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ABSTRACT

11 years of summertime observations from the Atmospheridaiad Measure-
ment (ARM) Climate Research Facility Southern Great PlainsR)Ssite are used
to investigate mechanisms controlling the transition fisimallow to deep convection
over land. It is found that a more humid environment immeijaabove the bound-
ary layer is present before the start of late-afternoon yeascipitation events. The
higher moisture content is brought by wind from the southeaBer boundary layer in-
homogeneity in moist static energy, temperature, moisincehorizontal wind before
precipitation begins is correlated to larger rain ratesatinitial stage of precipita-
tion. In an examination of afternoon rain statistics, higredative humidity above
the boundary layer is correlated to an earlier onset andelodgration of afternoon
precipitation events, while greater boundary layer inhgereity and atmospheric in-
stability in the 2 to 4 km layer above the surface are positicerrelated to the total
rain amount and the maximum rain rate. Although other imttgtions may be possi-
ble, these observations are consistent with theories étrénsition from shallow to
deep convection that emphasize the role of a moist lowertfa@posphere and bound-

ary layer inhomogeneity.



1. Introduction

Convection and clouds are key processes that regulate thal gloergy and water budgets. The
diurnal timing of convection is very important because tbsogiated clouds strongly interact with
both solar and infrared radiation. Numerous observatibog/ghat over land the diurnal maxima
of deep convection and precipitation occur frequently im léite afternoon or early evening (Dai
etal. 1999; Soden 2000; Dai 2001; Yang and Slingo 2001; Nestl Zipser 2003). It is generally
accepted that the diurnal variation over land is closelgtesl to the solar heating of surface and
atmospheric boundary layer, and thus is stronger in sunmmeart

Convection and clouds can not be explicitly simulated butragély parameterized in con-
ventional global climate models. The simulation of the dalrcycle is an important measure
of a climate model's performance (Randall et al. 1991; Yangd) &imgo 2001; Tian et al. 2004;
Dai 2006; Zhang et al. 2008). Traditional moist convectiangmeterizations are often associated
with atmospheric instability in terms of convective avhl&potential energy (CAPE) (Arakawa
and Schubert 1974; Zhang and McFarlane 1995) or large-suaikture convergence (Kuo 1965,
1974; Tiedtke 1989). A well-known problem is that climatedets usually can not produce the
observed afternoon convective rainfall peak over land @ail. 1999; Yang and Slingo 2001);
instead they usually simulate a quick onset of convectiugal, before or at noon and in phase
with the diurnal cycle of CAPE (Bechtold et al. 2004). Previstiglies suggest that this deficiency
is due to the lack of an intermediate stage involving shallom middle-level topped cumulus and
their associated effects, such as the gradual moistenitigediree troposphere (Guichard et al.
2004). This reminds us that to solve this timing problem, wedto know what atmospheric
conditions favor different convection regimes, such asl@lvaversus deep convection. In other
words, what makes shallow cumulus stay shallow, and whahptes the transition of shallow to
deep convection?

Recently studies of cloud resolving model (CRM) or large-eddyation (LES), in which
fine-scale cloud processes can be explicitly resolved, hewealed several mechanisms on the

transition from shallow to deep convection focusing on tifeience of:



e Free tropospheric humidity, which influences the buoyarientraining cumulus clouds (Der-

byshire et al. 2004; Kuang and Bretherton 2006).

e Sub-domain variability such as boundary layer cold pooigetir by precipitation evapora-
tion, which may promote further convection at gust frontesdfompkins 2001; Chaboureau

et al. 2004; Khairoutdinov and Randall 2006).

e Atmospheric instability at the cloud level when the traiosittrom shallow to deep convec-

tion occurs (Houston and Niyogi 2007; Wu et al. 2009).

Considerable observational evidence also suggests thHawhlges of lower tropospheric hu-
midity precede deep convection especially over tropicalaos (Sherwood and Wahrlich 1999;
Bretherton et al. 2004b; Mapes et al. 2006; Holloway and KMe&i09). An association between
the boundary layer inhomogeneity and deep convection Isasteden established from observa-
tions of stronger convection associated with squall livéakimoto 1982), land-sea breezes (Kingsmill
1995) and mesoscale convective systems (Engerer and &12608).

In this study, we use convective-regime-oriented compedgiom long-term observations over
land to make a systematic assessment of these transitionamsms. The Atmospheric Ra-
diation Measurement (ARM, Strokes and Schwatz 1994; Ackeraral Stokes 2003) Climate
Research Facility provides the necessary long-term corepsdfe measurements at its Southern
Great Plains (SGP) site. However, the coexistence of neltipnvection regimes at various tem-
poral and spatial scales complicates the analysis of SG&hadigns (Dong et al. 2005; Berg and
Kassianov 2008). In order to assess theories for the transite are more interested in convection
and clouds which are locally generated, limited in time te diurnal cycle and not significantly
influenced by large-scale forcing. Thus, the two regimestdrest to us are fair-weather non-
precipitating shallow cumulus and late afternoon or eavignéng precipitating deep convection
which, as will be shown below, grows from shallow convecti@ur working hypothesis is that
once an ensemble of observations is established for eadiesé regimes, the mechanisms af-

fecting transition from shallow to deep convection wouldreeealed by comparing the statistics



of environmental parameters between and within convecggimes. If successful, a more typi-
cal composite case of each regime might be set up for future @GR4, or single-column model
(SCM) studies and provide information more relevant to theapeterization of convection in
climate models. In this paper, we try to answer two questions

(1) What environmental parameters differ between the tworreg, fair-weather shallow cu-
mulus versus late afternoon deep convection, especialiigagriate morning a few hours before
deep convection begins?

(2) Is there any correlation between environmental pararaeind rain statistics on days with
late-afternoon deep convection?

