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ABSTRACT

The lapse rates of high-resolution temperature profiles during nearly neutral, saturated conditions are

compared with the saturated adiabatic lapse rate and with that proposed by Richiardone and Giusti. A good

agreement between the latter and the mean value of the observed lapse rate is found, whereas the saturated

adiabatic lapse rate differs significantly, confirming experimentally that it is not completely correct to assess

the moist neutrality from a comparison with the saturated adiabatic lapse rate. The lapse-rate distribution

supports the hypothesis that the lapse-rate statistics is a local collection of saturated adiabatic lapse rates in

a background normal distribution centered around the neutrality.

1. Introduction

The moist Brunt–Väisälä frequency squared,
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from Durran and Klemp (1982) is commonly used to

assess if a saturated atmosphere is stable (Nw
2 . 0), un-

stable (Nw
2 , 0), or neutral (Nw

2 5 0), Here g is the

gravitational acceleration, T is the temperature, Ly is the

specific latent heat of vaporization (replaced by that for

sublimation if the saturation is over ice), Rd is the gas

constant of dry air, rw is the (saturated) vapor mixing

ratio, rl is the condensed phase (liquid or solid) mixing

ratio, rtw 5 rw 1 rl is the total water mixing ratio, z is the

height, and Gw is the saturated adiabatic lapse rate.

The comparison of the lapse rate (G [ 2dT/dz) is

often used to assess the stability of a saturated atmo-

sphere, but Eq. (1) indicates that that is not completely

correct, as first shown by Lalas and Einaudi (1974). As

a matter of fact, in Eq. (1) the sign of Nw
2 is not de-

termined by (dT/dz 1 Gw) when the stability is small.

Richiardone and Giusti (2001) showed that the gra-

dient of the saturated vapor profile in the second term on

the rhs of Eq. (1) can be written in terms of the lapse

rate, and Eq. (1) can then be expressed as
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where �5 Rd/Ry is the ratio between the gas constants of

dry air and water vapor and G
w
* has a complicated ex-

pression, which can be approximated by
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where Gd is the dry adiabatic lapse rate and cpd is the

specific heat of the dry air at constant pressure.

As discussed in Richiardone and Giusti (2001), Eq. (2)

shows that when the contribution of the condensed

water mixing ratio gradient is negligible (a reasonable

approximation in the lower troposphere), the sign of

Nw
2 is determined by (dT/dz 1 Gw

*), implying that Gw
*,

instead of the saturated adiabatic lapse rate Gw, is the

better lapse rate to assess the stability.

The California Land-Falling Jets Experiment (CALJET)

and the Pacific Land-Falling Jets Experiment (PACJET)
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were conducted to investigate the role of the pre-cold-

frontal low-level jet (LLJ) on U.S. West Coast heavy

rainfall episodes. The LLJ is an integral part of extra-

tropical cyclones and is characterized by warm tem-

peratures, weak stratification, large water content, and

strong low-altitude winds (e.g., Browning and Pardoe

1973). These attributes are conducive to the production

of heavy rainfall through orographic forcing when the

LLJ impinges the coastal mountains. Because the region

of strongest water vapor transport was found to be very

narrow, and yet is responsible for almost all the meridi-

onal water vapor transport at midlatitudes (Zhu and

Newell 1998), this region is referred to as an ‘‘atmo-

spheric river’’ (Zhu and Newell 1998; Ralph et al. 2004).

High-resolution vertical profiles of wind velocity,

temperature, and water vapor from GPS dropsondes

released at about 500 km offshore were collected from

the National Oceanic and Atmospheric Administration

(NOAA) P-3 aircraft in 10 storms during the CALJET of

1998 and in 7 storms during the PACJET of 2001. One

sounding into the pre-cold-frontal LLJ was chosen from

each storm in order to provide a set of high-resolution

(roughly 10 m) profiles that are representative of the

thermodynamic conditions in the LLJ region ahead of

a landfalling cold front. For those storms with more than

one applicable profile, the sounding with the largest

vertically integrated water vapor content was chosen to

ensure that the sounding closest to the core of the at-

mospheric river was included (Ralph et al. 2005).

Ralph et al. (2005) calculated the moist Brunt–Väisälä

frequency squared of the composite mean sounding us-

ing Eq. (1), and showed that the moisture-rich pre-cold-

frontal LLJ is approximately neutrally stratified below

2.8 km (Nw
2 ’ 0). As the derivation for Gw

* starts from

Eq. (1), the mean lapse rate of the composite profile is

expected to be approximately equal to Gw
* and slightly

greater than the saturated adiabatic lapse rate Gw,

because Gw
* is greater than Gw at all temperatures

(Richiardone and Giusti 2001).

A comparison between the lapse rates of the 17

soundings and Gw, Gw
*, and the approximate value Gw1

* is

discussed in section 2.

