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Abstract

The vertical structure of the relationship between water vapor and precipita-
tion is analyzed in five years of radiosonde and precipitation gauge data from the
Nauru Atmospheric Radiation Measurement (ARM) site. The first vertical prin-
cipal component of specific humidity is very highly correlated with column water
vapor (CWV) and has a maximum of both total and fractional variance captured
in the lower free troposphere (around 800 hPa). Moisture profiles conditionally
averaged on precipitation show a strong association between rainfall and moisture
variability in the free troposphere, and little boundary layer variability. A sharp
pick-up in precipitation occurs near a critical value of CWV, confirming satellite-
based studies. A lag-lead analysis suggests it is unlikely that the increase in wa
ter vapor is just a result of the falling precipitation. To investigate mechanisms
for the CWV/precipitation relationship, entraining plume buoyancy is examined
in sonde data and simplified cases. Higher CWV results in progressively greater
plume buoyancies for several mixing schemes, notably upper-tropospheric buoy-
ancy that can yield deep convection. All other things equal, higher values of lower-
tropospheric humidity, viaentrainment, play amajor rolein thisbuoyancy increase.
A small but significant increase in subcloud layer moisture (and thus equivalent
potential temperature) with increasing CWV also contributesto buoyancy. Entrain-
ment based on mass flux increase through a deep lower-tropospheric layer yields a
relatively even weighting for the impact on mid-tropospheric buoyancy of all lower
levels, explaining the association of CWV and buoyancy available for deep convec-
tion.



1. Introduction

A number of studies indicate that moist
convection is sensitive to free-tropospheric
water vapor, including observational analy-
ses (Parsons et al. 2000; Bretherton et al.
2004) and studies using cloud-system re-
solving models (Tompkins 2001b; Grabowski
2003; Derbyshire et al. 2004). This depen-
dence is apparently not well represented in
global climate models (GCMs) (Derbyshire
et al. 2004; Biasutti et al. 2006; Dai 2006)—
but sensitivity has been shown in some cases
(Zhang and Wang 2006, Richter and Neale
2008, manuscript submitted to J. Climate).
Recent work also suggests that the inabil-
ity of most GCMs to simulate multi-scale
convective organization, including intrasea-
sonal variability associated with the Madden-
Julian Oscillation (MJO), may be due primar-
ily to this lack of a positive feedback be-
tween free-tropospheric moisture and convec-
tion (Grabowski 2006).

Since precipitation processes in climate
models are very sensitive to the method
of convective parameterization (Slingo et al.
1996), it is of interest to investigate the re-
lationship between tropospheric moisture and
precipitation in observations and its represen-
tation in convective parameterizations. Re-
gions where the trade winds flow into con-
vection zones tend to exhibit sensitivity to
changes associated with teleconnections and
global warming, and they are also sites of dis-
agreement in simulated precipitation among
different models (Nedlin et a. 2003, 2006).
Inflow of drier tropospheric air is typical in
these locations. The interaction between in-
flow across moisture gradients and the diffi-
culty of convective parameterizations in sim-
ulating the sensitivity of convection to free-
tropospheric moisture could play arolein the
model discrepancies in these regions (Lintner
and Neelin 2007).

A few recent studies have illustrated an
empirical relationship between tropical col-
umn water vapor, CWV (scaled by some mea-

sure of free-tropospheric temperature, which
does not change very much in the deep trop-
ics) and precipitation, including a sharp pick-
up of average precipitation at sufficiently high
CWV (Bretherton et a. 2004; Peters and
Neelin 2006). In the present study, we in-
vestigate the vertical structures of water va-
por variability at Nauru Island in the western
equatorial Pacific. One goa is to better un-
derstand the vertical distribution of the mois-
ture variance associated with CWV, a met-
ric easily available from satellite data. An-
other motivationisto investigate the main ver-
tical structures of water vapor perturbations,
providing insight for intermediate-complexity
models which represent water vapor with
one or a few vertical structures, such as the
quasi-equilibrium tropical circulation model
(QTCM; Nedlin 1997; Neelin and Zeng 2000).
After characterizing the vertical structure
of water vapor and its relationship to average
precipitation and CWV in section 3, we turn
to the effects of different environmental pro-
files of moisture on simple plume models of
convection in section 4. Analysisin terms of
an entraining plume (e.g., Raymond and Blyth
1992; Brown and Zhang 1997; Jensen and Del
Genio 2006) is used to connect the increased
buoyancy of entraining plumes in moist envi-
ronments with the sharp pick-up of average
precipitation at high CWV. We aso investi-
gatetherole of subcloud layer moistening ver-
sus free-tropospheric moistening on entrain-
ing plume buoyancy. The sensitivity of the
results to assumptions of mixing profiles and
microphysicsin section 5 provideinsight into
the challenges of incorporating environmental
humidity in convective parameterizations.

2. Data

The Department of Energy’s Atmospheric
Radiation Measurement (ARM) Program
(Stokes and Schwartz 1994) maintains a cli-
mate observation site at Nauru Island (0.5°S,
166.9°E; Mather et al. 1998). We have an-



alyzed radiosonde temperature and moisture
data and optical gauge surface precipitation
from 1 April 2001 to 16 August 2006. The
radiosonde data have been interpolated onto
5 hPa levels. The uncertainty of the Vaisala
(RS80, RS90, and RS92) radiosondes is ap-
proximately 0.5°C for temperature and 5% for
relative humidity, although in the upper tro-
posphere (above 500 hPa) relative humidity
uncertainties can be much larger (Westwater
et a. 2003). The main observations occur
twice a day, at 00z and 12z, with occasional
sondes around 14z and 02z.

The precipitation rate is measured at 1-
min intervals by an optical gauge with 0.1
mm hr=! resolution and 0.1 mm hr=! uncer-
tainty. For comparison with the radiosondes, a
1-hr average rain rate has been computed, cen-
tered at the launch time of each radiosonde.
Since the sonde takes about 45 minutesto rise
through the troposphere, this averaging win-
dow should give agood characterization of the
precipitation conditionsin the airmassthrough
which the sonde rises. Time averaging also
helps reduce the precipitation measurement
noiseinherent in the use of asingle gauge; av-
eraging over many hourly events, asisdonein
the analyses of this study, further reduces this
noise.

The sonde pressure, temperature, and hu-
midity data have had a basic quality check
a ARM, and have been further constrained
to be within reasonable ranges,; the lowest-
atitude sonde data have also been checked
for agreement with ARM surface data. In to-
tal, 3,491 sondes have been retained for the
complete analysis (with 200 additional son-
des containing acceptable data at some levels
included in the water vapor variability analy-
ses). The radiosonde versions analyzed in this
study are not thought to have much dry bias,
which characterized earlier Vaisala sonde ver-
sions (B. M. Lesht 2007, personal communi-
cation). The sondetotal CWYV values compare
fairly well with 1-hr averages of microwave
radiometer values, with a correlation coeffi-

cient of 0.92. A dlight tendency for the sondes
to be moister than the radiometer at high CWV
likely occurs because the radiometer cannot
operate during rainfall and may have difficul -
tieswhen cloud water is large.

