2200

JOURNAL OF THE ATMOSPHERIC SCIENCES

Near-Tropopause Vertical Motion within the Trailing Stratiform Region
of a Midlatitude Squall Line

RICHARD H. JOHNSON, WILLIAM A. GALLUS, JR. AND MICHAEL D. VESCIO
Atmaspheric Science Department, Colarado State University, Fort Collins, Colorado
(Manuscript received 15 December 1989, in final form 16 April 1990)

ABSTRACT

Rawinsonde observations have been used to determine the flow structure in the vicinity of the tropopause
atop the trailing stratiform precipitation region of an intense midlatitude squall line. Computations of vertical
motion using the kinematic and thermodynamic methods show (i) upward motion in the mid- to upper tro-
posphere within the stratiform cloud and (ii) downward motion in a thin layer 2-3 km deep centered near the
tropopause at cloud top. The latter feature, which has received little attention and explanation, has recently
been reported to exist above stratiform rain areas in the tropics, as measured directly by a wind profiler on the
tropical western Pacific island Pohnpei.

The thin layer of sinking at the top of the trailing stratiform region occurs along the sloping upper cloud
boundary and is associated with downward-sloping isentropes in the lower siratosphere to the rear of the convective
line. The deformation of the isentropes is associated with an upward bulging of the tropopause, presumably
caused by strong ascent in the convective line and/or mesoscale ascent aloft in the squall line system. In
computations involving the thermodynamic method, the diagnosed sinking is greatest when cloud-top radiative
cooling is included, but it occurs even without it. Comparison of results from the various methods, however,
suggests that radiative cooling at cloud top exists and is important, and it may have an amplitude on the order
of 0.5°C h™! as determined by Webster and Stephens. The sirong cooling at the top of mesoscale convective
systems such as these suggests a possible mechanism for dehydration of the lower tropical stratosphere that does
not require a primary transport of water vapor from a particularly cold tropopause region such as the Indonesian
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maritime continent.

1. Introduction

A prominent feature of squall lines with trailing
stratiform precipitation is a mesoscale region of as-
cending front-to-rear flow in the mid- to upper tro-
posphere extending from near the 0°C level to the tro-
popause (Houze 1977; Zipser 1977). This ascent, at
times reaching 0.5 to 1.0 m s ™', is driven primarily by
latent heat release within the stratiform cloud (Brown
1979). Recently, observational studies of the vertical
motions in mesoscale convective systems were reviewed
by Houze (1989). Generally, rawinsonde or Doppler
radar data show this rising motion to fall off to near
zero around the tropopause (Ogura and Liou 1980;
Gamache and Houze 1982; Rutledge et al. 1988).
However, in a recent study Balsley et al. (1988) have
shown, using a vertically directed 50 MHz radar wind
profiler at Pohnpei in the tropical western Pacific, a
more complicated behavior to the vertical motion near
the tropopause in light or stratiform rain situations.
Specifically, they found (i) a secondary peak in upward
motion in the troposphere near cloud top and (ii) just
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above this peak (extending into the lower stratosphere )
a shallow layer of relatively strong, downward motion,
having speeds locally up to 10to 15cms™.

The findings of Balsley et al. (1988) are significant
since they represent the first direct measurements of
vertical motion (integration of the mass continuity
equation is not required ) at and above the tops of me-
soscale stratiform cloud systems. Houze (1989) has
pointed out that the lower-stratospheric descent de-
tected by Balsley et al. remains to be explained but
may be associated with strong divergent horizontal
outflow that characteristically occurs at the tops of me-
soscale convective systems (Ninomiya 1971; Maddox
1980; Fritsch and Maddox 1981; Maddox et al. 1981).
This descent in the lower stratosphere is a feature that
has previously gone largely unnoticed and, if it occurs
generally, could have important implications regarding
cloud-top radiative processes. However, the measure-
ments taken on Pohnpei lack supporting information
about cloud and precipitation structures since ground-
based weather radar data were not available (only
surface rainfall rates were recorded). Therefore, the
relationship of the vertical motion to specific cloud
features could not be determined. It is important to
examine other datasets to sec if similar vertical motion
patterns occur elsewhere and, if so, to determine their
relationship to the cloud and precipitation structures.
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The recent Oklahoma-Kansas Preliminary Regional
Experiment for STORM-Central (OK PRE-STORM)
has afforded, probably for the first time, an opportunity
for a detailed investigation of this matter.