2. Analysis

The accuracy of the above-mentioned dropsonde pro-

files is approximately 0.28C for temperature and 5% for

relative humidity, but visual inspection of the 17 profiles

suggested that they possess a dry bias in the moist lower

troposphere (i.e., constant offsets between temperature

and dewpoint over a significant portion of a sounding).

The combined effects of different sources of error can

result in underestimates of relative humidity as large as

10% for ambient relative humidities at ;90% (Ralph

et al. 2005). Conservatively, only the data with a relative

humidity greater than 90% will be included in the fol-

lowing analysis. Considering that the lapse rate will be

estimated in narrow layers where the humidity is nearly

constant, the dry bias can be considered constant in each

layer, so that the temperature gradient is not influenced

by it. Therefore, the lapse-rate analysis will not be af-

fected by the dropsonde dry bias.

Below a height of 2.8 km, the 17 profiles were split

into 100-m layers, retaining only the layers where the

relative humidity was greater than 90% and mean tem-

perature greater than 18C (to avoid any ambiguity about

the liquid/solid phase). For each layer the lapse rate G was

then calculated by means of a linear fit, provided that it

contained more than five measurements. The differences

d between the experimental values of G and the theo-

retical values of Gw, Gw
*, and Gw1

* were then calculated.

After having discarded one outlier by using Chauvenet’s

criterion (Taylor 1997), a sample of 118 elements was

obtained, in a temperature range from 18 to 158C.

After having observed that about 36% of the lapse

rates fall within 0.3 K km21 of the moist adiabatic lapse

rate Gw, a bin width equal to 0.6 K km21 has been

chosen for the distribution of the differences d in order

to highlight this characteristic (Fig. 1). Table 1 shows the

FIG. 1. Frequency distribution (118 values) of the differences

between G and the theoretical values: (top) Gw, (middle) Gw
*, and

(bottom) Gw1
* . The two curves represent the expected values from

a normal distribution using the mean and standard deviation of the

sample (continuous line) and the mean and standard deviation

of the sample after having subtracted a number of values corre-

sponding to the shaded areas (dotted line). The x-axis units are

kelvins per kilometer.
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sample mean values d and their estimated errors

s
d

5 sd/
ffiffiffi
n
p

, where sd is the sample standard deviation.

It appears clearly from Fig. 1 that the central bin of the

G 2 Gw distribution differs significantly from the others

(that a x2 test showed to be consistent with a normal

distribution). Notwithstanding the high percentage of

values in the central bin, Table 1 shows that the mean

value is positive and differs significantly from zero. If

stability would be assessed by comparing the observed

lapse rate with the saturated adiabatic lapse rate Gw,

the CALJET-1998 and PACJET-2001 profiles would

therefore be classified, in the mean, as (significantly)

unstable. The sample size being greater than 50 (i.e.,

large enough to be considered statistically ‘‘large’’;

Green and Margerison 1978), the null hypothesis (H0)

that the expected value of the sample mean is equal to

zero can in fact be tested by calculating the probability

P(jzj. jz
d
j), where z is a standard normal variate and

z
d

5 d/s
d

is derived from the sample. Table 1 shows that

H0 must be rejected at the significance level of 5%, being

P(jzj. jz
d
j) , 5%.

As regards the distributions of G 2 Gw
* and G 2 Gw1

* ,

Fig. 1 shows that the highest number of bin data is par-

tially shifted to the bin centered at 20.6 K km21. This is

due to the offset between Gw, Gw
*, and Gw1

* : the subtraction

between the mean values of the distributions gives Gw
* �

Gw 5 0.46 K Km�1 and Gw1
* � Gw 5 0.43 K Km�1.

Mean values are slightly negative, implying a weak

stability. However, Table 1 shows that for both distri-

butions the null hypothesis H0 cannot be rejected (at the

significance level of 5%), being P(jzj. jz
d
j) . 5%.

The profiles that produce an approximately neutral

(Nw
2 ’ 0) composite are therefore characterized, in the

mean, by lapse rates that are consistent with Gw
* (and its

approximated value Gw1
* ). This results is not surprising,

because the formulas for the moist Brunt–Väisälä fre-

quency squared and for Gw
* and Gw1

* contain the same

information on stability, so the only way that they could

not produce the same stability assessment would be if

some mistake had been made in the derivation or anal-

ysis. On the contrary, as observed above, the profiles

would be classified as significantly unstable if the satu-

rated adiabatic lapse rate were used to assess the stability.

Separate analyses of the CALJET and PACJET profiles

gave similar results, in spite of the different synoptic

conditions and different mean LLJ wind speed. This

result is consistent with the observation that the mean

static stability of the pre-cold-frontal LLJ air masses

approaching the coast in both CALJET and PACJET

are similar, in spite of the different ENSO-modulated

thermodynamic and kinematic characteristics found in

these two experiments (Ralph et al. 2005).

As was previously pointed out, the G 2 Gw distribution

is characterized by such an abundance of data in the

central bin (36% of the sample) that the number of

values that fall in this bin differs significantly both from

that of the other bins and from the number of values

expected by a normal distribution using the observed

mean and standard deviation (continuous curve in Fig. 1).