3. Characterizing the vertical
structure of moisture

An important step in investigating the ver-
tical structure of the transition to deep con-
vection is characterizing the vertical structure
of moisture variations as a whole. This en-
deavor is more complicated than the analo-
gous problem for tropical temperature pertur-
bation structures, which tend to follow re-
versible moist adiabats and are smoothed in
the horizontal by gravity waves, at least in
the free troposphere on large enough space
and time scales (e.g., Xu and Emanuel 1989;
Holloway and Neelin 2007). Water vapor has
smaller spatial uniformity than temperature in
the tropics, and is more locally influenced
by evaporation, precipitation, and advection.
Here we investigate the vertical variability of
water vapor at Nauru and relate thisto CWV,
whichinturnisrelated to precipitation.

a. Effect of precipitation on moisture struc-
ture

Profiles of specific humidity ¢ condition-
ally averaged on precipitation (Fig. 1) reveal
that it is mainly free-tropospheric moisture,
rather than boundary layer moisture, whichin-
creases with increasing rainfall. The spread
among the curvesis larger than the maximum
confidence interval, indicating that the sepa-
ration of the mean specific humidity at many
tropospheric levels by average precipitation is
real. Note that the bins double in width with
increasing precipitation and that most of the
sondesfall into thefirst bin (see caption for bin
counts), which is basically non-precipitating,
so that ¢ profile in that bin is actualy fairly
representative of the mean profile overall. In



the highest precipitation bin, thereisactually a
decrease in the subcloud layer moisture com-
pared to the other bins, probably due to sub-
saturated downdrafts forming cold pools (see
section 3e).

Figure 1 can be compared to analyses
of monthly and daily specific humidity son-
des conditionally averaged on precipitation in
Bretherton et al. (2004, their figures 9 and
10a). While their monthly means from many
long-term tropical radiosonde stations do not
show much difference between spread at free-
tropospheric levels and spread in the bound-
ary layer, their two months of daily Tropi-
cal Rainfall Measurement Mission (TRMM)
Kwajalein Experiment (KWAJEX) sondes do
show variability similar to that in these 5 years
of ARM twice-daily data, although their val-
uesarealittlelower. Concurrent work by Nui-
jens et al. (2008, manuscript in preparation)
for trade cumulus conditions near Barbuda
finds a similar relationship between lower-
free-tropospheric humidity and precipitation.

b. Leading vertical structure and relation to
column water vapor

Two recent studies have investigated a
statistical link between CWV and precipita-
tion using satellite data. Bretherton et al.
(2004) show that, on daily and monthly scales,
precipitation increases roughly exponentially
with CWV. Peters and Neelin (2006) find that
precipitation, conditionally averaged by CWV
over many individual events, tends to increase
sowly up to some critica value and then
rapidly increase above that. Thiskind of rela-
tionship can be detected in these ARM data as
well, as discussed below in section 3c. Anim-
portant question, however, concerns how the
variance of CWV is distributed over different
vertical levels.

Figure 2a shows the results of princi-
pal component analyses (using the covariance
method) performed on each level of ¢ from
1000—200 hPafor all available sondes and for
a much smaller “high precipitation” subset of

sondes that occur within +3 hours of 1-hr pre-
cipitation values greater than 2.56 mm hr—!
(red and blue lines, respectively). The solid
lines show the variance explained by the first
principal component (PC 1) for the two analy-
ses, while the long-dashed lines show the total
variance of ¢ at each level. These principal
components represent 53% and 49% of the to-
tal variance for all sondes and the high precip-
itation sondes, respectively. In both analyses,
the second principal component represents a
much smaller fraction of the variance, and is
not well separated from the other higher prin-
cipa components. The dotted red line shows
total variance at each level of a hypothetical
specific humidity field derived only from tem-
perature and a fixed relative humidity profile
(taken from the mean of all original sondes).
This shows that observed changes in tempera-
ture aone, assuming constant relative humid-
ity, could account for only a small amount of
the total moisture variances. This is gener-
ally expected in thetropicsfor these short time
scales, and appears to be particularly true at
this western Pacific location.

The solid curve can be divided by the
dashed curve in each case to get the fractional
variance represented by PC 1 at each level,
shown in Fig. 2b. The square roots of these
profiles (the correlation coefficients between
PC 1 and ¢ at each level, not shown) line up
fairly well with correlations between CWV
and water vapor mixing ratio found for an
average over soundings from many research
vessal cruisesin the tropics (Yoneyama 2003,
their figure 5a).

The most striking feature of these figures
is the large peak in the lower troposphere for
both total variance and fractional variance rep-
resented by PC 1. It makes sense that vari-
ance decreases upwards in the upper tropo-
sphere, since increasingly colder temperatures
limit the amount of water vapor that the air
can hold, and therefore the variance of water
vapor aswell. Smaller total variance at bound-
ary layer levelsisin agreement with many pre-



vious studies suggesting that boundary layer
q is tied fairly closely to SST, whereas free-
tropospheric ¢ can vary greatly due to pro-
cesses such asdry air intrusions and advection
from convective regions (e.g., Liu et a. 1991;
Yoneyama 2003). However, the small frac-
tional variances in the boundary layer shown
in Fig. 2b reveal that the maximum shared
variance (PC 1 in each case) is dominated by
the lower troposphere even more than would
be predicted based on a fixed fraction of the
total variance.

Figure 2c shows the contributions to the
CWV variance from the vertically-integrated
boundary layer (surface-850 hPa) and free-
tropospheric (850-200 hPa) water vapor.
Even though the boundary layer contains a
mean vertically-integrated contribution to col-
umn water of 27.5 mm, dlightly higher than
the corresponding value of 24.5 mm in the
free troposphere, it is clear from the correla-
tions and regressions (which add to one, since
these two layers add up to give CWV) that a
large majority of the total column variance is
explained by the free-tropospheric layer.

Figure 2d confirms that, for each of these
cases, the first principal component shown in
Figure 2a,b isamost perfectly correlated with
CWYV, in agreement with Liu et a. (1991).
Therefore, the solid curves in Fig. 2a repre-
sent the variance at each level explained by
CWV, which as a whole represents approx-
imately 50% of the total variance in each
case as shown in the figure. Applying the
above findings for PC 1, this means that free-
tropospheric levels contribute the great ma-
jority of the total CWV variance, to an even
greater extent than would be expected by sim-
ply taking afixed fraction of the total variance
at each level, and despite the dlightly larger
mean vertically-integrated moisture contained
below 850 hPa. Not only do free-tropospheric
levels have larger ¢ variances than boundary
layer levels, they also vary together to amuch
greater extent than they share variance with
boundary layer levels (as shown by the high

PC 1 loadings in the lower free troposphere).
This implies that, to a very good approxima-
tion, CWV could be represented by a free-
tropospheric vertically-integrated ¢ added to a
mean boundary layer value (or even better, a
boundary layer value that is a linear function
of the free-tropospheric value).

c. Free-tropospheric versus boundary layer
vertically-integrated water vapor: rela-
tionship to moisture structure and precip-
itation

To illustrate the vertical profiles of mois-
ture associated with different amounts of col-
umn water, and specifically with the transition
to high precipitation, we conditionally average
sonde profiles on water vapor integrated over
threedifferent vertical layers. Figure 3ashows
specific humidity profiles conditionally aver-
aged on total CWV (the bins are equal-width
except for the two outer bins, as shown on the
color bar). Although there is some spread in
the boundary layer, the largest spread occurs
around 800 hPa, consistent with Fig. 2a.