While most computations of vertical motion based
on the kinematic method have not shown downward
motion near the tropopause within the stratiform cloud
portions of mesoscale convective systems, there have
been several exceptions. In the study of Winter MO-
NEX mesoscale anvil cloud systems, Johnson and
Young (1983) discovered a region of sinking motion
and an apparent heat sink (using the terminology of
Yanai et al. 1973) near the top of the deep anvil clouds
and suggested the heat sink may have been an indi-
cation of infrared radiative cooling off cloud tops. Kes-
singer et al. (1987) found within the trailing stratiform
cloud region of an Oklahoma squall line a region of
descent (up to 30 cm s™!) centered near the tropopause
and extending several km above and below it. Brandes
(1990) also computed near-tropopause subsidence and
detected lower stratospheric warming to the rear of a
mesoscale convective system observed during the OK
PRE-STORM. It is the purpose of this paper to present
further observational evidence of sinking atop trailing
stratiform clouds, which tends to support the Balsley
et al. (1988) results, and to put these findings into the
proper context of the overall circulation of squall line
systems. Possible implications of the results for the tro-
posphere-stratosphere exchange of water vapor will
also be discussed.

2. Procedures

The kinematic method involves vertical integration
of the mass continuity equation,

V-v+a—w=0

» (1)

where overbar denotes an area average, V - v is the hor-
izontal divergence, and w = dp/dt is the vertical p-
velocity. Normally, the divergence is adjusted to
achieve mass balance in the column. This can be ac-
complished through upward integration of (1) from
the surface, where w is set to zero (if the surface is flat),
to some high level near the tropopause, where w is
again set to zero. Errors in vertical motion encountered
by this procedure are often greatest near the tropopause
as a result of greater inherent errors in measurement
at high levels and the accumulation of errors from be-
low, so that computed values near the tropopause are
normally viewed with caution. An approach that can
partially reduce potential errors in the upper tropo-
sphere is the downward integration of (1) from the
lower stratosphere. Such a procedure will be one of
those used here.

One may also alternatively compute vertical motion
from the first law of thermodynamics (Nitta 1977):
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where overbar denotes an area average, § potential
temperature, Qx the radiative heating rate, ¢, the spe-
cific heat at constant pressure, xk = R/c, and p, = 1000
mb. In (2) we have neglected (i) latent heat exchanges
since we will be using this expression only in the ex-
tremely cold tropopause regions {above 250 mb) and
(i1) convergence of eddy heat fluxes, assumed to be
small atop the stratiform cloud. A problem with (2)is
that Qp is unknown. The sensitivity of the computed
® to Qg will be examined.

In this study vertical motion will be computed using
the following four procedures:

1) Upward integration of (1) using the procedure
of O’Brien (1970) and setting @ = 0 at the surface and
P = 125 mb (the tropopause in our case is near 150
mb);

2) Downward integration of (1) from 100 mb (as-
suming w = 0 there) with no adjustments;

3) Solution of (2) above 250 mb assuming Qr = 0;
and

4) Asin 3, except assuming Qg # 0.

3. Data

Observations are taken for a squall line that passed
through Kansas and Oklahoma during OK PRE-
STORM on 10-11 June 1985. This squall line has been
the subject of several investigations (Augustine and
Zipser 1987; Rutledge and MacGorman 1988; Rut-
ledge et al. 1988; Johnson and Hamilton 1988; Zhang
et al. 1989; Zhang and Gao 1989). Sounding data taken
at 90-min intervals from 0430 to 0730 UTC have been
used by Johnson and Hamilton (1988) to form a com-
posite of the flow field at 0600 UTC. The horizontal
spacing of the composited data (~80 km), while in-
sufficient to resolve motions in the leading convective
line, is marginally sufficient to resolve the mesoscale
circulations in the 200 km stratiform portion of the
squall line. We will use these composited data to com-
pute w (on a 50 km grid) from (1) and (2). In (2),
36/ 0t is computed with a centered time difference using
noncomposited gridded fields of 6 at 0430 and
0730 UTC.

4. Results

a. Analyses at mature stage (0200 UTC)

When the squall line was in its most intense stage
(around 0200 to 0300 UTC), its position relative to
the sounding network was not optimum for determin-
ing vertical motion over the stratiform region. Nev-
ertheless, some of the analyses that can be done at this
time illustrate the same features that are observed in
greater quantitative detail at 0600 UTC (the latter to
be presented in the next subsection b.).
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F1G. 1. Streamlines and pressure (mb) of the (a) 354 K and (b) 363 K isentropic surfaces over
Kansas and Oklahoma at 0200 UTC 11 June 1985. Satellite IR brightness temperatures ( °C) are

also indicated, with values < —70°C shaded.