This feature persists even if the analysis is performed

on different subsets by grouping the data according to

height, wind speed, or shear, but disappears, surpris-

ingly, if the analysis is performed increasing the layer

depth from 100 to 200 m and retaining only the layers

that are composed by a pair of members of the 100-m

statistics (Fig. 2 and Table 2). This implies that many

adiabatic layers are thinner than 200 m, and therefore

could be related to local processes like turbulent mixing.

This characteristic and the central peak of the G 2 Gw

distribution in Fig. 1 suggest the hypothesis that in the

CALJET and PACJET experiments the lapse-rate sta-

tistics can be considered a (local) collection of saturated

adiabatic lapse rates in a background normal distri-

bution, which is representative of the (global) stability

FIG. 2. As in Fig. 1, but using 200-m layers (57 values) and with the

y-axis range scaled to about 57:118.

TABLE 1. Sample mean values and standard errors of the mean

of the differences between the observed lapse rate and Gw, Gw
*, and

Gw1
* , with n 5 118. Units are in K km21.

G� Gw G� Gw
* G� Gw1

*

d 6 s
d

0.29 6 0.12 20.17 6 0.12 20.14 6 0.12

z
d

5 d/s
d

2.42 21.42 21.17

P(jzj. jz
d
j) 1.55% 15.56% 24.20%
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conditions of the atmospheric rivers. To evaluate the

mean value of this latter distribution, it is nevertheless

necessary to discard the excess of adiabatic values. From

a visual inspection of the G 2 Gw distribution in Fig. 1,

a reasonable choice seems that of discarding the shaded

part of the central bin (27 values) by supposing that the

normal distribution predicts in this bin the same number

of values as in the adjacent right one (the mean value

almost coincides with the right edge of the central bin).

The discarded values in the G 2 Gw distribution have

their equivalents in the other two distributions of

Fig. 1, but because of the above-mentioned mean shift of

0.46 K km21 between Gw
* and Gw and of 0.43 K km21

between Gw1
* and Gw, they split into two bins that cover

the interval (20.9, 10.3) K km21. A split of 21 and 6,

respectively, in the G 2 Gw
* distribution and of 19 and 8,

respectively, in the G 2 Gw1
* distribution is obtained

(shaded areas in Fig. 1). Mean values and standard de-

viations of the modified empirical distributions are

showed in Table 3 and the corresponding curves of the

expected values from the normal distribution have been

added (dotted lines) in Fig. 1. The agreement between

the modified distributions and the expected values is

very good, and the previous decisions about the null

hypothesis H0 are strengthened, because the mean dif-

ference between the lapse rate and the saturated adi-

abatic lapse rate Gw is increased [the result is highly

significant, since P(jzj. jz
d
j) , 1%] and both mean

differences between the lapse rate and Gw
* and Gw1

*

are now almost equal to zero. The above-mentioned

hypothesis about the lapse-rate distribution reinforces

therefore the current opinion about the weak stability

conditions of the atmospheric rivers by suggesting their

neutrality.

3. Conclusions

The analysis of the temperature and humidity profiles in

CALJET-1998 and PACJET-2001 experiments confirms

that in order to assess the static stability of the lowest

layers of a saturated atmosphere, the simple method of

comparing the observed lapse rate with the expression of

Richiardone and Giusti (2001) is equivalent to analyzing

the sign of the expression of Durran and Klemp (1982)

for the square of the Brunt–Väisälä frequency. Both

methods indicate that, on the mean, the CALJET-1998

and PACJET-2001 profiles are approximately neutral.

In particular, the shape of the lapse-rate distribution

supports the hypothesis that the lapse-rate statistics is

a local collection of saturated adiabatic lapse rates in

a background normal distribution centered around the

neutrality.

On the contrary, the profiles would be classified, in the

mean, as significantly unstable if the stability would be

assessed by comparing the observed lapse rate with the

saturated adiabatic one. It is therefore confirmed ex-

perimentally that it is not completely correct to assess

the moist neutrality using this method.
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TABLE 3. As in Table 1, but after having discarded the 27 values

from the central bin of the G 2 Gw distribution (shaded areas in

Fig. 1).

G� Gw G� Gw
* G� Gw1

*

d 6 s
d

0.39 6 0.15 20.01 6 0.15 0.00 6 0.15

z
d

5 d/s
d

2.60 20.07 0.00

P( zj j. jzd
j) 0.03% 94.42% 100.00%

TABLE 2. As in Table 1, but using 200-m layers, with n 5 57.

G� Gw G� Gw
* G� Gw1

*

d 6 s
d

0.30 6 0.14 20.17 6 0.14 20.13 6 0.14

z
d

5 d/s
d

2.14 21.21 20.93

P(jzj. jz
d
j) 3.24% 22.63% 35.24%

DECEMBER 2009 R I C H I A R D O N E A N D M A N F R I N 4385