For CWV bins below about 50 mm, the
subcloud layer (below 950 hPa) is more verti-
cally constant and more sharply distinguished
from the troposphere, as expected for stable
subsidence conditions. Much of the tropo-
spheric variability in these bins is also con-
sistent with subsidence atering air that had
once been closer to saturation, with a typical
maximum in the middle of the troposphere,
causing the stretching at middle levels. Fig-
ure 3a aso fits well with previous descrip-
tions of dry intrusionsin the free troposphere,
which can suppress deep convection for over a
week while shallow convection slowly moist-
ens the lower troposphere (Numaguti et al.
1995; Mapes and Zuidema 1996; Brown and
Zhang 1997; DeMott and Rutledge 1998; Par-
sons et a. 2000).

Much of the variability occurs at the lower
end of the CWV range, as discussed above;
thisis not seen for the humidity profiles con-
ditionally averaged on precipitation shown in



Fig. 1. This is expected because the lowest
precipitation bin in that figure contains the
vast majority of sondes, which probably in-
clude mostly sondes with middle and drier
CWV values, as well as some higher val-
ues. This association of near-zero precipita
tion with the lower half of CWV binsis con-
firmed by Fig. 3b, which shows precipitation
conditionally averaged on the same CWYV bins
asin Fig. 3a. There is clearly a sharp pick-
up of precipitation above about 67 mm CWV.
This jump is significant, as indicated by the
vertical bars representing +1 standard error.
The general increase in precipitation agrees
with daily mean values in Bretherton et al.
(2004), athough their curves stop below 65
mm CWYV. The sharp pick-up of precipitation
roughly agrees with Peters and Neslin (2006)
in both CWV vaue and shape, athough the
small number of sondes in the binswith high-
est CWV (illustrated by the inset in Fig. 3a)
makes it impossible to confirm whether the
curve follows a power law function as ob-
served in that study.

When the specific humidity profiles and
precipitation are conditioned on just the free-
tropospheric column water (850-200 hPa, with
bin edges chosen to correspond as much as
possible to those for the total CWV), the re-
sults are similar to those found with the to-
tal CWV. This is expected, since section 3b
showed that lower-free-tropospheric ¢ vari-
ance dominates CWV variance.  Indeed,
Fig. 3c shows even less variance in the bound-
ary layer, which of course follows from the
use of a free-tropospheric layer for the con-
ditional averaging. The precipitation aver-
agesin Fig. 3d actually seem to have an even
smoother pick-up of similar shape to that in
Fig. 3b.

Figures 3ef confirm that the subcloud
layer (up to 950 hPa) is much less related
to CWV. Little of the free-tropospheric vari-
ability illustrated for CWV in Fig. 3ais cap-
tured in Fig. 3e. The precipitation averagesin
Fig. 3f perhaps suggest adlight, noisy increase

in precipitation with subcloud layer moisture,
but the values are much smaller. This re-
lationship has implications for intermediate-
complexity models such asthe QTCM. A sin-
gle vertical degree of freedom in moisture in-
deed captures much of the effect on precipi-
tation, but its variance is primarily in the free
troposphere. Modeling can thus benefit from
two degrees of freedom in the vertical (c.f.
Neggers et a. 2007; Sobel and Neelin 2006)
to alow the free troposphere to be separated
from the boundary layer, which tends to be
closely tied to surface conditions.

d. Relative Humidity Structure

A question which naturally follows from
Figures 1-3 is the extent to which the higher
values of specific humidity are approaching
saturation. Figure 4a shows that, for the high-
est precipitation bins, the average relative hu-
midity ranges from 85-90% in the lower and
middle troposphere. The lowest precipitation
bin, which contains the vast mgjority of son-
des (and is therefore a much smoother curve)
isat thelowest end in relative humidity. How-
ever, there is much more of a spread in rela-
tive humidity when profiles are conditionally
averaged on CWV, as shown in Fig. 4b. The
relative humidity is around 95% for the very
highest bins from 900 hPa through about 600
hPa, and there is also a large amount of vari-
ability among the bins at these levels. Clearly,
the specific humidity variability shown in Fig-
ure 3a corresponds to large changesin relative
humidity, rather than changes in temperature
at constant relative humidity.

e. Precipitation Lag-Lead Analysis

An important question regarding the as-
sociation between CWV and precipitation is
whether observations can supply an indica-
tion of causality. There are reasons to ex-
pect feedbacks in both directions. Convection
can moisten the column via moisture conver-
gence, detrainment and evaporation (although



on a larger scale convection is a net sink of
moisture). A likely mechanism by which
increased lower-tropospheric moisture could
play a causa role in enhancing convection—
by alowing entraining plumes to maintain
higher buoyancy—isinvestigated in sections 4
and 5. Effects of CWV on buoyancy via en-
trainment (Raymond 2000; Tompkins 2001b;
Grabowski 2003) appear to be quite impor-
tant in Derbyshire et al. (2004) compared to
other mechanisms involving downdrafts and
cold pools (e.g., Raymond 1997; Tompkins
2001a), although these and radiative mecha-
nisms (Mapes and Zuidema 1996) may also
play arole.

A lag-lead analysis on precipitation ver-
sus CWV can help strengthen or weaken a
causality argument. Figure 5 shows profiles
of average specific humidity and relative hu-
midity anomalies (taken as differences from
the highly populated bin with precipitation
less than 0.0025 mm hr~1) for precipitation
above 2.56 mm hr~! lagging and leading the
radiosonde by up to three hours. The black
curves are the same anomaly for no lag, and
are placed in all figures for comparison pur-
poses. In general, Figs. 5ab show that ¢
increases dlightly in the upper troposphere
above 500 hPa during and after precipitation,
whereas below 750 hPa ¢ tends to decrease
after it rains and is rather constant or even
slightly higher before rainfall. This pattern
largely holds for the relative humidity profiles
shown in Figs. 5¢,d. Near the surface, tem-
peratures cool on average after precipitation:
q is lower than before precipitation while rel-
ative humidity is slightly higher. Thisislikely
due to subsaturated downdrafts causing cold
pools. Precipitation leading relative humid-
ity in the upper troposphere and lagging rel-
ative humidity in the lower troposphere was
also found in TRMM KWAJEX data by So-
bel et al. (2004). The standard error bars for
the ¢ plots give an indication that the lag-lead
curves are significantly different from the no-
lag curve at most levels, although not neces-

sarily from each other. The relative humidity
curves are still significantly different from the
no-lag curve at many middle-tropospheric lev-
els, but at upper and lower levels they are not
as clearly separate.

This analysis casts doubt on the idea that
increased precipitation is the cause of in-
creased CWYV, rather than vice versa, at least
on these time scales. Following precipita-
tion, there is a small increase in ¢ above 500
hPa, where it does not have much effect on
CWV. In the lower troposphere, there is, if
anything, a decrease in ¢ after the precipita-
tion. On the other hand, this analysis also
does not provide strong evidence for mois-
ture at lower levels increasing greatly prior
to precipitation and/or decreasing greatly af-
ter precipitation. The moistureat al precipita-
tion lags at nearly all levels tends to be much
higher than the moisture for nonprecipitating
times, since all of the curves are much closer
to each other than they are to zero. Indeed, a
comparison with Fig. 2 suggests that the main
mode of variancefor ¢ is captured by all of the
curvesin Figs. 5a,b, regardless of precipitation
lag. In other words, within six hours centered
around heavy precipitation the atmosphere has
already been moistened to near-maximum lev-
els. The smaller amount of variance for these
higher precipitation times (Fig. 2a, blue lines)
isalso consistent with the differences between
the various curves in Figs. 5ab, which tend
to be relatively small but take up a relatively
deep layer.