In Fig. la an analysis of pressure and streamlines
on the 354 K isentropic surface at 0200 is shown. Also
shown is the field of IR brightness temperature. Radar
data (Rutledge et al. 1988; Johnson and Hamilton
1988) indicate that at this time the squall line was
characterized by a narrow (~40 km) leading convec-
tive line along the zone of sharp temperature gradient
on the southern periphery of the cloud mass and a
trailing stratiform.region (~100 to 200 km wide) to

the north. The lowest cloud-top temperatures
{< —76°C) were positioned behind the leading con-
vective line. Within ~ 100 km of the leading convective
line this isentropic surface resided primarily in the up-
per troposphere. This 6 surface protruded downward
along the axis of the leading convective line as a result
of latent heat release in deep convection there (the ex-
ceptionally warm data point near WWR is from the
0130 UTC sounding at Woodward OK). The flow was
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FI1G. 2. Time series of tropopause pressure (mb, solid) and tropopause temperature (°C, dashed )
at supplemental sounding sites from 2100 UTC 10 June to 1200 UTC 11 June 1985. Shaded

region indicates period of squall line passage.

generally diffluent along this axis so that one can infer,
assuming adiabatic motions, (i) rising motion several
hundred kilometers to the rear of the convective line
within the trailing stratiform region and (ii) rising mo-
tion in a very narrow zone along the leading edge of
the upper-level cloud canopy. The motions, of course,
were not strictly adiabatic; however, at these very high
levels latent heating in the stratiform region was very
small. Radiative cooling may not be negligible atop the
stratiform region, but it is not strong enough to change
the inference from Fig. 1a of rising motion at these
levels within the stratiform cloud (as will be confirmed
later)'. Using storm-relative wind speeds and assuming
adiabatic flow, upward motion of 30 cm s~! is com-
puted between 150 and 160 mb in the stratiform region
between DDC and RSL in Fig. 1a at 0200 UTC.

The slightly higher flow on the 363 K isentropic sur-
face (at the tropopause and in the lower stratosphere)
is depicted in Fig. 1b. Although the flow is still diffluent

! Radiative heating (as opposed to cooling) at cloud top is not
expected to occur since (i) the upper-level cloud developed around
and after sunset and (ii) most of the stratiform cloud layer was op-
tically thick, so that IR heating from below was not important
(Webster and Stephens 1980).

at this level, the pressure gradient on this isentropic
surface over the stratiform region has reversed, yielding
an inferred downward motion at this higher level.
Again assuming adiabatic motion, we compute a sub-
sidence of 5 cm s~ between 135 and 140 mb in the
DDC to RSL area. Later computations will show that
the diagnosed subsidence is even greater if radiative
cooling at cloud top is included.

Isentropic analyses have also been completed at 0300
UTC (but not shown ) with results very similar to those
in Fig. 1 being obtained.

b. Analyses during dissipating stage (0600 UTC)

At 0600 UTC there were sufficient data within the
trailing cirrus and stratiform canopy to permit reason-
ably reliable computations of vertical motion. How-
ever, despite the improvement in data coverage at this
time, a significant gap in rawinsonde data existed within
the precipitating stratiform region as balloons had dif-
ficulty, in many instances, in ascending above the 0°C
level within these cloud systems.

In Fig. 2 time series of tropopause heights before,
during, and after the squall line passage are shown at
each of the PRE-STORM sounding sites. The fre-
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quently missing data during squall passage (hatched
area) are evident. A general pattern of rising tropopause
prior to the squall line arrival and descending tropo-
pause following passage can be seen. Typical changes
in the tropopause height were —25 mb (+1 km) before
and +50 mb (—2 km) after passage. The descent after
passage may be partially attributed to the advance of
an upper-level trough into the region. A corresponding
tropopause-level cooling up to 10 K was also observed
at many stations during the squall line passage (Fig.
2). Similar modulations of the tropopause height and
cooling at the tropopause level were detected during
the passage of squall lines over the South China Sea to
the north of Borneo during Winter MONEX (Johnson
and Kriete 1982) and also within other midlatitude
mesoscale convective systems (Fritsch and Maddox
1981; Ninomiya et al. 1981; Heymsfield and Blackmer
1988).

