperature profiles that have a corresponding CWV value318

greater than 0.9wc (wc values for western Pacific reported in NPH09 have been used) for the319

given T̂ , and then compute the mean of all the conditioned profiles, such that the composite320

represents a typical temperature sounding conducive for deep convection. Plume computa-321

tions then use these conditional mean profiles. The results can thus be interpreted in terms322

of this simple set of T soundings (as opposed to carrying out calculations for all T soundings323

and then averaging the results as was done in HN09). Similarly, we wish to have a simplified324

profile of relative humidity that maintains essential features of observed moisture variations325

but with only two vertical degrees of freedom (characterizing free troposphere and ABL,326

respectively) for ease of interpretation. This also allows calculations to be easily continued327

into the very high free tropospheric relative humidity range (which in observed profiles has328

smaller sample size). The idealized profile is chosen as follows. A typical surface relative329

humidity value for convective onset cases (85%) is prescribed, with a linear increase at 6.5%330

per 50 hPa up to 950 hPa, approximately matching observations for convecting or close to331

convecting cases (HN09). Above this a blending region has an interpolation to a constant332

free tropospheric value above 800 hPa. This free tropospheric relative humidity is varied333
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through a range of 51-99%. Plume calculations are performed for these T and q profiles of334

the environment, using in turn each of the entrainment cases listed in section 2a.335

We wish to compare the convective onset boundary estimated in observations to a rea-336

sonable analog for each of these calculations. Neelin et al. (2008) analyzed the dependence337

of entraining CAPE on CWV (where the entraining CAPE
∫ zLNB

z0

T̄v
−1

g(Tvp − T̄v)dz is cal-338

culated as for CAPE but replacing an adiabatic parcel virtual temperature by that of an339

entraining parcel Tvp, in this case with a constant mixing of 0.1% of environmental air per340

hPa, with T̄v the virtual temperature of the environment). They found a sharp pickup,341

similar to that seen in precipitation, in the entraining CAPE at sufficiently high CWV cor-342

responding to the onset of deep convective cases. Thus, entraining CAPE can be used as a343

reasonable measure to characterize deep convective onset, although it comes with the caveat344

that the wc value thus estimated might show marginal differences depending on the method345

of estimation. Figure 2 shows the deep convective onset boundary, using the 100 J/kg en-346

training CAPE contour as an estimator of the onset, for each of the entrainment cases, as347

a function of T̂ and CWV. Sensitivity to the choice of entraining CAPE contour will be348

discussed below.349

Consider one of the entrainment cases, Deep B, as an example. At a given T̂ if one begins350

at low values of free tropospheric relative humidity as indicated by low CWV values, this351

entrainment calculation yields convective stability. As one moves towards higher CWV, the352

onset of convective instability occurs. For each contour, shading indicates which side of the353

contour has increasing CAPE, i.e., on which side convective instability occurs. At different354

temperatures, the onset boundary as estimated by the 100 J/kg contour occurs at different355

column water vapor values. For this entrainment scheme, overall the onset boundary angles356

towards higher CWV at higher T̂ in a manner that roughly parallels the onset as estimated357

from microwave precipitation observations. As one considers different entrainment cases,358

however, the onset boundary can shift substantially.359

The shifts in the position and slope of the onset boundaries in Fig. 2 as one changes360

14



entrainment cases indicate that the relationship of the critical column water vapor to tro-361

pospheric temperature shows strong sensitivity to the entrainment formulation. For the362

non-entraining case, it can be seen from the figure that deep convection occurs over almost363

the entire range of T̂ and CWV values used in this study. For the constant entrainment364

cases, the temperature dependence of wc is found to be a strong function of the mixing365

coefficient value in the free troposphere. For the no entrainment and C0 cases, lower relative366

humidity soundings can be slightly more unstable due to the direct effect of water vapor on367

the density of air, i.e., the virtual temperature effect. These cases are highly unstable under368

circumstances for which the observations suggest deep convection does not occur. As en-369

trainment increases, the onset boundary rapidly changes to a configuration where instability370

increases for higher relative humidity because the entrained air has less negative impact on371

the buoyancy of the parcel.372

Although the two deep inflow cases are very similar in design, for a given temperature,373

onset with Deep A starts at much lower values of free tropospheric CWV than that of Deep374

B which has stronger entrainment at a given level. In the case of interactive entrainment, the375

prescribed minimum value plays a significant role in governing the onset characteristics. For376

I2, deep convection starts at somewhat lower values of T̂ , as compared to I4. In addition, for377

a given value of T̂ , the critical CWV for I4 is found to be much higher than that for I2. An378

interactive entrainment case with no minimum entrainment (not shown) behaves much like379

the C0 case (with no free tropospheric entrainment) in terms of onset boundary. This occurs380

because near the onset of conditional instability, there is little buoyancy to force vertical381

acceleration that could yield dynamic entrainment.382

Overall, the high entrainment cases show a qualitative agreement with the observations,383

in terms of slope of the onset boundary. In terms of the wc values estimated from CAPE,384

the set of C2, I2, Deep A and Deep B, and the set of C4 and I4, bracket the observations.385

Note that the onset boundary for the high entrainment cases is at an angle to the constant386

RH line, such that for higher T̂ , deep convection occurs at lower values of free tropospheric387

15



RH, consistent with the findings from observations and those reported in NPH09. Even at388

100% free tropospheric RH the highly entraining schemes do not show any deep convection389

for colder tropospheric temperatures, approximately reproducing this feature of the obser-390

vations. Interestingly, the observed wc-T̂ relationship can be approximately captured even391

with a simple constant entrainment scheme, with the right choice of mixing coefficient values,392

thus explaining to some extent, the success of some of the cumulus parameterization schemes393

employing such entrainment formulations. We note that even when different entrainment394

formulations look similar on this onset diagram, they can have other measures that distin-395

guish them. For instance, the Deep B case shows considerable difference in the plume-top396

height (discussed below). Thus the constraint placed on entrainment by the criteria used397

here for the match to the observed onset in the temperature-CWV plane is likely compli-398

mentary to constraints on entrainment that use cloud-top data (e.g., Brown and Zhang 1997;399