A likely interpretation of these results is
that high CWV tends to persist for relatively
long times, increasing the chance of precipi-
tation during those times. This is supported
by an analysis of microwave radiometer and
gauge data from Nauru showing that CWV
has much higher characteristic autocorrelation
timesthan precipitation or cloud water (Neelin
et al. 2008). These findings also seem com-
patible with suggestions that much of the vari-
ance in water vapor in the tropics may be due
to dry air intrusions from the midlatitudes or



subtropics that moisten relatively slowly, as
mentioned in section 3c above.

4. Impact of tropospheric
moisture on buoyancy: ba-
sics

a. Moist stability profiles

Figure 6 shows 6. and 6., for all the bins
shown in Fig. 3a above 50 mm CWV. (Since
we are mainly interested in the changes that
occur around and above the precipitation pick-
up, which occursaround 67 mm for these data,
we have grouped all of the values below 50
mm into only two wide bins, which therefore
have proportionately higher counts). An ap-
proximate measure (though one that does not
account for the effect of condensate on virtual
temperature) of parcel buoyancy and convec-
tive available potential energy (CAPE) is to
draw avertical lineupwardsfrom 6, at the par-
cel starting level. Where this line crosses the
0., curve is roughly the level of free convec-
tion (LFC) of the unmixed parcel; the area to
the left of the vertical line and to the right of
the d., curveisroughly proportional to CAPE.
It is clear that, for the highest CWV hins,
there are potentially buoyant parcels starting
from many lower-tropospheric levels (up to
800 hPa), assuming they can be lifted to their
LFCs. Thiswill be discussed further below as
it relates to the effect of entrainment at differ-
ent levels on parcel buoyancies. Itisalso in-
teresting that the highest 6. profileis so close
to the average 0., bin, indicating that the pro-
files in the highest CWV bin are close to the
saturation specific humidity level of the typi-
cal atmospheric temperature profile.

b. Buoyancy contribution for simple entrain-
ing plumes

Under the hypothesis that buoyancy ef-
fects govern the empirical relationships de-
scribed above, we calculate the buoyancy per-

turbation profiles for plumes rising from the
subcloud layer under various mixing assump-
tions. Figure 7a shows the resulting vir-
tual temperature perturbations using original
sonde data for a hypothetical parcel raised
from 1000 hPathat simply conservestotal wa-
ter specific humidity ¢, and liquid water poten-
tial temperature ¢, with no entrainment or loss
of condensate. These individual sonde pertur-
bation profiles have been conditionally aver-
aged by CWV, with bin spacing asin Fig. 6.

Figure 7a shows that, without mixing,
1000 hPa parcels easily become buoyant for
nearly al the bins. (The CAPE values, ob-
tained by integrating the positive part of these
curves times the gas constant over log pres-
sure, range from near O to around 1,800 J
kg~1). This does not correspond to the sharp
increase in average precipitation shown for the
three rightmost bins as seen in Fig. 3b, which
have the same bin edges asin Fig. 7.

To include entrainment, we begin with a
constant isobaric linear mixing with coeffi-
cient y of 0.1% per hPa, following Brown and
Zhang (1997), and

e = (1 — Xe—1)Th—1 + Xe—17T6—-1, (1)

with r aconserved variable, 7 its environmen-
tal value and k£ denoting pressure level if x
varies.

Brown and Zhang (1997) tuned y to cap-
ture cloud top height in Tropical Ocean Global
Atmosphere Coupled Ocean-Atmosphere Re-
sponse Experiment (TOGA COARE) data
With this mixing, the virtual temperature per-
turbation profiles (Fig. 7b) show a distinc-
tive (and statistically significant) separation
around the same bin in which there is a sharp
increase in precipitationin Fig. 7.

To show the relative importance of sub-
cloud versus free-tropospheric moisture on
plume buoyancy, Figs. 7c,d are based on
constant entrainment as above but holding
g and/or temperature (7°) to constant (mean
sonde) profiles in different layers. Figure 7c
shows virtual temperature perturbation pro-



files for lifted parcels using a constant profile
of ¢ above 950 hPa, with 7" and subcloud ¢
unchanged. Most of the bins have a reduced
buoyancy above the subcloud layer, showing
the importance of relatively dry air being en-
trained by the plume (note again that most
of the bins chosen have greater than average
CWV, sincethisisthe transition region we are
interested in). However, the subcloud layer
moisture and 6., which increase along with
CWYV, aso have an important effect on the
buoyancy, which is especially noticeable by
the spread in the lower troposphere despite the
identical dry air entrainment. If 7" isalso held
constant above 950 hPa (not shown), there is
an even larger spread throughout the tropo-
sphere, implying that tropospheric 7" tends to
increase with increasing CWV, most likely as
aresult of convection. Theseincreasing tropo-
spheric temperatures offset the higher parcel
buoyancies due to higher 6. in the subcloud
layer; this explains the low amount of spread
in the upper troposphere seen in Fig. 7c.

The results of analysis converse to that of
Fig. 7c, such that T" and ¢ are held to con-
stant mean profiles except for ¢ above 950
hPa, which varies as in the original sondes,
areshownin Fig. 7d. Clearly, with nothing al-
lowed to vary but the free-tropospheric mois-
ture, thereisasignificant spread (as measured
against standard error ranges) for mixed lifted
parcels by the time they reach the upper tro-
posphere. The parcels mixing with the driest
air, from the lowest CWV bins, reach nega-
tive buoyancy rapidly in the mid-troposphere.
The middle and higher bins show significant
spread in the upper troposphere, and the top
three bins have a small but noticeable sepa-
ration from the middle ones above approxi-
mately 600 hPa. The significance of this dif-
ferentiation is not certain, but the fact that
these are the only three bins which remain
positive above 400 hPais intriguing.

In the lower troposphere, without the com-
pensating effects of higher moist static en-
ergy in the subcloud layer, the binswith larger

tropospheric water actually show significantly
lower buoyancy. This is because moist air is
less dense than dry air of the same tempera-
ture, so, al else being equal, parcelslifted into
a drier environment are more buoyant (un-
til they entrain enough dry air to lose their
high moist static energy amounts). The ef-
fect of ¢ on virtual temperature also explains
the large separation in the lower troposphere
in Fig 7c. Note that the curvesin Fig. 7d are
much smoother than the other three panels of
Fig. 7: thisis because the environmental tem-
perature, the main component of environmen-
tal virtual temperature and the main contribu-
tor to the wigglesin the difference profiles, is
held constant.

A test of buoyancy profiles conditionally
averaged by precipitation rather than by CWV
(not shown) showed less spread and less of
a trend toward higher buoyancy values with
higher precipitation. Thisislikely due to cold
pools and other processes reducing subcloud
layer 6. during actual precipitation (indeed,
the lack of trend was reduced when profiles
were conditioned on precipitation occurring 3
hr after the sonde launch). Another factor is
that, as Fig. 1 shows, there is less spread in
tropospheric water vapor when conditionally
averaged on precipitation as opposed to CWV.