Before showing computations of vertical motion
across the entire squall line using (2), we first focus on
a smaller domain within which there is a good coverage
of sounding data extending through the entire tropo-
sphere. Specifically, vertical motion has been computed
using the four procedures outlined in section 2 for the
quasi-rectangular domain in Fig. 3, which is positioned
toward the rear of the upper-level stratiform cloud out-
side the area of surface rainfall. The cloud-top tem-
peratures at this time increased somewhat since 0200
(Fig. 1) and there is a more broken appearance to the
upper cloud surface.

The vertical motion computed by the four proce-
dures (averaged over the polygon area in Fig. 3) is
shown in Fig. 4. The analysis region is in the far rear
portion of the stratiform cloud where the cloud-layer
depth is only 2-4 km. Cloud base is approximated by
the level where the relative humidity (with respect to
ice) equals 80%. Satellite IR data indicate the top of

0600 UTC
11 JUN 85

FIG. 3. Satellite IR brightness temperatures at 0600 UTC 11 June
1985. Vertical motion computational domain is indicated by dashed
lines. X denotes stations with sounding data extending to tropopause
level during 0430-0730 UTC composite period.
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FIG. 4. Vertical velocity (cm s™') for the rear stratiform domain
shown in Fig. 3 as determined by the four procedures described in
section 2. Average cloud layer depth and tropopause height within
domain are illustrated. w,,, indicates bottom-up integration and wq,
top-down integration.

the cloud layer to be near 12 km or 200 mb; however,
it probably extends ~1 to 2 km higher to near the
tropopause level in the form of thin stratiform cloud—
i.e., containing small concentrations of ice particles [ as
found by high-flying ER-2 aircraft within EMEX/
STEP (Equatorial Mesoscale Experiment /Stratosphere
Troposphere Exchange Project 1987) mesoscale anvil
clouds; G. L. Stephens and H. Selkirk 1989, personal
communication ]. Remarkably, all four methods yield
sinking motion over a ~2-3 km layer centered near
the tropopause. The peak subsidence in this layer for
the two kinematic methods is 3-5 cm s~!. The top-
down integration gives a peak approximately 1 km
lower than that for the bottom-up integration. Both
kinematic methods yield upward motion up to 6-7 cm
s~! within the anvil cloud layer between 9 and 12 km.
Below the cloud layer sinking motion is diagnosed, ex-
tending down to 750 mb. This sinking occurs within
a rear inflow jet that descends along the back edge of
the stratiform region (Johnson and Hamilton 1988).
In the lowest 2 km there is weak upward motion. This
feature is likely associated with the weak cloud line
observed to the rear of the squall line.

The computation of & assuming Qg = 0 (Fig. 4)
gives subsidence up to 3 cm s~! between 13 and 15



15 SEPTEMBER 1990 JOHNSON, GALLUS AND VESCIO 2205
= - = £ 2
on 8 9 ) ) P o m
gg g § g § w (cm s-") 8 & 3
e} - K E E U (ms!) 5‘ 2 :—J
52 £ B i [ ) g ¥
[T 5 [TROPOPAUSE al
e e e gy e ———
----- == T e
+ Y .
.
. 1 i
~*0 1 1o
N km
. 18
80
s 4 6
{da
. {2
eyt S -20 1
P NU CNU
oras 0525 oo MEE5ess 0431 0535 0407
-500 ~400 ~300 =200 ~100 0 100

convective
line

FIG. 5. Vertical cross section showing system-relative flow (m s™'; dash-dot lines) along direction of squall line
motion, vertical motion (c¢cm s™'; heavy solid lines) at stratiform cloud top averaged along entire line in Kansas and
Oklahoma; and relative humidity (with respect to ice at temperatures below freezing; thin dashed lines; shaded area
is for relative humidity > 80%) based on data composited about 0600 UTC 11 June 1985. Squall line speed and
direction of motion are 15 m s~! and toward 130°, respectively. Dots indicate balloon positions and short heavy bars
the tropopause height at selected sounding sites (denoted at top).

km and a sharp peak of rising motion below, reaching
37 cm s7! at 11.5 km or 225 mb. The amplitude of
the sinking at 0600 UTC is in reasonable agreement
with that deduced earlier at 0200 UTC (section 4a).
Radiative cooling is included in (2) by assuming Qg
= —0.5°C h™!, based on the work of Webster and Ste-
phens (1980). In this computation a constant value is
assumed at all levels for simplicity, although it is rec-
ognized that this assumption is deficient.? For optically
thin upper-level cloud layers, a net radiative warming
within the layer can occur (Ackerman et al. 1988);
however, our cloud system is optically thick over most
of the area of interest. The inclusion of radiative cooling
has the effect of amplifying and lowering the subsidence
peak near the tropopause and reducing the amplitude
of the upward motion peak below, bringing it more in
line with the kinematically-determined values.