We expect that answers to these questions will provide Usdg&rences on the factors that fa-
vor the transition from shallow to deep convection. We alsithat while our study is suitable for
mid-latitude convection over land, our results might nqilgpo convection over other continental
regions, such as the Amazon region with its dense vegetetioerage and stronger surface fluxes
or coastal zones subject to the influence of land-sea breezes

In the remaining parts of the paper, the observations andection-regime classification are
presented in section 2; the comparison between the two esgisnshown in section 3; the influ-
ence of environmental parameters on the rain statistictefdfternoon deep convection is shown
in section 4; discussions of transition mechanisms areepted in section 5; and conclusions

including implications for convection parameterizati@ms discussed in section 6.

2. Data & Methodology

a. ARM Observations

The original data from ARM archive (http://www.arm.gov/dpare processed to hourly aver-
ages. Unless otherwise stated, measurements are take® aefal facility (CF) or in the region

within a 50 km radius of the CF as shown in Figure 1. Specific oditamation is as follows:



e Precipitation from the Arkansas-Red Basin River Forecast CABRFC, http://www.arm.-
gov/datalvaps/abrfc) is based on radar-observed pratipitestimates combined with rain
gauge reports (Fulton et al. 1998; Breidenbach et al. 1998)us¥ the hourly-mean spatial

average over the region within a 50 km radius of the CF.

e The vertical profile of cloud fraction is from Climate ModejiBest Estimate (CMBE, Xie
et al. 2010, http://science.arm.gov/workinggroup/cnmiestestimate.html) Active Re-
mote Sensing of CLouds data (ARSCL, Clothiaux et al. 2000, 20§i://science.arm.gov-
Ivaps/arscl.stm). The data are based on retrievals apiedeasurements made by the
vertical pointing millimeter wavelength cloud radar, nupulse lidar and laser ceilometers

at the CF.

e Sounding data at the CF are from balloon sonde profiles whoter wapor is scaled with
column-integrated precipitable water vapor retrievedftbe microwave radiometer (Turner
et al. 1998, http://science.arm.gov/vaps/Issonde.stBijice the vertical resolution varies
with meteorological conditions, data are re-gridded intmdorm resolution of 20 meters

to facilitate composite analysis.

e Column-integrated precipitable water vapor (PWV) and liquater path (LWP) are from
CMBE Microwave Radiometer RETrievals (MWRRET, Turner et al. 20@p; Hscience.arm.-

gov/vaps/mwrret.stm).

e Surface sensible and latent heat fluxes are from the Bulk Aeadic Energy Balance
Bowen Ratio data product (BAEBBR, Wesely et al. 1995, http:/fsxmearm.gov/vaps/baebbr.-

stm) retrieved from measurements of an EBBR station at the CF.

e Surface temperature, moisture and winds are from the SuNBteorological Observation
Station (SMOS, http://www.arm.gov/instruments/smoghatCF and four surrounding Ok-
lahoma Mesonet (OKM, Brock et al. 1995, http://www.arm.gustruments/okm) stations

shown in Figure 1.



e Large-scale wind fields are from the National Centers for E&mmental Prediction Model
Output Location Time Series (NCEP MOLTS, http://www.arnvyostruments/molts) data.

They are provided by the Early Eta Model and its associatadiata Assimilation System.

We use the latest versions of value-added products to neithie influence of measurement
uncertainties. Forming a multi-day composite also sigaifity reduces the impact of random

errors contained in an individual observation.

b. Warm-Season Convection Regime Classification

Figure 2 shows the average diurnal cycle for 1176 days wilid wdservations of cloud frac-
tion and surface precipitation rate from May to August inybars 1997 to 2007. The precipitation
rate has a primary peak between 0200 and 0300 local staridedltST) and a secondary peak
between 1800 and 1900 LST. A similar diurnal behavior is tbéor the number of days with
hourly precipitation rate in excess of 1 mm day High clouds tend to occur between late after-
noon and the following noon with a maximum of about 22% at 1likkiate evening. Low clouds,
usually about 10 to 12% under 3 km, prefer to occur duringideg/tvith a cloud base and top that
rises gradually.

This diurnal variation hints at contributions from diffateconvection regimes. The primary
precipitation rate maximum between midnight and dawn is@aged with eastward propagating
convection systems (Carbone et al. 2002; Jiang et al. 20@}éd at the front-range of the Rocky
Mountains on the preceding afternoon. On the other handsébendary precipitation rate max-
imum during late afternoon or early evening might be a respdn local surface heating (Jiang
et al. 2006). With these thoughts in mind, we classify diunyales for four convection regimes

as follows:

1. Clear-sky day. The precipitation rate = 0 at all hours of the day and cloadtion<5%
at all levels between 0800 and 1600 LST. A single day is defasthe time between 2

successive local midnights.



2. Fair-weather non-precipitating shallow cumulus day. The precipitation rate = 0 at all
hours of the day, and shallow cumulus clouds are identifieBdrg and Kassianov (2008)
who first selected cumulus clouds based on fine temporalutselARSCL data at ARM
SGP, and then manually scrutinized cloud images taken biatat Sky Imager (http://www.arm.gov/-

instruments/tsi) to eliminate low-cloud types other thaallew cumulus.

3. Late afternoon or early evening deep convection day. The diurnal maximum hourly pre-
cipitation rate= 1 mm day !, occurs between 1500 and 2000 LST, and is at least twice more

than the precipitation rate at any other hour of the day datef 1500 to 2000 LST.

4. Nighttimedeep convection day. The diurnal maximum hourly precipitation ratel mm day*

and occurs between midnight and 0700 LST.