5. Water vapor impact on
buoyancy: entrainment
formulation and micro-
physics

a. Sensitivity to entrainment assumptions

The above analysis makes clear that lin-
ear mixing (used under the same assumptions,
such as neglect of freezing, for which the co-
efficient was tuned) can yield a transition to
buoyant deep convective plumes at a CWV
value corresponding to the pick-up in precipi-
tation. However, there are anumber of waysin
which constant mixing is unsatisfying. Jensen



and Del Genio (2006) find that a significant
range of constant entrainment values are nec-
essary to reproduce cloud top heights; Kuang
and Bretherton (2006) estimate substantially
larger values in CRM simulations, which if
implemented in these soundings would not
yield the right transition to deep convection.

Recent analysis of Large Eddy Simula
tions (LES) of convective boundary layers
(Siebesma et al. 2007; de Roode et a. 2000;
de Haij 2005) points towards a different de-
pendence: amixing coefficient proportional to
271, where z is height, in the layer in which
plume mass flux is growing. Here we argue
that such entrainment arises naturally in plume
models, and leads to appealing consequences
for thinking about the relative importance of
different vertical layers. We then show sensi-
tivity tests for two cases of such mixing. In
section 5b we discuss the sensitivity of the
buoyancy analysis to microphysics assump-
tions.

1) DEEP INFLOW MIXING

A standard continuity expression for up-
draft mass flux m (Stommel 1947; Siebesma
et a. 2007) is

1 0m
moz <O

(2)

where € and § are the entrainment and de-
trainment rates, respectively. If a deep con-
vective plume consists of increasing mass flux
through the whole lower troposphere, with en-
trainment dominating detrainment, then (2)
implies large lower-tropospheric entrainment
rates. Such deep inflow may be seen in ob-
served core updraft velocity to about 5 km in
GATE cumulonimbus (Fig. 5 of LeMone and
Zipser 1980) and in cloud-system resolving
model (CRM) simulated updraft velocity up
to about 6 km (Fig. 8 of Robe and Emanuel
1996). Here we seek simple examplesthat a-
low us to visualize the consequences of such
“deep inflow” mixing. This can provide a
contrasting approximation to “constant” mix-
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ing implementations such as that used in sec-
tion 4b, which effectively assume a large en-
trainment rate (m increases from 0 to a finite
value) through thefirst layer, and then amuch
smaller rate of increase in subsequent layers.
From (2), we can compute an entrainment
coefficient for any mass flux profile, if we
neglect detrainment (Ogura and Cho 1973).
We consider afamily of mass flux profilesin-
creasing smoothly from zero at low levels (and
connecting to some other dependence in mid-
troposphere):
3

An exponent o = 1 would be alinear increase
in height, which might correspond to alower-
tropospheric response to a baroclinic wave, or
to an entraining plume under circumstances
outlined below. An exponent o = 1/2 might
correspond to the z'/2 updraft velocities seen
in dimensional arguments as early as Scorer
(2957). In (2), thismass flux family yields

m o 2%,

1

e—0=az ",

(4)
which corresponds to the entrainment vertical
dependence of Siebesma et al. (2007).
Entrainment effects on a conserved quan-
tity in the plume (e.g., Siebesma et al. 2007)
are given by
or

5 = e(r —r).
For clarity we use z coordinates here, although
our computations will use the corresponding
equation in pressure (p) coordinates. Using
(5) for potential temperature to diagnose en-
trainment rates in LES simulations of convec-
tive boundary layers (de Roode et a. 2000; de
Haij 2005; Siebesmaet al. 2007) led to an em-
pirical fit for the mixing coefficient ¢ = c.271,
with ¢. ~ 0.4-0.55 (Jakob and Siebesma
2003). For these boundary layer LES studies,
€ can contain another term that has a maxi-
mum near the trade inversion (Siebesmaet al.
2007) but we omit thisfor the present focus on
low levels of a deep convective plume.

(5)

,i:



2) RELATIONSHIP TO UPDRAFT VELOC-
ITY EQUATION

For additional justification, consider an
updraft velocity equation (e.g., Siebesmaet al.
(2007))

2
ow;;

0z

where w, is the updraft velocity, B is the
buoyancy term, and ¢ and a are constants. The
271 in the first rhs term comes from assum-
ing that e has the form (4). The pressure term
can be considered as part of B or the coeffi-
cients depending on assumptions. Values of
the coefficients will be unimportant to the re-
sults used here. A solution for thisis

c
= ——w? +aB,
z

(6)

w? = 2 /0 T 4B @)
If B does not vary strongly with height this
gives w, o 22, which yidds ¢, = «
0.5 (neglecting detrainment, and assuming
that density and plume area coverage do not
change rapidly such that m has approximately
the same vertical dependence of w,). Thisis
close to the LES value for shallow convection
(Siebesma et a. 2007; Jakob and Siebesma
2003), thusroughly explaining that value. If B
instead increases linearly with height, one ob-
tainsan updraft velocity that increases roughly
linearly with height, w, o« z. Buoyancy pro-
files are of course more complex, but roughly
linear increases may be seen above 0.6 kmin
simulated CRM updrafts (Kuang and Brether-
ton 2006, , their Fig. 5). Wenotethat in Fig. 7,
for different CWV bins, the buoyancy through
the lower troposphere can beincreasing or rel-
atively constant, and thus for sensitivity stud-
ies it is reasonable to use mixing coefficients
motivated by each of these two cases.

3) DEEP INFLOW MIXING CASES

We thus choose two cases of mixing co-
efficient vertical dependence: Deep Inflow
A corresponds to the Siebesma et al. (2007)
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L ES-based dependence; Deep Inflow B corre-
sponds to an increase in mass flux that is lin-
ear at low levels, tapering in mid-troposphere.
If detrainment is neglected, these would cor-
respond to an exponent o of 0.4 and 1, re-
spectively, in (3) and (4). Where z and w
are needed for calculations, we use the mean
height and density over all sondes to convert
to/from p-coordinates.
Specificaly, for Deep Inflow A,

(8)

where Y, is the coefficient in (1) (which was
held constant in the previous section), Az is
a positive finite difference layer depth, and
c. = 0.4.

For Deep Inflow B, we choose a lower-
tropospheric w, profile that increases nearly
linearly at low levels, namely a quarter sine
wave in z with zero at 1000 hPa and maxi-
mum at 430 hPa (7 km). Thisroughly approx-
imates the Robe and Emanuel (1996) updraft
velocities, and is loosely consistent with ob-
servational studies of convectiveregions (e.g.,
LeMone and Zipser 1980; Cifelli and Rut-
ledge 1994; LeMone and Moncrieff 1994).
Small variations of the m-profile shape have
little overall effect, and the magnitudeisirrel-
evant. Mixing coefficients are computed from
the p-coordinate version of (2), neglecting en-
trainment, using x; —m~(dm/0p) Ap,
with Ap defined positive. Below 900 hPa,
where small mass flux requires caution in fi-
nite differencing, we use analytica results
from (10) below, yielding (po —
pr) " Ap. Above 430 hPa, where the mass flux
no longer increases, entrainment is set to zero
for simplicity.