Bacmeister and Stephens 2010; Luo et al. 2010).400

Another measure of deep convective onset diagnosed in the plume model is the updraft401

vertical velocity. In Fig. 3a we show the 400 hPa plume vertical velocity as a measure of402

deep convective transition, for the various entrainment cases. Selection of the 400 hPa level403

to distinguish between the deep cumulonimbus and the cumulus congestus is based on some404

of the recent observational studies (e.g., Luo et al. 2009). It can be seen from Fig. 3a, that405

similar onset dependence of temperature can be reproduced by using plume vertical velocity406

as an alternate measure of deep convection for all the entrainment cases except Deep inflow407

B, which has a lower-tropospheric choke-point for lower values of free tropospheric humidity.408

In this measure, its onset shifts closer to those of C4 and I4. It is worth noting that the409

400 hPa wu criterion in Fig. 3a more sharply divides the entraining plume models into410

two families, with Deep A, C2 and I2 onsets occurring at lower CWV than observations.411

Similar onset boundaries are obtained using the saturation column water vapor over the412

lower troposphere (550-875 hPa) as an alternate measure of lower tropospheric temperature413

(figure not shown).414
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Since perturbations in the boundary layer temperature can potentially modulate the415

deep convective transition characteristics, we perform similar plume computations as above,416

but with a 0.5 K temperature perturbation in the boundary layer (1000 - 945 hPa), and a417

reduced initial updraft velocity (w0 in the updraft vertical velocity equation is set to 5 m/s418

instead of 10 m/s). Entraining CAPE as a function of T̂ and CWV is shown in Fig. 3b,419

similar to Fig. 2 above. It can be seen from the figure that the overall characteristics of420

the onset boundaries for the various entrainment schemes are similar to Fig. 2. The deep421

convective onset simply occurs at slightly lower values of CWV, and at colder tropospheric422

temperatures (compared to Fig. 2) for all the cases. Thus, entraining CAPE seems to be a423

robust measure of the deep convective transition, at least qualitatively.424

Another sensitivity test was conducted to verify which levels in the free troposphere are425

most important in controlling the behavior seen here. One suspects that entrainment in426

the lower free troposphere will determine whether the plume reaches deep convective levels.427

Thus we ran a case using C4 values in the lower free troposphere but C2 values in the upper428

troposphere. Figures comparable to 2 and 3a (not shown) yield 400 hPa vertical velocity429

contours almost identical to the C4 case and CAPE contours very close to the C4 case. This430

reinforces that, as expected, the lower free troposphere is the key layer.431

Although the vertical integral of buoyancy is a useful indicator of deep convective onset,432

details of the vertical buoyancy profile lends important insights into the potential choke-433

points that prevent a plume to undergo deep convection. In Fig. 4a, we show the buoyancy434

profiles for the various entrainment schemes for a typical value of free tropospheric humidity435

(91%) and tropospheric temperature (271 K). For simplicity, freezing is assumed to occur436

rapidly, so the buoyancy increase associated with freezing can be easily read from the plot as437

a jump near 500 hPa. While upper tropospheric buoyancy is larger, the key layers are in the438

lower troposphere with small buoyancy, where plumes terminate if environmental relative439

humidity is reduced. It can be seen from the layer of negative buoyancy around 900 hPa440

in Fig. 4a that there is substantial convective inhibition at the top of the ABL for most of441
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the cases. Even in the subsequent layers up to around 700 hPa, the available buoyancy is442

very close to zero, and even marginally negative for some of the cases. Thus, the plumes443

that have enough vertical velocity to cross this inhibition zone, make it to the congestus and444

deep convective levels. Conducive perturbations to the environmental temperature or/and445

initial vertical velocity of the plume can thus be important for deep convective onset. Worth446

noting is the higher cloud-top height in the Deep B case, as compared to C4 and I4, although447

their onset boundaries look similar. Also interesting to note is that, even though the two448

deep inflow cases have large differences in their estimated wc values (see Fig. 2), they are449

apparently similar in terms of their buoyancy profiles (see Fig. 4a), which can be attributed450

to the lower-tropospheric choke-point present in the case of Deep B plumes.451

Using plume-top pressure, plume vertical velocity, and convective instability as measures452

of deep convection, we examine the dependence of these across the convective onset as a453

function of free tropospheric relative humidity (RHFT ) for various entrainment assumptions.454

For these deterministic calculations, we do not expect to reproduce the power-law pickup in455

precipitation with column water vapor reported in PN06 and NPH09, but simply to obtain456

a sense of underlying plume properties. It can be seen from Figs. 4b-c, that there is a pickup457

in both plume-top pressure and vertical velocity when RHFT exceeds a certain temperature-458

dependent critical value, only for the high entrainment cases. The cases with low or zero459

entrainment are unstable for the entire range of free tropospheric humidity for the given T̂460

values. From Fig. 4c, it is to be noted that the 400 hPa vertical velocity lines shown in the461

figure are subject to stochastic broadening, as can be seen from the small jump in vertical462

velocity for I2, before the occurrence of the actual pickup. Figure 4d shows the entraining463

CAPE, and as can be seen from the figure, it does not show a corresponding pickup at higher464

values of RHFT . This is primarily due to the fact that we use the level of neutral buoyancy465

of the plume to compute the CAPE, which is simply a measure of the accessible amount of466

energy if the plume is able to undergo deep convective transition, and not the actual energy467

available to the plume.468

18



b. Sensitivity to Temperature Perturbation Vertical Structure469

We examine the robustness of these onset characteristics in a simpler context. The470

ERA40 temperature profiles are replaced by profiles created by adding a set of idealized471

temperature perturbations to a mean state profile taken from the Department of Energy’s472

Atmospheric Radiation Measurement (ARM) Program radiosonde soundings (Mather et al.473

1998) at Nauru from 1 April 2001 to 16 August 2006, averaged over the upper tercile of474

column water vapor cases, so that cases far from convective onset do not distort the average.475