A broader perspective of the squall line is shown in
Fig. 5. This cross section is oriented NW-SE (310°-
130°) across the Kansas portion of the line (except for
the one data point for the tropopause height at Sulphur,
OK, which is derived from the only sounding within
1.5 h of 0600 UTC that was able to penetrate the con-
vective-to-stratiform precipitating portion of the
storm ). This cross section is similar to that in Fig. 16
of Johnson and Hamilton (1988), but it has been ex-
tended southeastward to include the leading portion

2 The neglected latent heat release term in (2) reaches one-tenth
the magnitude of Qg at 250 mb, so values are not shown below this
level.

of the line. The main features of the system-relative
flow below cloud top were discussed in that paper,
namely (i) a front-to-rear flow from low levels ahead
of the line sloping upward to high levels in the rear,
(ii) a rear inflow jet extending from the upper tropo-
sphere behind the storm to near the surface behind the
leading convective line and (iii) a low-level front-to-
rear outflow at the surface.

Vertical motion computed from (2) and averaged
in the along-line direction across the entire stratiform
region is illustrated above 250 mb in Fig. 5. Here we
have set Oz = —0.5°C h™! down to 2 km below the
tropopause level and Qr = 0 below. Consistent with
Fig. 4, a thin layer of subsidence exceeding 5 cm s
is diagnosed from just above to 1 km below the tro-
popause, sloping downward toward the rear of the
storm over the trailing stratiform region. Three fea-
tures—tropopause height, axis of maximum downward
motion, and IR-inferred cloud top—all show this con-
sistent downward slope toward the rear of the line. The
axis of maximum sinking lies just below the tropo-
pause. This pattern of subsidence is also consistent with
that deduced on a somewhat smaller scale near the
tropopause downstream of severe-storm overshooting
cloud tops (Heymsfield et al. 1983; Adler and Mack
1986; Heymsfield and Blackmer 1988). The relation-
ship of these latter findings, however, to mesoscale
convective systems needs further study.

If, on the other hand, we assume Qr = 0 everywhere,
sinking is still deduced, but its maximum amplitude is
reduced to 2-3 cm s and the axis of the peak is shifted
upward to near the tropopause level (as depicted in
Fig. 4). On the basis of the work of Webster and Ste-
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phens (1980) and others, and the occurrence of this
cloud system at night (so that short wave absorption
is absent), it appears that the results for Qr # 0 in Fig.
5 provide a slightly more realistic depiction of the ver-
tical motion field than those obtained for Qrz = 0.

In a portion of the region (—100 to —300 km in Fig.
5) behind the leading convective line, downward mo-
tion along cloud top was not obtained using the ki-
nematic method at 0600 UTC. The inability to obtain
agreement between the thermodynamic and kinematic
methods in this region is due to the lack of soundings
reaching higher levels there (Fig. 3). The thermody-
namic method is probably less sensitive to data inad-
equacies in this region because it requires only data
from the levels of interest. To the extent that inter-
polations across this region have errors, there will be
errors in the analysis; however, the deduced flow is
qualitatively the same as that inferred from the isen-
tropic analyses in Fig. 1. Furthermore, and more im-
portantly, we repeated an analysis like that in Fig. 5
using a 3-h composite at 0730 UTC, incorporating
0900 UTC data that had considerably better coverage
over the stratiform precipitation region. Here again we
obtained sinking motion all along the top of the strat-
iform region using both the kinematic and thermo-
dynamic methods.

¢. Comparison with tropical results

In Fig. 6 vertical motion over the stratiform domain
shown in Fig. 3 is compared to that obtained by Balsley
et al. (1988) from a wind profiler at Pohnpei (7°N,
157°E). Vertical velocity is plotted as a function of
height normalized by the tropopause height in order
to scale the data relative to cloud top. The tropopause
height in the tropical case is 2.5 km higher than the
midlatitude case. Values of computed w are the same
as those shown in Fig. 4, except that the bottom-up
integration results below Z = 0.75 are for the entire
stratiform region (to enable a more appropriate com-
parison with the Balsley et al. general stratiform re-
sults).