-1
Xk = €z Az,

4) VERTICAL WEIGHTING OF ENVIRON-
MENTAL VALUES

For a plume increasing from zero mass
flux at pressure p, the value of conserved
guantity » withinthe plumeat level p isrelated



to the environmental value 7 by

1 P _Om .

[ ap, 9
m(p) Jp, OD b ®)

r(p) =
from the p-coordinate version of (5) and ne-
glecting detrainment in (2). The vertical rate
of increase of mass gives the weighting of the
environmental variable. For the case of alin-
early increasing plume m = c¢(pg — p), this
reduces to the vertical average over al levels
below:

r(p) = (p— po) " / “rdp. (10)

Therefore, although ¢ and x decrease
rapidly above the surface, this linear case
shows that this does not necessarily result
in strong dependence on near-surface values.
Equal increments of mass are brought into the
plume at each level, and the apparent high
entrainment is simply because the mass flux
is small near the surface. This can also be
thought of as plumes rising more slowly hav-
ing more time for dilution, related to the Neg-
gers et a. (2002) argument for modeling en-
trainment rates as the inverse of updraft veloc-
ity.

This linear case further makes clear why
CWV is a very reasonable indicator of buoy-
ancy for deep entraining plumes. For this
mass-flux profile, mid-tropospheric buoyancy
depends on the environmental water vapor
vertically integrated through the lower tropo-
sphere, a quantity similar to CWV. Differ-
ent mass flux profiles yield different vertical
weighting. For instance, for z¢, the weight-
ing is z*~1, which weights lower levels more
heavily (when o < 1). For « = 1/2, and lin-
ear decreasein the environmental variable, the
level equivalent to the weighted mean occurs
at (p—po)/3, instead of (p — po)/2. However,
even when the vertical mean is not the optimal
weighting, CWV will be a reasonable buoy-
ancy estimator for any mass flux increasing
through a deep lower-tropospheric layer, es-
pecially given the preponderance of variance
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occurring in the lower free troposphere.

5) SENSITIVITY TO DEEP INFLOW MIX-
ING PROFILES

Figures 8a,b show entraining plume buoy-
ancy profiles resulting from Deep Inflow A
and Deep Inflow B cases. Although these dif-
ferent mixing profiles show different valuesin
Fig. 8 for the exact level of sign change (neu-
tral buoyancy) for the different buoyancy pro-
files, the qualitative spread and order of the
curves is not much different among these two
mixing schemes or from thosein the buoyancy
profiles for the constant mixing in Fig. 7b.
As in the constant mixing case, only the top
few curves (corresponding to the precipita-
tion pick-up in Fig. 3b) are buoyant at cer-
tain levels (although the vertical levels for
which this is true are lower in these latter
two mixing cases—the inclusion of ice pro-
cesses discussed in section 5b below offers
one explanation for this). There is less sen-
sitivity to 1000 hPa 6. in these vertically de-
pendent mixing cases, as should be expected
given the greater emphasis placed on entrain-
ing lower-tropospheric air through arelatively
deep layer.

For Deep Inflow B (Fig. 8b), few CWV
bins have buoyant shallow cumulus plumes,
but this is not surprising since strong entrain-
ment occurs through the whole lower tropo-
sphere. For shallow cumulus, the Deep Inflow
A profile—or the full LES-based mixing pro-
file of Siebesmaet a. (2007)—is likely more
suitable.

Even more than the Deep Inflow A mixing
scheme, the Deep Inflow B scheme placesim-
portance on all of the lower-tropospheric val-
ues, not just the subcloud layer. Since CWV
captures variance throughout the lower free
troposphere, but includes contributions from
the subcloud layer as well, CWV would be a
good predictor of buoyancy if real mixing oc-
curred as described by the deep inflow theory,
for locations that already have wind profiles
typical of deep convection regions. As men-



tioned above, (10) results in equal weighting
of all lower-tropospheric levels in the plume
buoyancy, implying that CWV, which weights
many lower-tropospheric environmental mois-
ture levels, should indeed be a good indicator
of deep convection and precipitation.

b. Sengitivity to microphysics assumptions

An analysis of the sensitivity of the above
buoyancy profiles to microphysics assump-
tions reveals a large amount of uncertainty in
the specific values of buoyancy, though not
in the monotonic order of the curves. Fig-
ures 8c,d show the effects of including ice
mixing above the freezing level for the Deep
Inflow A and Deep Inflow B mixing schemes,
respectively. The mixing processis similar to
that used above, except that instead of con-
serving the liquid water potential temperature,
0,, we instead conserve the ice-liquid water
potential temperature, ¢; (Bryan and Fritsch
2004, their Eq. 23). This reduces to the
reversible liquid water potential temperature
used above (from Emanuel 1994) when there
isnoice. To make the contribution from freez-
ing obvious, all liquid is converted to ice when
the plume reaches 0°C; this is the only irre-
versible process other than the mixing, and is
accomplished by equating the total enthalpies
of al states before and after the freezing pro-
cess (Emanuel 1994). The rapid freezing is
chosen to make the warming associated with
freezing clear in the plots. Implementing
the phase change gradually between 0 and -
40°C (e.g., Raymond and Blyth 1992; Bryan
and Fritsch 2004) would spread this warming
through alayer extending upward to about 250
hPa.

The curvesincluding ice for the top CWV
binsin Figs. 8c,d are buoyant throughout the
troposphere; in the Deep Inflow B case, only
the top two CWV curves retain their buoy-
ancy, though the third-highest bin becomes
only dlightly negatively buoyant through a
portion of the lower troposphere. Buoyancy
above the freezing level for plumes that are
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negatively buoyant below is unlikely to be re-
alized in practice. Again, the Deep Inflow B
mixing is not appropriate for shallow convec-
tion, as seen by the lack of shalow buoyant
plumesin Fig. 8d. In both of these ice cases,
there is still a large separation in the curves
corresponding to CWV, and a particularly no-
ticeable separation between the top three bins
and the lower ones, as discussed in previous
figures. This again relates well to the precip-
itation pick-up seen in Fig. 3. The constant
mixing case, with freezing including, would
not correspond well to this pick-up, since most
bins would yield deep convection.

Another aspect of microphysics that af-
fects the buoyancy values of mixing profiles
isthe treatment of hydrometeors. In all of the
aboveanalyses, adl liquid and/or iceisretained
in the mixed parcels (though of course g; is
one of the mixed variables). Using a pseudo-
adiabatic entropy as the conserved variable
above saturation, and thereby removing con-
densate and its effects on buoyancy, tends to
increase the buoyancy by asmuchas2 K inthe
mid-troposphere, with lower increases above
and below this, and with dlight decreases at
very high levels (figure not shown). Thislevel
of sensitivity to hydrometeor removal, as well
asthe sensitivity seen for ice processes above,
is broadly consistent with the approximately
3 K differences seen in Raymond and Blyth
(1992). Again, the order and separation of
the curves is not affected much. The positive
change comes from the removal of condensate
loading in the virtual temperature calculation,
while the reduction and eventual reversal of
that change at upper levels reflects the lack of
additiona enthalpy transferred from conden-
sateto air (Emanuel 1994). While the removal
of all condensate below the freezing level is
unrealistic, above that level it is expected that
some of the additional buoyancy gained from
the remova of condensate could further in-
crease the strength of updrafts.



c. Senditivity to column temperature and rel-
ative humidity

The relationship between moisture and
precipitation should depend on temperature.
For this deep tropical location, temperature
variations are small enough that they could be
ignored to a first approximation. This was
addressed in Fig. 2a and Fig. 4b, showing
that most of the changes of ¢ associated with
changesin CWV are dueto changesinrelative
humidity, not to changes in temperature.

A plausible next approximation might be
to consider column relative humidity (the ra-
tio of CWV to saturation CWV) following
Bretherton et a. (2004). However, the rapid
pick-up in precipitation actualy has a dif-
ferent temperature dependence (Neelin et al.
2008), occurring at a subsaturation that in-
creases with temperature.