In each case the same set of RH perturbations is examined as in section 3a. Plume stability476

calculations are carried out for the full set of temperature and relative humidity profiles and477

results are shown in the temperature-CWV plane as before. In a relevant study, Holloway478

and Neelin (2007, hereafter HN07) used a variety of observations including Atmospheric In-479

frared Sounder (AIRS) satellite data, radiosonde observations, and NCEP-NCAR reanalysis480

over the tropics to investigate the dominant vertical structures of temperature perturba-481

tions. They found a significant vertical coherence of temperature perturbations in the free482

troposphere. In addition, the boundary layer was found to be fairly independent of the free483

troposphere, for smaller spatio-temporal scales. Since the relationship between the boundary484

layer and the free tropospheric temperature perturbations depends on the space and time485

scales, we perform plume computations for both vertically coherent as well as non-coherent486

perturbation profiles.487

1) Constant temperature perturbations in boundary layer and free tro-488

posphere489

In this set of plume calculations we assume that the temperature perturbations in the490

ABL and the free troposphere are vertically coherent, and apply constant temperature per-491

turbations in the entire atmospheric column (50-1000 hPa). In these experiments, the per-492

turbations are applied to the basic state tropical sounding from Nauru, described above.493
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Vertically constant temperature perturbations were applied, such that the lapse rate of the494

atmosphere remains unchanged, with the size of the perturbation varying to change the tro-495

pospheric mean temperature through a range of approximately 267.4 to 274.2 K by intervals496

of 0.2 K. Although the temperature perturbation differences in ERA-40 vary with height (see497

Appendix), they tend not to increase with height as a moist adiabat, thus a vertically con-498

stant temperature perturbation seems as suitable an idealization as any. Relative humidity499

profile is same as that used in the previous set of computations.500

The results for each entrainment formulation are presented in Fig. 5. The onset bound-501

aries are somewhat simpler than those estimated using reanalysis temperature profiles in502

Figs. 2 and 3a, but maintain very much the same overall features. As was seen earlier,503

the slope of the onset boundary strongly depends on the value of the mixing coefficient for504

the constant entrainment calculations, and on the value of the prescribed minimum for the505

interactive entrainment calculations. As in Fig. 2, the observed wc-T̂ relationship can be506

approximately captured by the schemes with sufficient entrainment. Overall, this indicates507

that the behavior is quite robust and can be captured even in simplified conditions.508

2) Other variants of temperature perturbations in the vertical509

In order to further probe the sensitivity of deep convection onset characteristics to tem-510

perature perturbation profiles, we conduct three more sets of computations. The first case511

examines the impact of free tropospheric temperature if the ABL temperature does not512

change. In the second and third case, the environmental temperature variations are as-513

sumed to be mimicked by those of a convective plume: in the second case with entrainment514

and in the third case without. This idealization is relevant to the limit in which the ver-515

tical dependence of the large-scale tropospheric temperature is dominated by convective516

processes (neglecting effects such as wave dynamics or radiation). Together, these cases517

provide a sense of how the behavior depends on different idealizations of the environmental518

temperature profile variations.519
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In the first case, we assume that the temperature in the boundary layer and that in the520

free troposphere vary independently, and investigate the role of free tropospheric tempera-521

ture (200-950 hPa) in controlling the transition to deep convection. The mean temperature522

sounding is perturbed in the 50-950 hPa layer, keeping the ABL temperature unchanged.523

Figure 6a shows the deep convective onset boundaries for this case, for the various entrain-524

ment schemes, as a function of T̂ . The non-entraining case is found to be unstable for the525

entire range of temperature and relative humidity profiles used, and thus doesn’t have an526

onset boundary in the T̂ -CWV domain shown in the figure. Even C0 is unstable for most of527

the domain, similar to that seen in Fig. 2 and Fig. 5a, except for the high humidity values528

at lower temperatures. Onset characteristics with the constant entrainment cases C1, C2529

and C4 in Fig. 6a are generally consistent with the results from ERA-40 profiles (Fig. 2)530

and those obtained with constant perturbation in ABL and free troposphere (Fig. 5a). The531

onset boundaries of the deep inflow and the interactive entrainment cases, however, behave532

differently than that seen from earlier plume calculations. For higher values of T̂ , the onset533

boundary of Deep B has a slope similar to that estimated from observations, while that of534

Deep A, I2 and I4 are almost parallel to lines of constant relative humidity. However, for535

lower values of T̂ , the onset boundaries for all four cases, bend towards much lower values of536

CWV with decrease in tropospheric temperature. Thus, while the most common behavior537

encountered in the observed statistics is typified by the case where free troposphere and538

ABL temperature vary together, when the ABL temperature varies less than that of the free539

troposphere, it can have significant impacts on the onset boundary. A potential application540

of this would be to separate such cases in the observations and contrast the onset dependence541

as a means of providing additional constraints on the entrainment.542

In the second case, we perturb the mean temperature sounding with the perturbation543

profile for a strongly entraining plume, specifically, we use the perturbation profile computed544

for C4, with RHFT = 0.75, and the two T̂ values of 270 and 270.2 K (with constant per-545

turbation in the ABL and free troposphere). The onset boundaries for this case are shown546
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in Fig. 6b. Overall, it looks very similar to the results obtained using ERA-40 temperature547

profiles, although the deep convective onset occurs at somewhat lower values of T̂ for most548

of the entrainment cases.549

In the third case, we add moist adiabatic perturbations to the mean state sounding, and550

construct a similar plot showing onset boundaries for the various entrainment cases. It can551

be seen from Fig. 6c that the onset boundaries look very different from the ones seen before.552

For most of the entrainment cases, the onset boundaries cut across lines of constant relative553

humidity toward somewhat higher values with increasing T̂ .554

Stronger entrainment cases still come closer to the observed onset line than do weaker555

entrainment cases, but the angle does not match the observed boundary. This suggests that556

the idealization in case 2 (in which both environment and parcel are treated as being affected557

by entrainment; Fig. 6b) is more self-consistent than case 3, in which the environment was558

idealized as having changes in tropospheric temperature structure corresponding to a non-559

entraining case. Comparing these cases to earlier sections, typically Deep A, Deep B, C2 and560