It can be noted from Fig. 6 that the kinematic
method yields results in qualitative agreement with the
wind profiler results. Namely there is downward mo-
tion within a thin layer near the tropopause, rising mo-
tion in the troposphere peaking near Z = 0.6, and w
approaching zero near Z = 0.25 to 0.3. The top-down
w profile shows maximum sinking near Z = 0.93-0.95
(approximately 1 km below the tropopause). Since the

top—down integration is expected to be more accurate |

than the bottom-up near cloud top, this finding tends
to support the Balsley et al. (1988) results. The am-
plitude of the sinking motion in the tropical study is
greater than that determined here. It is probable, how-
ever, that the relatively coarse horizontal resolution of
the data in our case contributes to a reduction in di-
agnosed amplitude of vertical motion from its true
value locally over the stratiform region.
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FIG. 6. Vertical velocity (cm s™!) as a function of height normalized
to the tropopause elevation for four computational procedures de-
scribed in section 2 and from Balsley et al. (1988). The w,,, profile
below 7 = 0.75 is for the entire stratiform region to better correspond
to the Balsley et al. entire stratiform rain area results. Above this
level, the four curves computed from this study are for domain in
Fig. 3, but from Fig. 5 are expected to be similar to those along the
entire stratiform region.

Absent from the kinematically-determined profiles,
however, is a layer of enhanced upward motion be-
tween Z = 0.8 and 0.9 as found by Balsley et al.® This
latter layer, however, in addition to the upper layer of
sinking, is observed in the w profiles determined from
the thermodynamic budget (Fig. 6). The best agree-
ment between the wind profiler-derived structure and
that determined from (2) is for the Qg = —0.5°C h™!
case. In particular, the normalized levels of upward
and downward motion maxima are in reasonably good
agreement. Nevertheless, a sharp transition between
upward and downward motion near the tropopause is
also evident for Qg = 0, suggesting that this feature is
not exclusively a result of cloud-top radiative cooling.
The near-tropopause downward motion occurs even
if radiative cooling is neglected.

3 Considering the differences between the methodologies and anal-
ysis regions of our study and that of Balsley et al. (1988), we regard
conclusions drawn from comparisons of this secondary feature to be
tentative, at best.



15 SEPTEMBER 1990

The secondary upward motion peak between Z = 0.8
and 0.9 in Balsley et al. (1988), while conceivably being
supported by the results from (2), is not necessarily
confirmed. The procedures involving (2) could not be
reliably extended to lower levels to determine whether
a secondary peak exists since terms involving conden-
sation and freezing are not known. Also, the kinematic
methods do not yield a secondary peak in vertical mo-
tion. Interestingly, however, a secondary upper-level
peak (near 12 km) in the stratiform region was ob-
tained from Doppler radar EVAD analyses by Rutledge
et al. (1988) around 0340 UTC. On the other hand,
these EVAD analyses do not indicate downward mo-
tion near the tropopause. In the EVAD procedure,
however, w is not determined directly, but rather from
(1) by setting « = 0 at the radar-determined cloud top.
Moreover, the determination of a thin layer of con-
vergence at cloud top (necessary to obtain downward
motion ), where reflectivities are very weak, is unlikely
within the capabilities of the EVAD procedure.

5. Discussion
a. Characteristics of near-tropopause descent

It was noted in section 4 that downward motion
near the top of the stratiform cloud layer is evident
without invoking radiative cooling (Figs. 4 and 6).
Therefore, it can be argued that the presence of this
sinking, while modulated by radiative effects, is inde-
pendent of them and is associated with downward-
sloping isentropes to the rear of the convective line.
Specifically, there appears to be a deformation of the
tropopause and quasi-isentropic flow along the line
following its upward bulging during the passage of the
leading convective line (Figs. 2 and 5). The upward
bulging is presumed to be caused by strong ascent in
the deep convective towers and/or mesoscale ascent
aloft in the squall line system, both of which can pro-
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duce cooling extending into the lower stratosphere
(Fritsch and Brown 1982; Schlesinger 1984; Adler and
Mack 1986; Heymsfield and Blackmer 1988). The de-
tailed mechanism of tropopause lifting is not well
known, however. In the 10-11 June case, uncertainty
in its cause is highlighted by the fact that during the
mature stage of the squall line, the satellite IR tem-
perature minimum was 50 to 100 km behind the lead-
ing convective line (Zipser 1988). Similar cooling and
elevated tropopauses have been observed above the eyes
of hurricanes (Arakawa 1951; Koteswaram 1967,
Gentry 1967). The deformation of 8 surfaces by this
process is shown in Fig. 7. The system-relative stream-
lines depict air descending along and slightly across
these deformed 6 surfaces in a thin layer from front to
rear along the top of the stratiform cloud over a distance
of several hundred km. If the flow were adiabatic, there
would still be descent. It is the large horizontal dimen-
sion of this phenomenon that presumably allowed Bal-
sley et al. (1988) to capture its structure readily from
wind profiler time series.