We examined both possibilities in the
ARM sonde data. The analyses of Fig. 3,
Fig. 7 and Fig. 8 were repeated (i) using col-
umn relative humidity; (ii) binning the data
by 1000-200 hPa column average tempera-
ture (with 1 K width). The precipitation pick-
up occurred with ssimilar magnitude to Fig. 3
for al cases, and the shifts as a function of
temperature appeared consistent with thosein
(Nedlin et al. 2008), whereas normalization
by saturation CWV caused overcompensation.
However, the results of these analyses were
noisy because of small sample size, even for
bins only 1 K from the mean. Definitive re-
sultswould require datathrough alarger range
of temperatures. The buoyancy relationships
were noisy as well, but the spread was similar
to Fig. 7.

6. Conclusions

Five years of radiosonde and precipitation
gauge data from Nauru Island are used to ex-
amine the relationship of the vertical struc-
ture of water vapor to tropical deep convec-
tion. The leading vertical principal compo-
nent of specific humidity, which is highly cor-
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related with CWV, peaks in the lower tropo-
sphere around 800 hPa and has a relatively
small contribution from subcloud levels. The
variances associated with CWV are due pre-
dominantly to fluctuations in relative humid-
ity, not to changes in temperature at constant
relative humidity. Although there is a larger
average amount of partial CWV contained be-
tween the surface and 850 hPa than there is
above 850 hPa, nearly all CWV variance can
be explained by the variancein the layer above
850 hPa. The boundary layer contains slightly
more water vapor but, since it is tied closely
to the surface by turbulent and convective pro-
cesses, its variance is much smaller, and that
smaller variance is itself correlated with the
free-tropospheric variance.

Moisture profiles conditionally averaged
on precipitation show a strong association be-
tween rainfall and moisture variability in the
free troposphere, and little boundary layer
variability. When precipitation is condition-
ally averaged on CWV, a sharp pick-up occurs
at high enough CWYV, consistent with other
observational studies (Bretherton et al. 2004,
Peters and Neelin 2006). Furthermore, this
same pick-up can be reproduced by condition-
ally averaging precipitation only on the par-
tial CWV from 850-200 hPa, while averaging
only on subcloud layer (below 950 hPa) wa-
ter vapor shows little corresponding response
in precipitation. This suggests that moisture
above the boundary layer is the key compo-
nent in the relationship between CWV and the
transition to deep convection and higher aver-
age precipitation rates.

Because CWV is widely observed from
satellite retrievals, we seek to understand why
it proves such a useful indicator of favor-
able conditions for tropical deep convection.
The buoyancy of plumes rising under dif-
ferent conditions, for severa entrainment as-
sumptions, provides insight. The transition
to high precipitation rates at sufficiently high
CWV appears to depend primarily on free-
tropospheric moisture, which can greatly af-



fect the buoyancy of lifted parcels undergoing
entrainment. There is aso a dependence on
the small but significant correlation between
CWYV and subcloud layer moisture and 6...

Entraining plumes tend to be far more
buoyant at middle and upper levelsfor profiles
with larger CWV values. Thisis robust for all
three mixing profiles analyzed, although the
level at which positively buoyant parcelsreach
neutral buoyancy differs, as does the relative
weighting of entrainment from the free tro-
posphere and boundary layer. Constant mix-
ing, similar to many convective parameteriza-
tions, must be rather small to not kill convec-
tion by the time it reaches the middle tropo-
sphere, and thus tends to emphasi ze boundary
layer 6.. Using mixing valuesfrom Brown and
Zhang (1997) can give the transition to deep
convection at the approximate CWV value at
which precipitation picks up, but only if freez-
ing is neglected. Two “deep-inflow” mixing
profiles based on increasing mass flux through
a deep lower-tropospheric layer are consid-
ered. Oneis based on LES studies of entrain-
ment in convective boundary layers (Siebesma
et a. 2007), and a second assumes entrain-
ment associated with a mass flux profile in-
creasing linearly at low levels, to a maximum
at mid-troposphere. Both yield theincreasein
buoyancy as a function of CWV. When sim-
ple freezing physicsis included, the deep in-
flow mixing cases both give better correspon-
dence than constant mixing between the pick-
up in precipitation in the upper few CWV
bins and buoyancy available for deep convec-
tion. Analytic resultsfor these mixing profiles
show how buoyancy in the mid-troposphere
depends on a weighted vertical average over
the lower troposphere; in the case of alinearly
growing plume, all lower-tropospheric levels
are weighted equally. In the presence of such
entrainment, CWV is thus a very reasonable
measure of the buoyancy available to a deep
convective plume.

These results underline the key role that
free-tropospheric moisture plays in the tran-
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sition from shallow to deep convection. The
observed pick-up of precipitation with CWV
is linked to increased buoyancy of entrain-
ing plumes, and the importance of accurately
representing the entrainment process to obtain
this sensitivity is shown. This adds an ob-
servational constraint on entrainment that may
be useful in revising GCM convective param-
eterizations, and points toward entrainment
schemes associated with more realistic mass
flux profiles than the commonly used constant
mixing.
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Specific humidity (g kg=!) profiles conditionally averaged on 1-hr average pre-
cipitation rate in mm hr=! (color bar). Bin counts from lowest to highest pre-
cipitation range are: 2805, 93, 90, 59, 32, 40, 36, 49, 47, 43, 44, 30, 21, and 11.
Horizontal bars indicate the maximum, as well as arepresentative, +1 standard

error (standard deviation divided by the square root of the sample number) range. 21