There are 90, 95, 79 and 229 days for regimes 1 to 4, resphkyaiiite no overlap. The number
of days in the four regimes do not sum to the total days witildwabservations because there are
other situations such as days with no precipitation but elitids other than fair-weather shallow
cumulus, days with drizzle, and days with heavy preciptatt hours which do not satisfy our
criteria for late-afternoon nor nighttime deep convectibar the ensemble of late-afternoon deep
convection days, our selection criteria selects many sthamdtion rain events generated within
50 km of the CF as we desire, however they do not exclude thépidgf organized convection
or large-scale forcing beyond the 50 km scope which we do ramit\o include. We examined
animations of satellite infrared brightness temperatarages provided by P. Minnis’s group at
the NASA Langley Center (http://www-angler.larc.nasa/ydor days with late-afternoon deep
convection. A subjective judgment suggests that 15 dagdylikave features of convection orga-
nization or significant influence from large-scale forciggnsitivity tests show that the following
results are not greatly affected if these days were omitdeda result, we do not omit these days
from the analysis in order to boost the sample size and ttatisignificance of the results.

Figure 3 shows the diurnal composites of precipitation dodd fraction for regimes 1 to

4. On late afternoon deep convection days, precipitatiartsstrom earlier afternoon, peaks at



about 21 mm day' at 1630 LST and diminishes after 2100 LST. On nighttime demwection
days, precipitation begins from preceding afternoon, peaabout 30 mm day at 0200 LST and
lasts until early morning. On fair-weather shallow cumudays, low cloud fraction maximizes at
about 10 to 12% at 1.8 km from 1200 to 1400 LST. On late aftemrdeep convection days, low
cloud development is also found from early morning (0700 )&Tearly afternoon (1400 LST),
and more middle and high level clouds are present duringethesirs. On these days, the low
cloud base gradually rises and the low cloud fraction mazeémiat about 25% at 1.8 km near
1200 LST. After 1500 LST, deep convection clouds develop peak at about 30% at 12 km
between 1700 and 1800 LST and then high anvil clouds persigtoidnight. Low clouds precede
deep convection clouds on late afternoon deep convectigs ddnile on the contrary, high clouds
precede the deep convection clouds on nighttime deep cbowetdays and are present during
the whole precipitation process. This progression of csonal nighttime deep convection days is

consistent with propagating convection that is not locgéyerated.

3. Comparing Daysof Fair-weather Shallow Cumuluswith Days

of Late-Afternoon Deegp Convection

As revealed by the composites, shallow cumulus clouds @sept on both fair weather and
late-afternoon deep convection days. By contrasting tHerdifices in environmental parameters
between these two regimes, we hope to infer what factorsechalow convection to remain shal-
low on some days, and to grow into deep convection on the oldngs. The differences between
the two regimes are identified by comparing the compositenneéanvironmental parameters
and its standard error which is defined as the standard dwvidivided by the square root of the
number of observations. We then make a 2-sided student tetésgentify which environmental
parameters are the most distinguishable between the twoesgspecially around 1130 LST, the

nearest sounding time before deep convection occurs.



Since balloon soundings at 1130 LST are not available eegryitiere are only 33 days with
sounding data for late-afternoon deep convection and 69 fimyfair-weather shallow cumulus.
For the t-test and correlation calculations reported imigne section, only data for all parameters
on valid sounding days are used and the result is consid&tstisally significant only if the null

hypothesis can be rejected at the 95% confidence level.

a. Atmospheric Stability: CAPE and CIN

Figure 4 shows sounding composites in the lowest 4 km forpieiedemperatured) and water
vapor mixing ratio at four local times: 0530, 1130, 1730 aB88@ In general, a stable boundary
layer is found at 0530 LST. On shallow cumulus days, a weledilayer is found at 1130 LST
and by 1730 LST the mixed-layer has deepened, warmed ard] &id 130 LST, deep convection
days tend to have a shallower mixed-layer and are slightbfecand substantially moister than
shallow cumulus days. At 1730 LST, there is a lack of well-edimess on deep convection days
which may result from the effects of precipitation on the -sldud layer. By 2330 LST, the
boundary layer has returned to stable conditions for bajimres. Above 4 km, the temperature
profiles of the two regimes are nearly identical (not shovino)yvever, the mixing ratio tends to
be higher on deep convection days; for example, at 4 km at L830it is 3.5 g kg'! on deep
convection days which is 1 g kg larger than that on shallow cumulus days.

The composite soundings are used to investigate atmosps$tability. Figure 4 shows the
virtual temperature difference$,;) between the environmental sounding and a parcel of agdais
from the boundary layerT, , is calculated by lifting an air parcel with the maximum eguént
potential temperaturd() between 100 and 500 meters above ground through revessil@batic
processes without mixing with the environmeft, ; > 0 denotes positive buoyancy for the air
parcel. Figure 4 shows a significant difference in the deptbamvection INhibition (CIN) layer
between the two regimes. At 1130 LST, the Level of Free Comme¢tFC) for shallow cumulus

days is at 4.2 km while the LFC for deep convection days is atkth. The values of CAPE



and CIN are 700 J kg and 40 J kg', respectively, on deep convection days but 200 J'kg
and 70 J kg' on shallow cumulus days. At 1730 LST, there is a slight dessrdiom the value at
1130 LST in CIN and a large increase in CAPE on shallow cumulys déile on deep convection

days, both CIN and CAPE slightly increase from 1130 LST to 1730.L

b. Atmospheric humidity and liquid water content

Figure 5 shows the composite sounding of relative humiditylYat 1130 LST and the diurnal
variation of the composite precipitable water vapor (PWW aguid water path (LWP) retrieved
from the microwave radiometer. The sounding data show tlmaermoisture is present on late-
afternoon deep convection days in both the boundary layetlanfree troposphere. Specifically
RH is about 10% greater on deep convection days with the kR}éslifferences between 2 and
4 km. Note that the majority of shallow cumulus is beneathlsekm level at 1130 LST for both
regimes, indicating that the extra moisture in this layeungkely to be the result of moistening
by cumulus clouds on the same day. The moisture differenaksésapparent in PWV and LWP,
both of which are significantly larger on days with afternataep convection. The PWV shows
a strong diurnal cycle with an increase of about 5 mm fromisero its afternoon maximum.
This average increase is larger than the average accumhelsporation minus precipitation from
the surface, suggesting that there is horizontal convesgehwater vapor on days with afternoon
deep convection. The afternoon peak of LWP of 110t im in phase with the peak precipitation

at 1730 LST while the peak LWP on shallow cumulus days is 15 §ah 1330 LST.