I2 show similar onset behavior as do C4 and I4. The exception is the case where temperature561

perturbations are applied only to the free troposphere (Fig. 6a). Thus situations where562

the ABL and the free tropospheric temperature behave differently appear to yield stronger563

distinctions among schemes with different vertical dependence of the entrainment coefficient.564

4. Usefulness for Model Analysis565

The observed dependence of critical column water vapor on a bulk measure of tropo-566

spheric temperature can potentially be used as a constraint for the cumulus parameteriza-567

tion schemes used in general circulation models (GCMs). Here we provide an example of the568

comparison to microwave retrievals for a widely used atmospheric GCM. The plume stabil-569

ity calculation can likewise be compared to the GCM to aid interpretation. Figure 7 shows570

precipitation statistics conditionally averaged by 0.3-mm bins of CWV, for 1-K bins of T̂571
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(similar to NPH09), over the tropical eastern and western Pacific ocean basins, from a mod-572

erately high-resolution (0.5 degree) simulation with the NCAR CAM version 3.5 (Gent et al.573

2009), which is closely related to CAM4. This model version has the ZMNR deep convective574

scheme [Neale et al. (2008) modification of the Zhang and McFarlane (1995) scheme]. One575

of the most important aspects of the modification is that an entraining CAPE is used in the576

closure for the mass flux. As discussed in section 2, the scheme has substantial entrainment577

through the free troposphere. Similar to Fig. 1a, power-law fit lines are shown for CWV578

values greater than wc, with an exponent of 1 for the model output, whereas for TMI it579

is 0.23 (same as that reported in NPH09). Also overlaid on Fig. 7a are the correspond-580

ing values presented in NPH09 (using precipitation and CWV from TMI, and tropospheric581

temperature data from ERA-40).582

There are several important pieces of information in this plot. First, the precipitation583

rates from the model reached fairly high values, i.e., at this resolution and for this convec-584

tive parameterization, the model is far from the low intensity, overly-constant rainfall that585

characterizes some convective schemes. This agrees with the findings of Boyle and Klein586

(2010), where they used CAM4 at varying horizontal resolutions, and found that the fre-587

quency distribution of rainfall intensity improved at finer resolutions through an increase in588

frequency of heavy rainfall events as well as in the occurrence of little or no precipitation589

events. Second, the pickup in precipitation has very reasonable dependence on CWV. The590

pickup is linear (i.e., a power-law exponent of 1) by the postulates of the convection scheme,591

and it may be seen that in the region before the linear pickup, there is a “foot” region due592

to the effects of vertical degrees of freedom that are not controlled here, which act like a593

stochastic broadening. A similar foot occurs in the microwave retrievals before the sharpest594

part of the pickup (and is well known in statistical mechanics analogs, see discussion in PN06595

and NPH09).596

In comparing the model and the microwave retrievals in Fig. 7a, the eye is drawn to a597

difference in curvature at high CWV. The model and microwave curves each fit with a form598
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a(w − wc)
β above wc but they disagree on the value of β. This is left as an open question599

here because it is unclear to what extent the calibration of the microwave precipitation600

estimates can be trusted in the high precipitation regime (although Peters et al. (2009) find601

similar effects in radar retrievals). Rather, we focus on the temperature dependence of the602

convective onset. From this point of view, the fit is simply a means of empirically estimating603

wc.604

For all temperatures and all parts of the curve, the CAM pickup occurs at slightly lower605

water vapor than in the observations. However, careful quantification of this and comparison606

to plume model results suggests that overall the model is doing reasonably well compared to607

what could occur, and that part of this success can be attributed to the stronger entrainment608

in the free troposphere. Similar analysis was carried out for the tropical Atlantic and the609

Indian Ocean basins, and the corresponding wc values were estimated. These estimated wc610

values along with the corresponding saturated CWV values for the above ocean basins are611

shown as a function of T̂ in Fig. 8a. It can be seen from the figure that the dependence of612

wc on T̂ is similar across all the basins, with a roughly linear increase in wc associated with613

an increase in T̂ , but at a rate slower than that of the column saturated value, similar to the614

findings of NPH09, and those seen from plume calculations above. For the wc values shown615

corresponding to T̂=269 K, the lower value for the western Pacific is due to the smaller angle616

of the linear fit, which is even worse for T̂=268 K (not shown). If one were to compute q̂sat617

using unconditioned temperature profiles, we note that the values for the Atlantic at 273618

and 274 K, and for the Indian ocean at 274 K, are substantially higher in the CAM than the619

other basins or observations due to occasional occurrence of warm low level conditions that620

are also dry and have no chance of convecting (figure not shown). The q̂sat values shown in621

Fig. 8a are computed for CWV values high enough that the temperature profile is relevant to622

the convective onset. Specifically, the average is for temperature profiles with CWV greater623

than (38 + 15(T̂ -268)/6), which roughly approximates 0.8wc. The wc values for the Atlantic624

could not be estimated for T̂ values of 273-274 K.625
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To further quantify the comparison of the observed results and those from the plume626

calculations with the ZMNR scheme, offline calculations using ZMNR with similar profiles627

of temperature and moisture to those used for the plume calculations were carried out.628

Entraining CAPE contours of 70 and 100 J/kg are shown in Fig. 8b. Note that much of629

the information is repeated from Fig. 2 and Fig. 8a for comparison. The 100 J/kg contour630

runs very close to wc values estimated from the precipitation onset statistics in CAM3.5 for631

all of the temperatures except the lowest bin. The 70 J/kg contour parallels this, shifted a632

few millimeters toward lower CWV. Combining this with information from the CAPE and633

precipitation pickup curves in Figs. 4 and 7, we can infer some factors affecting quantitative634

comparison to observations. The model convective onset inferred from the precipitation635

statistics in most respects agrees very well with the model onset inferred from the ZMNR636

plume calculation, supporting the usefulness of quantitative comparison between these. A637

caveat may be seen at the lowest temperature, where the model wc estimate is noticeably638

affected by the flattening by stochastic effects in the “foot” of the T̂= 269 curve in the western639

Pacific. Indicators of this behavior include the lack of distinction between the upward curving640

and linear portion of the T̂= 269 curve in Fig. 7b, the difference in slope between this curve641

and those for other T̂ values, and the disagreement in wc values for different basins at T̂=642