The streamlines and 6-field in Fig. 7 provide a con-
venient depiction of diabatic processes within the entire
squall line. If we treat the streamlines qualitatively as
trajectories, then we can visualize diabatic heating (d8/
dt, or the change in # along trajectories) in several
distinct regions: 1) strong (latent) heating at upper lev-
els in the leading convective line, 2) moderate (latent)
heating in the upper-level trailing stratiform region, 3)
moderate (evaporative) cooling in the descending rear
inflow jet and 4) moderate (radiative) cooling near
cloud top. We cannot deduce the actual magnitude of
cloud-top radiative cooling from our analysis; however,
since the results including radiative cooling do provide
better agreement with those of Balsley et al. (1988), it
does appear that cloud-top cooling is an important
process affecting the circulation atop stratiform cloud
systems.
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FIG. 7. Streamlines for system-relative flow and isentropes (K) along squall line direction of motion at
0600 UTC 11 June 1985. Relative humidity (with respect to ice at temperatures below freezing) greater
than 80% is shaded. Streamlines along cloud top are based on an assumption of cloud-top radiative cooling
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Another conclusion that may be drawn from these
findings relates to the satellite depictions of the massive
upper-level cloud system associated with this squall line
and other mesoscale convective systems or mesoscale
convective complexes (MCCs, Maddox 1980). Evident
from Figs. 1 and 3 is a gradual increase in brightness
temperature from a minimum just behind the leading
edge to higher values at the rear. A similar character
to the IR-inferred temperature pattern has been ob-
served and discussed for cumulonimbus anvils near
Panama (Danielsen 1982a; Ackerman et al. 1988).
Ackerman et al. (1988) attribute the outward increas-
ing brightness temperatures from a central cold core
in their case to a corresponding outward decreasing
optical depth. Danielsen (1982a) has noted from mea-
surements of the thunderstorm anvils near Panama
that the emissivity of these clouds reaches unity for
depths exceeding approximately 2 km. Since over much
of the area of interest the stratiform cloud depth in our
case exceeds 5 km, it is then clear that the gradation
in brightness over much of the upper-level canopy seen
in Figs. 1 and 3 cannot be associated with emission
from below the cloud layer. Assuming that the ice water
content has a similar vertical distribution all along the
top of the stratiform cloud region, this satellite depic-
tion may itself illustrate the downward slope of the
upper-ievel anvil cloud. Further, assuming front-to-rear
system-relative flow, the satellite data may then be used
qualitatively to infer gradual descent along cloud top.

b. Possible implications for troposphere-stratosphere
exchange of water vapor

It has been argued by Brewer (1949) that the very
low water vapor mixing ratios (<2-3 ppmv or parts
per million by volume) in the lower stratosphere may
be accounted for by ascent of tropospheric air through
the extremely cold tropical tropopause, so that the air
is effectively “freeze-dried.” Measurements, however,
from high-altitude aircraft over Brazil (Kley et al. 1979)
and Panama (Danielsen 1982b; Kley et al. 1982) have
shown that the water vapor mixing ratios just above
the tropical tropopause are well below the saturation
mixing ratio at the local tropopause temperature. These
observations led Kley et al. (1979), Newell and Gould-
Stewart (1981), and others to propose that the ex-
tremely dry lower-stratospheric air may be explained
by horizontal transport from a colder region. Newell
and Gould-Stewart (1981) suggested that the Indone-
sian maritime continent may be the focal region for
the transport since it possesses the lowest tropopause
temperatures in the world.