c. Surface turbulent fluxes

Figure 6 shows that the diurnal composites of surface skenaiid latent heat fluxes are in
phase with the solar radiation. As the diurnal variationurface heat fluxes drives the growth of
the boundary layer, one might expect that greater surfagedlwould favor an increased chance

of deep convection. However, surface heat fluxes on deepection days are lower than that

10



on shallow cumulus days, particularly the latent heat flulke Teduced latent heat flux may be a
response to boundary layer moisture. Specifically, theseme in near surface relative humidity
from 45% on shallow cumulus days to 55% on deep convectios dayl130 LST (Figure 5)
reduces the potential for evaporation and transpiratiodemp convection days. The sensible heat
fluxes are only distinguishable between 1330 LST till 1800rL®e lower value on days with
afternoon deep convection may be related to the reducedrsdliative heating of the surface (not
shown). We also note that this association of reduced suiffages with deep convection may
be similar to that found over tropical oceans as deep coiorettere is usually associated with

moisture convergence and a minimum in surface fluxes (Sdls)2

d. Boundary layer inhomogeneity

To investigate boundary layer inhomogeneity, we use sen@ad, temperature and humid-
ity data measured by the SMOS at the central facility and gaurounding Oklahoma Mesonet
stations (Figure 1).

Figure 7 shows the diurnal cycle of the mean and standaratievi(std dev) of the surface
moist static energy (MSE), temperature, water vapor mixatigp and horizontal wind speed across
the five stations. The mesoscale wind (wind std dev) is defi 2 1'%, whereu' andv’ are
the deviations in zonal and meridional wind from the 5-statnean. Note that we feel justified
using the term mesoscale to define variability across theatloas the individual data at each
station are 60-minute averages which correspond to a distah18 km for a 5 ms' horizontal
wind speed. The mean MSE on deep convection days peaks ynadt@inoon around 1400 LST
while that on shallow cumulus days maximizes in the last nmgraround 1100 LST. For both
regimes, a quick increase of mixing ratio occurs in the earrning from 0600 to 0900 LST.
After 0900 LST, the moisture on deep convection days stasliwhile the moisture on shallow
cumulus days markedly decreases until sunset. The meaetatage difference is distinguishable

between regimes only in the late afternoon and early evenling mean daytime surface wind
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speed on shallow cumulus days is slightly larger than thatesp convection days.

The variations in MSE, mixing ratio and wind speed acrossdibrain become significantly
larger on deep convection days after 1330 LST when pretigitatarts to pick up. Although
temperature variability is already larger on the morningleép convection days, its significant
increase occurs after 1330 LST. Broadly speaking, the statéda clearly show that boundary
layer inhomogeneity is significantly larger on deep conegctiays from near precipitation onset

through early evening and beyond.

e. Large-scale wind fields

Figure 8 shows composites of horizontal and vertical winds)fNCEP MOLTS data. Beneath
850 hPa, the horizontal wind fields are quite similar for baggimes. The wind direction is
southwesterly before noon and turns to southeasterly irafteznoon and evening. Southerly
winds prevail and become stronger during nighttime coestsivith the existence of a low-level
jet (Stensrud 1996).

The differences in horizontal winds between the two regiaresound at higher levels. Southerly
winds extend into the middle and upper troposphere on deegecton days while the southerly
component of the wind is near zero on shallow cumulus dayscéslpy during daytime. Though
the westerly component of upper-level winds are strongele@p convection days, the differences
in westerly winds between the two regimes at middle and laslteare not large. The southerly
winds immediately above the boundary layer on deep coraediys could bring moister air from
southerly locations leading to the greater humidity abtreetioundary layer.

To explore this idea, we correlate wind data at levels betvé®® and 850 hPa with precipitable
water vapor (PWV) from MWRRET. PWV varies with wind direction iretB00 to 850 hPa layer,
as PWV with southerly winds is 20% higher than it is with northevinds; while PWV does not
differentiate between easterly and westerly winds. Altto60% of shallow cumulus days have

southerly winds in the 600 to 850 hPa layer around 1130 LSTertian 80% of deep convection

12



days have southerly winds in this layer. However the mageitof southerly winds does not seem
to matter, as no significant correlation is found betweemtbagdional wind in the 600 and 850 hPa
layer and PWV. This suggests wind direction, rather tharpé®d, is more important for moisture
in this layer.

With respect to large-scale vertical velocity, subsideisciound between 200 and 850 hPa
on shallow cumulus days with an early-afternoon maximumbs&ience is also present around
600 hPa from 0900 to 1500 LST on late-afternoon deep comrectays, however with much
reduced magnitude. In general, the subsidence is greaticeel at all levels on deep convection

days relative to that on shallow cumulus days.

f. What is the most different?

Figure 9 records t-values and significance levels for a setnefronmental parameters at
1130 LST in the order of a decreasing t-value. Note that wené@xad differences at this time
because this is the nearest time before the transition whemdings are available and because
values of environmental parameters before the transitiay indicate which factors are important
for the transition.