269 in Fig. 8a.643

The precipitation-estimated onset in CAM3.5 is more closely matched by the 100 J/kg644

contour in plume calculations than by the 70 J/kg contour despite the fact that in ZMNR645

cloud-base mass flux increases linearly above a CAPE threshold of 70 J/kg. This likely646

reflects differences in details of the CAM3.5 vertical structure compared to the ERA-40647

based profiles used in the plume calculations (possibly combined with differences in the648

parameterized precipitation pickup from that of CAPE). This serves as a reminder that649

differences between model and observed onset boundaries need not be purely due to factors650

within the deep convection scheme. We note that for other entrainment schemes that are651

reasonably close to matching the observed onset, C2, C4 and Deep B, the offset between652
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70 and 100 J/kg is smaller (Fig. 8b). The results suggest that the increased entrainment653

of ZMNR relative to the standard Zhang-McFarlane scheme has been highly beneficial in654

yielding results close to observations in these measures. However, the differences between the655

steepness of the onset in upper tropospheric vertical velocity compared to the slow onset in656

CAPE hint that changes in the form of the parameterization may also be worth considering.657

From these results, it is tempting to suggest that an alternation of the entrainment658

assumptions might further improve the model’s match to the location of the onset in the659

temperature-water vapor plane. However, even if one can deliver the correct convective660

response to the temperature/humidity states (in terms of the critical value of onset) as a661

function of entrainment in offline mode, there is no guarantee that, in the model, this will662

deliver the correct frequency of a particular temperature/humidity state. For instance, feed-663

backs that tend to humidify the environment are encountered when entrainment is further664

increased in CAM3.5. Thus, it is worth underlining that these statistics are among the many665

that must be used to constrain a model.666

5. Discussion667

The ability of a simple plume model to reproduce and explain conditional mean charac-668

teristics of the observed transition to deep convection is examined using various entrainment669

assumptions. Results for the convective onset in a relatively high-resolution GCM with670

parameterized convection are then compared both to observations and to the plume calcu-671

lations. In the plume model, two measures of the onset of deep convection via conditional672

instability are examined: entraining CAPE (from a very standard parcel computation) and673

plume vertical velocity diagnosed from buoyancy via the simple plume model.674

The behavior is examined in a temperature-water vapor thermodynamic plane, using col-675

umn water vapor and tropospheric vertically averaged temperature T̂ because these can be676

compared to the onset of strong precipitation as previously estimated in satellite retrievals.677
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Plume calculations using ERA-40 temperature profiles yield deep convective onset character-678

istics that are strongly affected by entrainment assumptions. The threshold value of CWV679

above which there is an abrupt increase in precipitation, referred to as the critical CWV, is680

found to increase with mean tropospheric temperature, but at a rate slower than the column681

saturation, as in observations, only for the cases with high or moderately high fractional en-682

trainment rates. Low entrainment rates yield a curve for the onset of conditional instability683

that is very different from the observed curve for the onset of strong precipitation.684

This result has a number of consequences.685

i) First, it confirms the assumption in PN06 and NPH09 that certain basic features of the686

observed statistics for the transition to strong tropical precipitation are associated with687

the onset of conditional instability through a deep convective layer, and that these can688

be captured by conventional parcel or plume representations as initially examined in689

HN09.690

ii) Second, this permits exploration of the factors that set the empirically determined onset691

boundary as a function of temperature and moisture.692

iii) Third, it places additional observational constraints on the entrainment representation693

in the convective schemes, and helps to quantify the dependence of the onset of the694

convection on free tropospheric moisture, providing further evidence that this arises by695

entrainment in the lower free troposphere.696

iv) Finally, it provides additional validation metrics for climate model performance on the697

onset of deep convection.698

We elaborate on each of these below.699

Regarding (i), one should distinguish between properties that one does or does not ex-700

pect to be captured by parcel or plume calculations. The dependence of the onset boundary701

on temperature and moisture is an important property that can be captured by individual702

plume calculations. More challenging properties of the set identified in observations (PN06,703

NPH09), such as power law spatial correlation, cannot. The plume results here are consistent704
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with the conjecture (Neelin et al. 2008) that convective plumes may be suitable microscale705

entities for calculations that include neighbor plume-plume interactions and stochastic inter-706

actions with microphysics and turbulence to capture the additional properties in convective707

schemes. The form of the pickup in convective onset variables (such as precipitation, or708

buoyancy-based measures) should depend on both the form of the pickup for an individ-709

ual plume, and the neighbor or stochastic interactions (NPH09, Muller et al. 2009). Here,710

dependence of the plume-top height and the 400 hPa-vertical velocity on free tropospheric711

humidity, show a sharp pickup similar to that seen in observational radar and microwave712

precipitation retrievals, provided entrainment is sufficiently high. The sharp transition is713

associated with a rapid change from plumes that terminate at trade cumulus or conges-714

tus levels to deep convection. Entraining CAPE, however, shows an approximately linear715

pickup, since the integrated buoyancy (from the surface to the level of neutral buoyancy of716

the plume) evolves relatively smoothly as free tropospheric moisture increases for a given717

temperature profile. The quantitative nature of the pickup in models may thus be expected718

to depend fairly sensitively on parameterized dependence of precipitation microphysics on719

vertical velocity, mass flux, or buoyancy.720

Regarding (ii), in addition to the strong dependence on properties that can be regarded721

as internal to the convective elements, such as entrainment, the convective onset does nat-722

urally have a dependence on how the large-scale temperature profile varies as its vertical723

average (or other bulk measure) increases in observations. Sensitivity tests using simplifying724

assumptions regarding the perturbation profile (i.e., the departure of environmental temper-725

ature from a typical mean temperature sounding) may be summarized as follows. Convective726

onset dependence on temperature and moisture similar to those found in the ERA-40 case727

can be obtained for cases where the environmental temperature changes are applied to the728

boundary layer and the free troposphere and have little vertical structure (e.g., are constant729

in the vertical or mimic the perturbation structure of a strongly entraining plume). If the730

environmental temperature structure instead increases with height like a moist adiabat, the731
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angles of the onset boundary change substantially in the temperature-moisture plane (under732

this simplifying circumstance parts of the onset boundary become closer to lines of constant733

relative humidity, although they still depart significantly from this for cases with convective734

onset at lower relative humidity). When the environmental temperature changes in the free735

troposphere but not in the boundary layer, onset boundaries change substantially (relative to736