(a) Variance of specific humidity (g? kg=2) for all sondes (red) and for sondes
within +3 hours of the highest precipitation averages (blue). Long-dashed lines
show total variance, solid lines show variance explained by PC 1 at each level.
The dotted red line shows total variance at each level of a hypothetical spe-
cific humidity field derived only from temperature and afixed relative humidity
profile (taken from the mean of all original sonde relative humidity). (b) Frac-
tional variance explained by PC 1. (c) Scatter plots and linear regressions of
the integrated contribution to column water (mm) from the surface to 850 hPa
(magenta) and from 850—200 hPa (green) versus the column water vapor. (d)
Regressions and correlations of PC 1 versus column water vapor for all sondes
(top) and for sondes within +3 hours of the highest 1-hr precipitation (bottom).
Specific humidity (g kg™!) profiles and 1-hr average precipitation rates, respec-
tively, conditionally averaged on: (a), (b) total columnwater vapor in mm (color
bar); (c), (d) column water integrated from 850—200 hPa (color bar); and (e), (f)
column water integrated from the surface to 950 hPa (color bar). Vertical bars
on precipitation values represent +1 standard error. Horizontal bars indicate
limits of the maximum, as well as a representative, standard error range. Inset
for panel (a) shows number of sondesfor total column water vapor bins plotted
against each bin'saveragevalue. . . . . . . ... ... ... ... .. .....
Relative humidity (%) profiles conditionally averaged on: (@) 1-hr average pre-
cipitation rate in mm hr=! (color bar); (b) column water vapor in mm (color
bar). Horizontal bars indicate limits of the maximum, as well as a representa-
tive, standard error rangebelow 150hPa. . . . . . . .. ... ...
Humidity anomalies (taken as differences from the highly populated bin with
precipitation less than 0.0025 mm hr~!) for precipitation above 2.56 mm hr!
lagging (before rain) and leading (after rain) the radiosonde by up to three hours,
for: (), (b) specific humidity (g kg=') profiles; (c), (d) relative humidity (%)
profiles. Horizontal bars on right show maximum standard error range for pan-
els (@) and (b), while for panels (c) and (d) they represent the characteristic
standard error range for three main vertical regions, with maximums shown in
theupper troposphere. . . . . . . . .. L
Profilesof reversible(a) 6, (K) and (b) 6., (K). These are conditioned on column
water vapor in mm (color bar). The dashed black line, reproduced in each panel,
is the bin-count-weighted mean 6., profile for all bins greater than 50 mm.
Horizontal bars indicate limits of the maximum, as well as a representative,
standard error rangebelow 150hPa. . . . . . . . ..o oL
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Virtual temperature (K) difference profiles conditionally averaged on initial
sonde column water vapor in mm (color bar), where the environmental (ini-
tial) sonde virtual temperature is subtracted from a profile determined by lifting
a 1000-hPa parcel conserving total water and liquid equivalent potential tem-
perature but also including: (a) no environmental mixing; (b) constant 0.5%
mixing; (c) mixing with adjusted sonde profiles using mean specific humidity
for levels above 950 hPa; (d) mixing with an adjusted sonde profile using mean
temperature for al levels and mean specific humidity for levels below 950 hPa.
Horizontal bars indicate limits of the maximum, as well as a representative,
standard error range below 150 hPa (note that these bars appear on the side in
panel (d) for visual clarity). For afew sondesin (c) and (d), ¢ values have been
dlightly reduced at afew levelsto remove supersaturation. . . . . . . ... ..
Virtual temperature (K) difference profiles conditionaly averaged on initia
sonde column water vapor in mm (color bar), where the environmental (ini-
tial) sonde virtual temperature is subtracted from a profile determined by lifting
a1000-hPaparcel conserving total water and liquid equivalent potential temper-
ature but also including: (a) Deep Inflow A mixing; (b) Deep Inflow B mixing;
(c) Deep Inflow A mixing with conversion of liquidto ice, and following an ice-
vapor reversible adiabat, above the freezing layer; (d) same as (c), but for Deep
Inflow B mixing. In (c) and (d), the jJumpsin virtual temperature difference at
the freezing level for all but the 1 uppermost and 2 lowermost column water
vapor bins have been extended from about 10-15 hPato 30 hPa, with a straight
line connecting the otherwise original upper and lower curves, for visual clar-
ity. Horizontal barsindicate limits of the maximum, as well as arepresentative,
standard error rangebelow 150hPa. . . . . . . ..o oL
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FiG. 1. Specific humidity (gkg™!) profiles conditionally averaged on 1-hr average precipitation
rate in mm hr=! (color bar). Bin counts from lowest to highest precipitation range are: 2805,
93, 90, 59, 32, 40, 36, 49, 47, 43, 44, 30, 21, and 11. Horizontal bars indicate the maximum, as
well as arepresentative, +1 standard error (standard deviation divided by the square root of the
sample number) range.
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FIG. 2. (a) Variance of specific humidity (g? kg=2) for all sondes (red) and for sondeswithin +3
hours of the highest precipitation averages (blue). Long-dashed lines show total variance, solid
lines show variance explained by PC 1 at each level. The dotted red line shows total variance
at each level of ahypothetical specific humidity field derived only from temperature and a fixed
relative humidity profile (taken from the mean of all original sonde relative humidity). (b)
Fractional variance explained by PC 1. (c) Scatter plots and linear regressions of the integrated
contribution to column water (mm) from the surface to 850 hPa (magenta) and from 850-200

hPa (green) versus the column water vapor. (d) Regressions and correlations of PC 1 versus

column water vapor for all sondes (top) and for sondes within +3 hours of the highest 1-hr

precipitation (bottom).
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FiG. 3. Specific humidity (g kg™!) profiles and 1-hr average precipitation rates, respectively,
conditionally averaged on: (&), (b) total column water vapor in mm (color bar); (c), (d) column
water integrated from 850-200 hPa (color bar); and (e), (f) column water integrated from the
surface to 950 hPa (color bar). Vertical bars on precipitation values represent +1 standard error.
Horizontal barsindicate limitsof the maximum, aswell asarepresentative, standard error range.
Inset for panel (&) shows number of sondes for total column water vapor bins plotted against
each bin’s average value.
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FIG. 4. Relative humidity (%) profiles conditionally averaged on: (a) 1-hr average precipitation
ratein mm hr=! (color bar); (b) column water vapor in mm (color bar). Horizontal barsindicate
limits of the maximum, as well as a representative, standard error range below 150 hPa.
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FiG. 5. Humidity anomalies (taken as differences from the highly populated bin with precip-
itation less than 0.0025 mm hr~!) for precipitation above 2.56 mm hr—! lagging (before rain)
and leading (after rain) the radiosonde by up to three hours, for: (a), (b) specific humidity (g
kg~1) profiles; (c), (d) relative humidity (%) profiles. Horizontal bars on right show maximum
standard error range for panels (a) and (b), while for panels (c) and (d) they represent the char-
acteristic standard error range for three main vertical regions, with maximums shown in the
upper troposphere.
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FIG. 6. Profilesof reversible (a) 4. (K) and (b) 6., (K). These are conditioned on column water
vapor in mm (color bar). The dashed black line, reproduced in each panel, is the bin-count-
weighted mean 6., profile for all bins greater than 50 mm. Horizontal barsindicate limits of the
maximum, as well as arepresentative, standard error range below 150 hPa.
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FiG. 7. Virtua temperature (K) difference profiles conditionally averaged on initial sonde col-
umn water vapor in mm (color bar), where the environmental (initial) sonde virtual temperature
is subtracted from a profile determined by lifting a 1000-hPa parcel conserving total water and
liquid equivalent potential temperature but also including: (a) no environmental mixing; (b)
constant 0.5% mixing; (¢) mixing with adjusted sonde profiles using mean specific humidity
for levels above 950 hPa; (d) mixing with an adjusted sonde profile using mean temperature for
all levels and mean specific humidity for levels below 950 hPa. Horizontal bars indicate limits
of the maximum, aswell as arepresentative, standard error range below 150 hPa (note that these
bars appear on the side in panel (d) for visual clarity). For afew sondesin (c) and (d), ¢ values
have been dlightly reduced at a few levels to remove supersaturation.
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FiG. 8. Virtual temperature (K) difference profiles conditionally averaged on initial sonde col-
umn water vapor in mm (color bar), where the environmental (initial) sonde virtual temperature
is subtracted from a profile determined by lifting a 1000-hPa parcel conserving total water and
liquid equivalent potential temperature but also including: (a) Deep Inflow A mixing; (b) Deep
Inflow B mixing; (c) Deep Inflow A mixing with conversion of liquid to ice, and following an
ice-vapor reversible adiabat, above the freezing layer; (d) same as (c), but for Deep Inflow B
mixing. In (c) and (d), thejumpsin virtual temperature difference at the freezing level for all but
the 1 uppermost and 2 lowermost column water vapor bins have been extended from about 10—
15 hPato 30 hPa, with a straight line connecting the otherwise original upper and lower curves,
for visual clarity. Horizontal bars indicate limits of the maximum, as well as a representative,
standard error range below 150 hPa.
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