The definitions of various environmental parameters arobens. RH is calculated as the
ratio of actual PWV to saturated PWV between 2 and 4 km and in ilkedrlayer. The NCEP
winds are calculated between levels of 600 and 850 hPa, lpeghresponding to 1.2 to 4 km
above ground level. These levels are examined becausediregpond to CIN layers suggested by
Figure 4.—dT'/dz is the temperature lapse rate between 2 and 4 km. CAPE and CHdlatgated
from sounding profiles of temperature and humidity at 1130./Sor an individual sounding,
the buoyancy profile (I, in Figure 4) might cross the zero line several times. Becaush s
complexity might lead to ambiguity in determining CAPE and Ci introduce an additional
buoyancy parameter, the average undilute buoyancy regardif sign below 5 km, to roughly

measure the ability of a boundary layer air parcel origngafrom the mixed layer to reach the level
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of free convection. Other environmental parameters areages between 1030 and 1230 LST.
The results indicate the RH between 2 and 4 km at 1130 LST hapdladest statistical signif-
icance of all these environmental parameters. This suppiagtrole of free-tropospheric humidity
in influencing the transition from shallow cumulus to deepwaxtion. Smaller latent heat flux and
stronger 600-850 hPa southerly wind hints that moisture Ipeayot only from surface evaporation
and that southerly winds play an important role in moisteaiagfer into SGP region. At 1130 LST,
a larger temperature standard deviation is found on deegectian days while the difference in
MSE and moisture standard deviations are not significarg.dfiferences in these standard devia-
tions are significant at later hours of the day. CAPE and CIN atsignificantly different between
the two regimes at the 95% confidence level, which is possibé/to the noise introduced by the
complexity of buoyancy profiles in individual soundings.w&ver other measures of stability such
as average buoyancy below 5 km and 2-4kdi’/d= are found to be significantly larger on deep

convection days.

4. ComparingAfternoon Rain Statisticswith Environmental Pa-

rameters

An alternate technique to determine the factors that fawtransition is to examine how rain
statistics vary with environmental parameters only on #nesdvith late afternoon deep convection.
In particularly, we ask: Is there any correlation betweevirenmental parameters and rain statis-
tics on days with late-afternoon deep convection? The tatisics consist of four characteristics:
total rain amount, the maximum hourly rain rate, the duratiba rain event, and the precipitation
onset time. The onset time is defined as when the precipitatite first exceeds zero mm day
at or after 1130 LST. Test of the onset time with the precijgitarate first exceeding 1 mm day

also yields similar results.
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a. What is best correlated to afternoon rain?

Table 1 displays the correlation coefficients between adian rain statistics and environmental
parameters at 1130 LST. The results indicate that larger Ridam 2 to 4 km leads to earlier
onset time and longer duration of precipitation. Total rainount and maximum rain rate are
positively correlated with the lapse rate between 2 and 4hwoandary layer inhomogeneity in
wind, temperature and humidity, and 600 to 850 hPa westeirg wWhile the signs of these
significant correlation coefficients match expectationsys parameters are correlated to the rain
statistics in a way contrary to expectation. For examplegelaCAPE is correlated with a later
onset time and shorter duration of precipitation. A largarface latent heat flux is related to a
shorter duration of precipitation, which hints that the fisxa response to a drier boundary layer.

We note that some environmental parameters show no statigtsignificant correlation with
the rain statistics though they are found significantly etdit between the two regimes in the
t-test. These include mixed-layer RH, the magnitude of thehs&yly wind component between
600 and 850 hPa, the average buoyancy below 5 km of an undilutace air parcel, and large-
scale vertical velocity. Furthermore, some environmepéhmeters are correlated with the rain
statistics even though they are not different significamtlyhe t-test. These include CAPE and
boundary layer variability in MSE, mixing ratio and wind ggke These facts remind us that there
might be limitations in both the t-test and this correlatiest. For example, the results are sensitive
to the choices of the measures, as CAPE, CIN, average buoyatowy 5 km and 2-4 km-dT'/dz
each represent different aspects of atmospheric stahilityshow different behavior in the tests.
Furthermore, the convection process is nonlinear and niiglgensitive to a threshold value in
some environmental parameters. As long as above a threslead convection would be triggered
and the actual magnitude of the environmental parametegistmot be as important. In addition,
as deep convection might occur sooner or later in the afternosing a fixed sounding time at
1130 LST might mix some signals in the environmental paramset different stages relative to
the triggering of convection. More detailed checks on thati@nships in Table 1 are discussed in

the following subsections.
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Cross-correlation among environmental parameters areiegdno identify redundant envi-
ronmental parameters (not shown). The surprising coroglaf rain statistics to the westerly wind
between 600 and 850 hPa is partially explained by the fattlleavesterly wind is positively cor-
related to both 2 to 4 km lapse rate and boundary layer teryergariability. Furthermore the
fact that both 2 to 4 km RH and boundary layer moisture vaiigtale positively related to (albeit
different) rain statistics in Table 1 is striking given tlggeater 2 to 4 km RH is correlated signifi-
cantly with smaller boundary layer moisture variabilityth@r environmental parameters have no
significant correlations among each other and thus appder potentially independent predictors

of afternoon rain statistics.

b. The relationship of sounding parameters to afternoon sdatistics

To provide an illustration of these relationships, we pneé$ggure 10 which stratifies the rain
statistics according to the two 1130 LST sounding pararagfeto 4 km RH and-d7’/dz, which
show the strongest relationship to afternoon rain. The 88dimgs at 1130 LST are sorted into 3
groups of 11 according to whether they have low, medium dr tgjues of the sounding parameter.
The mean and the standard error of each rain statistic aralasdd from the 11 samples in each
group. Figure 10 shows that total rain amount and maximumnate do not distinguish among
different 2 to 4 km RHs. However with larger RH, the rain tendsttrt earlier and last longer.
The quicker onset with larger RH is in agreement with Kuang Bretherton (2006) who found
in their LES that the transition is accelerated by a more kiuneie troposphere. The analysis for
the 2 to 4 km temperature lapse rétel7’/dz) shows that more unstable conditions are associated
with larger total rain amount and maximum rain rate. Sumpgly, more unstable conditions are
associated with a later precipitation onset time, conti@atize modeling results of Wu et al. (2009)

and Houston and Niyogi (2007).
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c. The relationship of boundary layer inhomogeneity toraften rain statistics

Because of its hourly record, our analysis of the relatignshrain statistics to boundary layer
inhomogeneity need not be restricted to the values at 1130 E&thermore, because boundary
layer inhomogeneity can be both the cause and result of deeection, high frequency data are
necessary to discern cause and effect. To this end, we atddbk time-lag correlation coefficients
between boundary layer inhomogeneity and the hourly pitatipn rate. In performing this cal-
culation, we align the time series data for each precipitedivent with respect to the precipitation
onset time. By so doing, we try to avoid mixing different deyghent stages of deep convection.