ERA-40 cases) for some entrainment schemes but not others, indicating a greater sensitivity737

to the vertical structure of the assumed entrainment. This suggests that it should be possible738

to find regional or seasonal dependence in the onset boundary that reflect this sensitivity.739

Controlling for additional vertical degrees of freedom, especially boundary versus lower free740

troposphere, in the temperature and water vapor while estimating the deep convective onset741

boundary may then provide additional constraints on entrainment assumptions.742

Regarding (iii), the sensitivity to entrainment strongly suggests that low entrainment743

cases are inconsistent with observations in the deep convective onset measures used here.744

This reinforces HN09 results as a function of CWV from Nauru data and is consistent with745

findings that intraseasonal variability is better simulated if a minimum entrainment rate is746

enforced (Tokioka et al. 1988; Lee et al. 2003). Different vertical structures of the entrainment747

rate can match the observed onset boundary, provided they have sufficient entrainment in the748

lower free troposphere, which is the key layer here. In terms of practical applications, this has749

the benefit that one does not have to fully settle the question of vertical dependence of the750

entrainment coefficient to match this important feature of observations. On the other hand,751

it does imply that other criteria would have to be added to constrain the vertical dependence752

of the entrainment. The onset boundary constraint is sufficiently independent of criteria such753

as cloud top that combining these constraints could yield additional information. It is worth754

underlining that there is no need for an explicit dependence of the entrainment coefficient755

on moisture to match the observed sensitivity of the convective onset to free tropospheric756

moisture in the measures used here. It is sufficient that the entrainment rate be large enough757

in the lower free troposphere. The dependence on free tropospheric moisture arises simply758
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by entrainment of lower free tropospheric air; if this layer is too dry the resulting loss of759

buoyancy produces trade cumulus or congestus instead of deep convection.760

An additional simplifying consideration comes from examination of a simple interactive761

entrainment scheme, in which a prescribed turbulent component of total entrainment is aug-762

mented by a dynamic component (associated with buoyancy-induced vertical acceleration).763

The onset of deep convection proves to be strongly governed by the minimum (i.e., turbu-764

lent) entrainment. The contribution of the dynamic component to the total entrainment765

in most cases makes no significant difference to the temperature dependence of the onset.766

The buoyancy near onset is simply too small to drive much dynamic entrainment; for the767

large values of the turbulent entrainment coefficient required to match the observed onset768

boundary, this remains true through most of the domain. Contrary to initial expectations,769

investment in dynamic entrainment schemes thus does not appear to be a high priority.770

Regarding (iv), analysis of data from a moderately high-resolution (0.5 degree) model771

integration using the NCAR CAM3.5 suggests that the model does well enough in these772

rainfall statistics for quantitative comparison to be useful. As expected, the simulated pickup773

shows a linear dependence on CWV, unlike the power law pickup seen in microwave retrievals,774

due to the assumptions in the convective closure, but simulated rainfall rates do reach775

high values, unlike the low intensity drizzle associated with some cumulus schemes. The776

temperature dependence of the precipitation pickup exhibits encouragingly good agreement777

between the model and observations. The critical CWV for the precipitation pickup is778

slightly lower for the model than that estimated from observations. There is some dependence779

on the method for estimating the critical value, given the differences in the form of the780

pickup, but the tendency for the model to yield a given value of conditionally averaged781

precipitation at a lower CWV can also be seen directly by comparing the pickup plots.782

The model output also permits verification that there is a reasonable agreement in the783

temperature-water vapor dependence of the convective onset obtained from precipitation784

calculations with that obtained for buoyancy in the offline simulations performed using785
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the convection scheme of the model. Overall, the level of agreement suggests that these786

precipitation statistics, including the deep convective onset curves in the temperature-water787

vapor plane, can provide a strong constraint for high resolution GCMs.788
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APPENDIX793

794

ERA-40 Temperature Profile Differences and795

Entrainment Profiles796

A significant vertical coherence in tropical temperature perturbations in the free tropo-797

sphere was reported in Holloway and Neelin (2007), using observations from various datasets,798

including AIRS satellite data, radiosonde observations, and the NCEP-NCAR reanalysis.799

They found that the temperature perturbations in the boundary layer are fairly independent800

of that in the free troposphere, however, this relationship was found to have a spatio-temporal801

scale dependence. In order to investigate the vertical structure of temperature perturbations802

over the tropical western Pacific (region of interest), we use the ERA-40 temperature profiles.803

These temperature profiles were first binned at 1 K intervals of T̂ , and then the mean pro-804

file for each bin was computed. In order to calculate the vertical temperature perturbation805

profile for each of the bins, the mean for the 270-K T̂ bin was chosen as a base profile, and806

was subtracted from the corresponding mean profile of the other bins. The vertical profile807

of temperature perturbations, thus computed, are shown in Fig. 9, and it can be seen from808

the figure that, while for some of the bins the boundary layer and the free troposphere are809

vertically coherent (e.g., the 269-K bin), for other bins they appear to be fairly independent810

(e.g., the 274-K bin). Thus, both scenarios of vertical temperature perturbation dependence811

need to be explored in any such sensitivity study of the type discussed in section 3b of the812

text.813

In Fig. 10, we show the mixing coefficient profiles for the different entrainment schemes.814

The constant entrainment schemes (C0, C1, C2 and C4) have a high value (0.18 hPa−1) in815

the ABL, and a much lower value (0, 1, 2, 4, respectively, in units of 10−3 hPa−1) for the rest816

of the vertical column. For the deep inflow schemes, Deep A has an inverse dependence on817
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height [computed in z coordinates, see (2)] at all levels. Deep B, likewise has approximately818

a z−1 dependence at the lowest levels but with a larger coefficient, so it drops off more819

slowly, thus leading to stronger entrainment in the lower troposphere, and tapers to zero at820

mid levels. The interactive scheme is shown for T̂=271 K, using the case of 0.5 K added821

in the ABL (which illustrates the largest low level entrainment) and two extreme values of822

free tropospheric humidity, RHFT = 51% and 99%. Cases with no minimum entrainment823

are shown, where the mixing is purely dynamic, driven by the updraft vertical acceleration.824