The results of this study, however, indicate that per-
haps distant transport is not needed. The significant
cooling aloft in the region of the leading convective
line (up to 10 K) of this squall system and similar
cooling found above other mesoscale convective sys-
tems in midlatitudes (Fritsch and Maddox 1981) and
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the tropics (Johnson and Kriete 1982) could provide
for considerably enhanced freeze-drying in overshoot-
ing convective towers. For example, a reduction of the
tropopause temperature by 5 K in the Panama region
(using data from Danielsen 1982b) could, assuming
irreversible ascent and fallout of ice, lead to dehydration
locally to 3 ppmv—and a reduction by 8 K to 2 ppmv.
Since organized mesoscale convective systems are
prevalent throughout the tropics, dehydration could
be operating within these systems on a global basis. Of
course, this mechanism does not rule out the possibility
of other mechanisms acting to dehydrate the lower
stratosphere, such as distant transport or the incor-
poration of air from thin cirrus cloud layers into the
lower stratosphere through net radiative heating ( Lilly
1988; Ackerman et al. 1988).

6. Summary and conclusions

The kinematic and thermodynamic methods have
been used to compute vertical motion in the vicinity
of the tropopause above the trailing stratiform region
of a squall line that occurred on 10-11 June 1985 dur-
ing OK PRE-STORM. The objective has been to de-
termine the detailed characteristics of the flow in a por-
tion of squall line systems that has previously been
poorly sampled, namely the region near stratiform
cloud top. An additional objective has been to deter-
mine whether the recent wind-profiler results of Balsley
et al. (1988) can be confirmed with high resolution
rawinsonde data. Specifically, Balsley et al. have found
a complicated behavior of the vertical motion near the
tropopause in stratiform rain regions. They find a pri-
mary peak in upward motion in the middle of the
stratiform cloud layer; a secondary peak near cloud
top; and a relatively strong, shallow layer of downward
motion extending from cloud top into the lower strato-
sphere. The findings of Balsley et al. are unique in that
they represent the first direct measurements of vertical
motion at and above the tops of mesoscale stratiform
cloud systems. The thin layer of lower-stratospheric
descent has not received much attention and, if it oc-
curs generally, could have important implications re-
garding cloud-top radiative processes.

The results of our study confirm the findings of Bal-
sley et al. (1988) concerning a thin layer of descent
above stratiform cloud systems. Four separate com-
putations indicate sinking motion upto 5cm s™'ina
thin layer 2-3 km deep centered near the tropopause
atop the stratiform cloud. Descent is diagnosed even
if effects of radiative heating are neglected. Therefore,
it is argued that the sinking, while modulated by ra-
diative effects, is independent of them and is associated
with downward-sloping isentropes to the rear of the
leading convective line. Specifically, there appears to
be a deformation of the tropopause and quasi-isen-
tropic flow along it following its upward bulging during
the passage of the convective line. Similar flow behavior
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has been determined on a smaller scale downstream
of severe-storm overshooting cloud tops (Heymsfield
et al. 1983, Schlesinger 1984; Adler and Mack 1986;
Heymsfield and Blackmer 1988). A schematic (Fig.
7) is presented to illustrate the system-relative front-
to-rear descent along the top of the stratiform cloud
region. Results from the thermodynamic method that
include effects of cloud-top radiative cooling (obtained
from Webster and Stephens 1980, as appropriate for
our nighttime case) are in better agreement with both
the Balsley et al. results and the kinematic method re-
sults, suggesting that radiative cooling exists and is im-
portant at the stratiform cloud top.

The pronounced upper-tropospheric and lower-
stratospheric cooling associated with the squall line
passage may play some role in the dehydration of the
lower stratosphere. It has been observed in many areas
of the tropics that the water vapor mixing ratio in the
lower stratosphere is below the saturation mixing ratio
at the local tropopause temperature. This observation
has led some (e.g., Newell and Gould-Stewart 1981)
to propose that the extremely dry lower-stratospheric
air may be explained by horizontal transport from a
colder region, such as the Indonesian maritime con-
tinent. The local cooling atop mesoscale convective
systems, which are prevalent throughout the tropics,
could remove this requirement for distant transport by
providing for an enhanced freeze-drying of the air pen-
etrating the lower stratosphere in overshooting con-
vective towers and, assuming irreversible ascent and
fallout of ice, dehydration to observed levels.

" While the results for this case show strong evidence
for cloud-top descent, there is clearly a need for ad-
ditional measurements of this phenomenon. A partic-
ular problem with rawinsonde measurements in me-
soscale convective systems is their frequent inability to
ascend through the stratiform cloud region. Wind pro-
filers can solve this problem and, when used in con-
junction with Doppler radars, a more detailed mapping
of the flow relative to the cloud system can be obtained.
There is also a need to better relate these flow features
to satellite measurements, particularly of cloud top
temperature structure and precipitation characteristics
of the convective systems (Ackerman et al. 1988;
Simpson et al. 1988).
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