Our results are illustrated with the matrix of lead-lag etation coefficients in time relative to
precipitation onset (Figure 11). The simultaneous cotigidbetween inhomogeneity and precip-
itation is shown on the diagonal line (black solid line in &iig 11); the correlation coefficients for
inhomogeneity leading (following) precipitation are shoim the lower-right (upper-left) part of
the plot. For example, the correlation coefficient of maiatis energy std dev 2 hours before pre-
cipitation begins with the precipitation rate 2 hours aftexcipitation begins is plotted at abscissa
and ordinate location (2,-2) in Figure 11a.

The most significant correlations of precipitation appeiin temperature variability and mesoscale
wind speeds. Particularly prominent is a correlation codfit of 0.7, the highest reported in this
paper, between temperature variability and precipita@ibiours after precipitation onset. The fact
that the strongest correlations are along the diagonasliggests that the time scale for precipita-
tion to create boundary layer variability or vice versa maestast and less than an hour. Although
cause and effect may therefore be difficult to discern evehn ourly data, a closer inspection of
Figure 11b shows that during the first two hours after préafijpn onset, the strongest correlation
in each column is for precipitation leading temperature mrdwariability by one hour. This hints
that temperature or wind variability is the result of pré@pon, at least early in a precipitation
event.

The opposite relationship is suggested by the correlatienlevel of 0.4 between the surface

moisture variability 1 to 3 hourbeforethe onset of precipitation and the precipitation rate 1 to 3
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hoursafterthe onset. This hints that surface moisture variabilitgéeand therefore might enhance

precipitation during the initial stage of a rain event.

5. Discussion

The calculations of sections 3 and 4 both suggest that lowpospheric humidity and bound-
ary layer inhomogeneity play important roles in the traositfrom shallow to deep convec-
tion. In this section, we use a Paluch diagram (Figure 12¢émservative thermodynamic vari-
ables (Paluch 1979; Neggers et al. 2002; Wu et al. 2009) toge@n interpretation of our results.
In this diagram, an air parcel will preserve its thermodyitapnoperties (total water mixing ratio
q; and liquid water potential temperatutg if it is lifted adiabatically without mixing with its envi-
ronment. The properties of mixtures of boundary layer andrenmental air would fall along the
mixing line that connects the original air parcel propertie boundary layer with the properties
of the environment at our chosen level. We select 2.5 km fisrlével as it is the level of free
convection on deep convection days (Figure 4).

Figure 12 shows that on deep convection days at 1130 LST,saladocloud properties in-
cluding the average are negatively buoyant. The excepsidorithe undilute boundary layer air
property which is barely positively buoyant. Thus is cotesis with the fact that deep convection
has not begun at 1130 LST. Since we do not have soundings @ttBMBwhich is the mean time
of transition to deep convection, we can only estimate tlanghk in boundary layer air property
based upon the changes in surface temperature and moisteigure 7 and with the assumption
that the change in air properties at 2.5 km is small based gur&4. In this case, the undiluted
boundary layer air is significantly positive buoyant and @lwerage cloud property barely makes
to zero-buoyancy line on deep convection days whereas the gaantities on shallow cumulus
days are both negatively buoyant. Indeed it is striking timatiluted boundary layer air on shallow
cumulus days is no closer to the zero buoyancy line at 1430deSpite being 2 K warmer relative

to the value at 1130 LST. This is due to the drying of the bountisyer in these three hours which
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itself is likely the result of entrainment of relatively dfsee tropospheric air into the boundary
layer on these days.

It is also interesting to note that temperature differergeen two regimes are small above
the boundary layer (Figure 4). As a result, the differencsvben the two regimes in the zero-
buoyancy lines decreases with height and is small relabvthé separation between the two
regimes in soundings and mixing lines. This means that ihéshigher moisture both in and
above the boundary layer that is the main reason leadinget&tgr buoyancy on deep convection
days for both an undilute air parcel and the average cloupgpty estimated from a mixing line.

Figure 12 also shows the possible values of boundary laygraperties at 1430 LST if the
inhomogeneity in both temperature and moisture are coresideased on Figure 7. Note that
boundary layer inhomogeneity in Figure 7 represents mes@sariability and thus is an underes-
timate of air parcel{1 km) variability. It is obvious that in a certain range of doimed variability
in temperature and moisture, the buoyancy of an undilutpaairel or the average cloud property
will increase positively. Furthermore, the Paluch diagqammvides a means to understand why
moisture variability may lead the precipitation by a few r®in the early stages of a precipitation
event (Figure 11) and yet there is no distinguishable difiee in moisture variability between
shallow cumulus and deep convection days at 1130 LST (Figur&pecifically, the effect of a
given temperature or moisture variability is larger on deepvection days than it is on shallow
cumulus days because mixtures are closer to neutral bupysndeep convection days than they
are on shallow cumulus days.

Nonetheless, the causes of boundary layer inhomogenefityebafternoon deep convection
begins are unclear. Temperature variability at 1130 LST egpdconvection days is 0.3 K larger
than the variability on shallow cumulus days (Figure 7). @ossibility is that the larger surface
solar cloud radiative effect on deep convection days maydadyreater mesoscale temperature
variability. Note that the low cloud fraction on deep cormi@e days is nearly double the value on
shallow cumulus days (Figure 3).

Although thermodynamic conditions may explain the differe between regimes, one must
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still ask: how does an air parcel reach the level of free cotmwe? This leads us to consider the
role of surface fluxes and boundary layer inhomogeneity éating the momentum to overcome
the CIN layer. Traditionally the vertical velocity of air mal in the boundary layer can be char-
acterized by the convective velocity scale, which we can calculate from the observed surface
fluxes and mixed layer depth. We find that’ is about 1.4 J kg~! for deep convection days and
1.72 J kg ! for shallow cumulus days at 1130 LST. These kinetic enerdlyegaare small relevant
to the CIN present at 1130 LST. However the CIN at transitioretimay be considerably smaller
and mesoscale fluctuations in wind speed which are largeeep donvection days (Figure 7) may
contribute additional momentum that could increase th@obs for shallow cumulus to transit to

deep convection.