When a minimum entrainment is included, the dynamic contribution can change, but tends825

to follow a similar vertical structure. The mixing coefficient exhibits strong vertical variations826

which also change depending on the environment. For the RHFT = 0.51 case, there is no827

dynamic entrainment in the convective inhibition layer near 950 hPa at the top of the ABL,828

since there is no positive vertical acceleration. Substantial entrainment occurs in the 930-829

800 hPa layer, where the plume is subject to strong vertical acceleration, but above this the830

entrainment drops to typically smaller values. This region of low entrainment in the free831

troposphere permits plume instability even at these low humidity values. The entrainment832

coefficient is larger in this layer for RHFT = 0.99, but at high relative humidity has less effect833

on the parcel. Thus, specifying a minimum entrainment is important for the interactive834

scheme, as this leads to enhanced mixing in the lower troposphere, making the plume more835

sensitive to the environmental conditions.836
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List of Figures975

1 (a) Conditionally averaged precipitation as a function of CWV for different976

bins of bulk tropospheric temperature T̂ , over the tropical western Pacific.977

Power-law fit lines (solid curves) of the form a(w −wc)
β are shown above the978

critical value wc, where precipitation undergoes a rapid pickup (dashed lines979

connect the fit curves to the values of wc on the axis). (b) Estimated values980

of critical CWV wc, defining an empirical estimate of the deep convective981

transition, as a function of T̂ . Also shown is the vertically integrated (200-982

1000 hPa) saturation specific humidity q̂sat. (c) Probability of occurrence of983

precipitating points, variance of precipitation, and normalized precipitation984

for the most populous T̂ bins, as a function of rescaled CWV (w/wc). 43985

2 The onset of conditional instability from parcel/plume calculations (see text)986

for different entrainment cases as a function of tropospheric temperature T̂ is987

shown. Each line corresponds to an entraining CAPE contour of 100 J/kg,988

shown as a measure of the convective onset boundary analogous to the deep989

convective transition line shown in Fig. 1b. The critical column water vapor990

values wc from Fig. 1b (estimated from TMI with NCEP temperatures) are991

shown as open circles for comparison (triangles show corresponding values us-992

ing ERA-40 temperatures). For each entrainment scheme, shading indicates993

on which side of the contour convective instability increases (CAPE typically994

increases all the way to saturation, the shading is faded out to permit onset995

boundaries for other entrainment schemes to be shown). The constant en-996

trainment cases C0, C1, C2, C4 have coefficients of 0, 1, 2, 4 in units of 10−3
997

hPa−1 in the free troposphere. The interactive entrainment cases I2 and I4998

have a minimum entrainment in the free troposphere corresponding to C2, C4.999

The Deep A and Deep B cases have a vertical structure of the entrainment1000

coefficient that has an approximate z−1 dependence in the lower troposphere. 441001
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3 (a) Onset boundaries as in Fig. 2, but for 5 m/s contours of 400 hPa vertical1002

velocity. Note that the onset boundary for ZMNR is not shown here, since the1003

vertical velocity is not computed in the scheme. (b) As in Fig. 2, but shows1004

the sensitivity of the onset boundaries with the temperature in the boundary1005

layer (up to 945 hPa) perturbed by 0.5 K, and w0 (see text) reduced to 5 m/s. 451006

4 (a) Parcel buoyancy profiles with various entrainment schemes for free tropo-1007

spheric RH = 91 %, and T̂ = 271 K. (b) Plume-top pressures for different1008

values of free tropospheric RH, and T̂ = 271 K. (c) Same as (b), but showing1009

400 hPa vertical velocity. (d) Same as (b) but showing entraining CAPE in1010

J/kg (also includes the computations for ZMNR). 461011

5 Onset boundaries for plume calculations as in Fig. 2 and Fig. 3a, but with1012

constant temperature perturbations applied to the mean state temperature1013

sounding over Nauru (see text), in the boundary layer as well as free tro-1014

posphere. (a) Entraining CAPE contours of 100 J/kg, (b) 400 hPa vertical1015

velocity contours of 5 m/s. 471016

6 Entraining CAPE contours of 100 J/kg as a measure of deep convective on-1017

set for the various entrainment cases as in Fig. 5a, but for: (a) vertically1018

constant temperature perturbation in the free troposphere, (b) environmental1019

temperature perturbation idealized as for an entraining plume, and (c) envi-1020

ronmental temperature perturbation idealized as for a moist adiabat, to the1021

mean state temperature sounding over Nauru. Entrainment cases that are1022

unstable throughout the range of temperature and humidity values used in1023

the study are not shown, and the corresponding color bars have been replaced1024

by the word ‘domain’. The width of the shaded regions is reduced in (a) for1025

graphical clarity because several of the boundaries cross, but otherwise follow1026

the same convention as Figs. 2, 3 and 5. 481027
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7 Precipitation (mm/hr) pickup for different temperature bins from CAM3.51028

(0.5 degree) as a function of CWV: (a) eastern Pacific, and (b) western Pacific.1029