6. Summary and Implications for Convection Parameterization

11 years of summertime observations at the ARM Southern ®Rleats site have been used
to categorize the diurnal cycle into different convectiegimes based on the diurnal variation of
precipitation and clouds. We focus on the comparison ofrenmental parameters between two
regimes, the days with fair-weather shallow cumulus andl&ys with afternoon deep convection,
in order to reveal the mechanisms controlling the transitiom shallow to deep convection.

A few hours before rain events begin on afternoon deep coiovedays, higher relative hu-
midity is found both in and above the boundary layer, espigdi@tween the levels of 2 to 4 km
above the surface. The higher moisture content at 2 to 4 krargkpon the wind direction being
from south. Relative to days of fair-weather shallow cumugreater instability, stronger inho-
mogeneity in boundary layer temperature, less wind sheardam 600 and 850 hPa, and weaker
subsidence are found preceding afternoon rain events. Ras#dte composite sounding for the
two regimes, we also find that the level of free convection7skin lower on days with afternoon
rain events. Furthermore, although the diurnal variatrosurface fluxes drives the growth of the

boundary layer, the difference between regimes in theirmtade appears to be a response to
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changed boundary layer conditions.

We then focused on the relationship between these congliibh130 LST and afternoon rain
statistics. Four afternoon rain properties, the total emount, maximum hourly rain rate, rain
onset time and duration of rain were investigated. With @gmea to 4 km relative humidity, rain
starts earlier and lasts longer. Boundary layer inhomogeréf)0 to 850 hPa westerly wind com-
ponent and the 2 to 4 km lapse rate are positively correlatddtotal rain and maximum rain rate;
furthermore, these environmental parameters are caeteleith each other.

While not manifest in every statistical test, these obsermatare consistent with a role for
lower troposphere (2 to 4 km) humidity and boundary layepmbgeneity in the transition from
shallow to deep convection. This provides some obsenatisupport for the transition theories
based upon LES and is consistent with previous observatbich have focused mainly on trop-
ical ocean deep convection. With respect to boundary lagaability, we showed that in the
early stage of precipitation, boundary layer temperatackvaind variability slightly lags precipi-
tation by up to 1 hour (Figure 12b,d). The creation of coldipdxy deep convection may explain
this correlation as well as the large increase of boundasrlmmhomogeneity on deep convection
days relative to that on shallow cumulus days. In additiom.aso showed a connection between
moisture and moist static energy inhomogeneity beforeradtin precipitation begins and the sub-
sequent precipitation (Figure 12a,c and Table 1). Thisdastlation suggests that boundary layer
inhomogeneity promotes as well as results from deep coovecNote, however, that the inho-
mogeneity which may promote convection is not due to coldgas this is the inhomogeneity
present before precipitation. The reason we do not obs@fdepools promoting convection may
be that this effect is masked by the more dominant effect n¥ection causing cold pools. To ob-
serve the effect of cold pools promoting convection may mecpiternate observational techniques
such as a detailed analysis of individual events using tiesoanning doppler cloud radars and
lidars currently being installed by ARM at the Southern Giains site.

A plausible, albeit not exclusive, interpretation is tHat bbservational evidence is consistent

with a mechanistic view of the transition from shallow to deenvection that emphasizes the abil-
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ity of a parcel of boundary layer air to reach the level of fteavection. In particular, the parcels
that reach the level of free convection are those that hawditdjhest values of moisture in the
boundary layer and they may have more momentum than expdatetb mesoscale fluctuations
in boundary layer wind. The ability of the “lucky” parcelsteach the level of free convection is
also assisted by high relative humidity and a steeper lagisair the first few kilometers above the
boundary layer. Higher relative humidity in this layer dmsihes the buoyancy reducing effects of
entrainment whereas the steeper lapse rate increasetipargancy directly. Therefore, these ob-
servations provide partial support to parameterizationaging on the ability of boundary layer air
parcel to penetrate level of free convection, similar toahaving CIN-based parameterizations of
moist convection that have been under development for a auailyears (Mapes 2000; Bretherton
et al. 2004a; Fletcher and Bretherton 2009). Furthermoeepliservations are somewhat encour-
aging for the nascent efforts to parametrize mesoscaledawynayer inhomogeneity (Rio et al.

2009) and its role in the transition from shallow to deep emtion.
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mixtures of air in boundary layer and the 2.5 km level would fall. The portfdhemixing
line above the zero-buoyancy line indicates mixture is positively buoyabam. Above
the saturation curve, the mixture is cloudy at 2.5 km. The black cross dehetaserage
property of the mixing line above the saturation curve which is an approximatitme

average properties of the cloud at 2.5 km. The boundary layer air pyogel430 LST

is denoted by black dot labeled “Blgy”. The stippled area denotes the possible values a

boundary layer air parcel may have if boundary layer inhomogeneityrisidered. This

area encompasses one standard deviation of boundary layer inhaatipgdout the mean

value (Figure 7). . . . . . . o e e e e e e e e e e e
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FIG. 1. The map of ARM Facilities and Mesonet stations. Numbers denote the distengdétween
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which precipitation data are averaged.
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FIG. 2. Averaged warm-season diurnal cycle of ABRFC surface precipitatedt) and CMBE ARSCL
cloud fraction (right), for Mays to Augusts of years 1997 to 2007. Ttkline in the left plot denotes the
hourly precipitation rate in mm day. Black dots in the left plot denote the number of days in which the
hourly precipitation rate is greater than 1 mm daguring a certain hour. The green shaded area in the left
plot identifies the diurnal cycle of interest. The 9-hour period befodeadier is also shown for the purpose

of process continuity.
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FIG. 3. Diurnal cycle composites of ABRFC surface precipitation (a) and CMBESER cloud fraction
(b-e) for different convection regimes: clear-sky days (b); fawather shallow cumulus days (c); late af-
ternoon deep convection days (d) and nighttime deep convection daya (@), the blue line denotes the
precipitation rate for late afternoon deep convection days; while the reis iaenighttime deep convection
days. The green shaded area in (a) signifies the diurnal cycle ofdnt@tee 9-hour period before and after

is also shown for the purpose of process continuity.
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FIG. 4. Composite soundings for potential temperatéeafid Mixing Ratio (MR) and the virtual temper-
ature difference®, 4) between the environmental sounding and an air parcel lifted throughsible adia-
batic processes from the boundary layer for fair-weather shallow ksndays (dashed) and late-afternoon
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FIG. 5. Composite Relative Humidity (RH, a) at 1130 LST from sounding data and asitepdiurnal
cycle of precipitable water vapor (PWYV, b) and liquid water path (LWPrainf CMBE MWRRET data.
The width of the color shading on either side of the mean value denotes owastaerror of the mean
across all the sample days in each regime. The dashed line in panel b) igv¥hed&culated based on
the integral of evaporation and precipitation since 0530 LST for days withafiernoon deep convection.

Time-averaged LWP values are not conditioned on the presence of atalithus they are not in-cloud

averages.
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FIG. 6. Diurnal cycle composite of surface sensible heat flux (a) and latentlo&gb) from BAEBBR
data for fair-weather shallow cumulus days and late-afternoon deepa@mn days. The width of the color
shading on either side of the mean value denotes one standard errontédheacross all the sample days

in each regime.
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FIG. 7. Diurnal cycle composite of mean surface Moist Static Energy (MSE, a), éeatyre (b), and
Mixing Ratio (MR, c), and their standard deviations (std dev, d-f). Alsmashare the mean surface wind
speed (g) and the mesoscale wind speed (h). Mean and std dev vawadcatated based on SMOS data
at the SGP central facility and four nearby Oklahoma Mesonet stationsin MESE and its std dev are
normalized by the heat capacity at constant pressure for dry air (@pdYhus are in units of K. The width
of the color shading on either side of the mean value denotes one standauaf ¢he mean value across all

sample days in each regime.
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FIG. 8. Composite diurnal cycle of winds from the NCEP MOLTS data at SGP: zdef), meridional
(middle) and vertical pressure wind (omega, right) for fair-weathell@haumulus days (top) and late-

afternoon deep convection days (bottom).
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Environmental Parameters at 1130 LST

FIG. 9. Absolute t-values from student t-tests for the differences between @itapoeans of fair-weather
shallow cumulus days and late-afternoon deep convection days ar@88d_ET. The horizontal line de-
notes a confidence level of 95%. Negative (positive) t-values arelit &tipple) pattern, and denote

smaller (larger) composite means on deep convection days relative to theomdaim-weather shallow

cumulus days.
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FIG. 10. Afternoon rain statistics stratified according to low, medium and high valueslative Humidity
(RH) and lapse rate{dT'/dz) between 2 and 4 km at 1130 LST. The statistics include total afternoon
rain (top), maximum hourly rain rate (second), duration of rain eventdhand precipitation onset time
(bottom). The black dots indicate the mean values of precipitation statistics amititheof the black lines
indicate two standard errors. The mean values for each of the threzsrahigH and lapse rate are displayed

on the abscissa.
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FIG. 11. Lead-lag correlation coefficients between the precipitation rate of lateafie deep convection
days and the standard deviation of surface Moist Static Energy (M3$Euidace temperature (b), surface
Mixing Ratio (MR) (c) and mesoscale wind speed (d). The scale for bothldbeissa and ordinate are hours
after precipitation onset time. Only correlation coefficients that are signifat295% confidence level and

have been calculated from samples sizes greater than 30 are displayed.
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FIG. 12. Conservative variables diagram (Paluch diagram) of total water mixing rgjiar{d liquid water
potential temperaturely) for the composite of sounding data (gray circles) at 1130 LST forwaiather
shallow cumulus days (left) and late afternoon deep convection day$)(tigfhtted lines are the saturation
curves and long-dashed lines are the zero-buoyancy lines calculated bn sounding data at 2.5 km.
The black solid line connects the air properties in the boundary layer & 1133 (the black dot labeled
“BL 1130") and at the level of 2.5 km (the black dot labeled “2.5 km”) and is the mixing déiloeg which
mixtures of air in boundary layer and the 2.5 km level would fall. The portibthe mixing line above
the zero-buoyancy line indicates mixture is positively buoyant at 2.5 km.véliwe saturation curve, the
mixture is cloudy at 2.5 km. The black cross denotes the average profetg mixing line above the
saturation curve which is an approximation to the average properties dbtmtat 2.5 km. The boundary
layer air property at 1430 LST is denoted by black dot labelediBJ)”. The stippled area denotes the
possible values a boundary layer air parcel may have if boundaryildy@mogeneity is considered. This

area encompasses one standard deviation of boundary layer inhaiipgdout the mean value (Figure 7).
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Total Rain| Max Rain rate| Onset Time| Duration

CAPE 0.414 -0.417
CIN

Average Buoyancy below 5 km
2-4km—dT/dZ 0.496 0.518
2-4 km RH -0.395 0.464
Mixed-Layer RH
Surface Moist Static Energy std dew.437 0.513
Surface Mixing Ratio std dev 0.443 0.492
Surface Temperature std dev 0.550 0.552
Surface Mesoscale Wind 0.514 0.486
Sensible Heat Flux
Latent Heat Flux -0.436
600-850 hPa Wind-shear
600-850 hPa

600-850 hPa U 0.454 0.549

600-850 hPa V

TABLE 1. Correlation coefficients between environmental parammetiel 130 LST and afternoon
rain statistics. Correlation coefficients are shown onlyé telationship is significant at the 95%

confidence level.
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