Overlaid on panel (a) are the corresponding values from TMI using ERA-401030

temperature profiles. Lines represent power-law fits above the critical value,1031

with an exponent of 1 for the model output, whereas for TMI it is the same1032

as that reported in Neelin et al. (2009). 491033

8 (a) Critical values wc and saturation values of column water vapor (mm) as1034

a function of mean tropospheric temperature (K) for different ocean basins,1035

from CAM3.5 (0.5 degree). (b) The wc values over the tropical eastern and1036

western Pacific as a function of CWV and T̂ . Also shown are the wc values1037

for western Pacific, obtained from TMI binned by NCEP T̂ , and ERA-40 T̂1038

(repeated from Fig. 2). Entraining CAPE contours of 70 and 100 J/kg are1039

shown for Deep B, C2 and C4 from the plume calculations, and from offline1040

computations using the ZMNR scheme used in CAM3.5. 501041

9 Vertical temperature perturbation profile over the tropical western Pacific,1042

using ERA-40, for the period 1998-2001, using T̂ = 270 K as the base profile1043

from which the differences are computed. 511044

10 Vertical profile of mixing coefficient for the various entrainment schemes. The1045

mixing coefficient for the interactive scheme is illustrated for a temperature1046

profile from ERA-40 with T̂=271 K, using the case where 0.5 K was added in1047

the ABL (see text), and for two extreme values of free tropospheric relative1048

humidity used in this study (51% and 99%). 521049

42



0.5 0.7 0.9 1 1.1 1.20.6 0.8

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

w/wc

oc
cu

rr
en

ce
 p

ro
ba

bi
lit

y
(lo

g-
sc

al
e)

10-1

10-2

10-3

10-4

10-5

pr
ec

ip
ita

tio
n 

〈 P
〉

(n
or

m
al

iz
ed

)

pr
ec

ip
ita

tio
n

va
ria

nc
e 10

8
6
4
2

270
271
272
273

^

T

268 269 270 271 272 273 274

qsat
wc

W. Pac.

Saturation
Strong

precip.

Deep convective transition

w
c,

 q
sa

t (
m

m
)

90

80

70

60

50

40

200-1000 hPa Temperature (K)

^

^

T
269
270
271
272
273
274

W. Pac.

14

12

10

8

6

4

2

0

CWV (mm)

P
 (

m
m

/h
r)

^

50 55 65 70 7560

(a)

(b)

(c)

Fig. 1. (a) Conditionally averaged precipitation as a function of CWV for different bins of
bulk tropospheric temperature T̂ , over the tropical western Pacific. Power-law fit lines (solid
curves) of the form a(w − wc)

β are shown above the critical value wc, where precipitation
undergoes a rapid pickup (dashed lines connect the fit curves to the values of wc on the
axis). (b) Estimated values of critical CWV wc, defining an empirical estimate of the deep
convective transition, as a function of T̂ . Also shown is the vertically integrated (200-1000
hPa) saturation specific humidity q̂sat. (c) Probability of occurrence of precipitating points,
variance of precipitation, and normalized precipitation for the most populous T̂ bins, as a
function of rescaled CWV (w/wc).
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Fig. 2. The onset of conditional instability from parcel/plume calculations (see text) for
different entrainment cases as a function of tropospheric temperature T̂ is shown. Each
line corresponds to an entraining CAPE contour of 100 J/kg, shown as a measure of the
convective onset boundary analogous to the deep convective transition line shown in Fig.
1b. The critical column water vapor values wc from Fig. 1b (estimated from TMI with NCEP
temperatures) are shown as open circles for comparison (triangles show corresponding values
using ERA-40 temperatures). For each entrainment scheme, shading indicates on which
side of the contour convective instability increases (CAPE typically increases all the way
to saturation, the shading is faded out to permit onset boundaries for other entrainment
schemes to be shown). The constant entrainment cases C0, C1, C2, C4 have coefficients of
0, 1, 2, 4 in units of 10−3 hPa−1 in the free troposphere. The interactive entrainment cases
I2 and I4 have a minimum entrainment in the free troposphere corresponding to C2, C4.
The Deep A and Deep B cases have a vertical structure of the entrainment coefficient that
has an approximate z−1 dependence in the lower troposphere.
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Fig. 3. (a) Onset boundaries as in Fig. 2, but for 5 m/s contours of 400 hPa vertical velocity.
Note that the onset boundary for ZMNR is not shown here, since the vertical velocity is not
computed in the scheme. (b) As in Fig. 2, but shows the sensitivity of the onset boundaries
with the temperature in the boundary layer (up to 945 hPa) perturbed by 0.5 K, and w0

(see text) reduced to 5 m/s.
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Fig. 4. (a) Parcel buoyancy profiles with various entrainment schemes for free tropospheric
RH = 91 %, and T̂ = 271 K. (b) Plume-top pressures for different values of free tropospheric
RH, and T̂ = 271 K. (c) Same as (b), but showing 400 hPa vertical velocity. (d) Same as
(b) but showing entraining CAPE in J/kg (also includes the computations for ZMNR).
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Fig. 5. Onset boundaries for plume calculations as in Fig. 2 and Fig. 3a, but with constant
temperature perturbations applied to the mean state temperature sounding over Nauru (see
text), in the boundary layer as well as free troposphere. (a) Entraining CAPE contours of
100 J/kg, (b) 400 hPa vertical velocity contours of 5 m/s.
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Fig. 6. Entraining CAPE contours of 100 J/kg as a measure of deep convective onset for
the various entrainment cases as in Fig. 5a, but for: (a) vertically constant temperature
perturbation in the free troposphere, (b) environmental temperature perturbation idealized
as for an entraining plume, and (c) environmental temperature perturbation idealized as for
a moist adiabat, to the mean state temperature sounding over Nauru. Entrainment cases
that are unstable throughout the range of temperature and humidity values used in the study
are not shown, and the corresponding color bars have been replaced by the word ‘domain’.
The width of the shaded regions is reduced in (a) for graphical clarity because several of the
boundaries cross, but otherwise follow the same convention as Figs. 2, 3 and 5.48
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Fig. 7. Precipitation (mm/hr) pickup for different temperature bins from CAM3.5 (0.5
degree) as a function of CWV: (a) eastern Pacific, and (b) western Pacific. Overlaid on
panel (a) are the corresponding values from TMI using ERA-40 temperature profiles. Lines
represent power-law fits above the critical value, with an exponent of 1 for the model output,
whereas for TMI it is the same as that reported in Neelin et al. (2009).
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(0.5 degree). (b) The wc values over the tropical eastern and western Pacific as a function of
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Fig. 10. Vertical profile of mixing coefficient for the various entrainment schemes. The
mixing coefficient for the interactive scheme is illustrated for a temperature profile from
ERA-40 with T̂=271 K, using the case where 0.5 K was added in the ABL (see text), and
for two extreme values of free tropospheric relative humidity used in this study (51% and
99%).
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