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FI1G. 13. Effect of (a),(b) BL turbulence intensity and (c),(d) static stability on low-level WCR echo enhancement
upwind of the crest. All panels show differences in normalized FAD values (10~ %) for WCR reflectivity across the
LCL-terrain intersection—that is, [above LCL] minus [below LCL]. The black lines show the mean profiles. The
total number of WCR profiles used in the various partitions is listed in the upper-right corner of each panel. The top
panels compare (a) flight legs experiencing stronger BL turbulence against (b) flight legs with weaker BL turbulence.
The bottom panels contrast (c) the five most stable days against (d) the five least stable days (the latter are boldface in

Table 1).

across the LCL is much enhanced compared to the weaker
BL turbulence (i.e., weak-wind), low-stability cases. Here,
static stability is determined based on the upwind
soundings, as listed in Table 1.

Next, we contrast the FADs for the five flights on the
more stable days to those for less stable days. The pre-
cipitation systems are shallower on the less stable days
anywhere over the mountain, as evident from the mean
echo top listed in Table 1. The WCR vertical velocity
transects do not reveal upwind-tilting gravity waves on
these days, and Geostationary Operational Environ-
mental Satellite (GOES) imagery (not shown) further
indicates that clouds tended to be more confined to the
mountains on these days. The partitioning by stability
shows that low-level growth across the LCL~terrain in-
tersection is most evident on the more stable days (Figs.
13c,d). This is seen as evidence that the onset of turbu-
lence enhances snow growth: on more stable days little
growth occurs in the stratified cloud until BL turbulence
is encountered. On less stable days deeper turbulence,
sometimes convective turbulence up to cloud top, is
present upstream of the LCL-terrain intersection, at

least on those days with echoes at all in that region. On
these days growth does occur as the flow ascends the
terrain because more liquid water becomes available in
a deeper turbulent cloud, but the change across the
LCL—terrain intersection is less dramatic.

7. Snow growth mechanisms

Snow growth can be due to deposition, riming, or
aggregation. Aggregation does not convert liquid water
to ice, but it does increase the median diameter of snow
flakes and thus the reflectivity. It also slightly increases
the fall speed (Brandes et al. 2008). Aggregation en-
hanced by BL turbulence may be a significant factor in
the observed low-level reflectivity increase across the
LCL~terrain intersection (Fig. 11a).

The propensity for snow to grow by riming versus
deposition depends on vertical velocity, liquid water con-
tent (LWC), and the drop size spectrum. These variables
are measured at flight level, but for safety reasons the flight
level mostly remained above the BL top. Close to the
mountain peak the WKA probably did sample air rising
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FIG. 14. Scatterplot of PVM LWC against gust probe vertical velocity for (a) the five most stable days and (b) the
five least stable days in boldface in Table 1. The 1-Hz data sampling conditions are LWC > 0.05 ¢ m >, and the
aircraft is within the BL, according to the BL depth estimates listed in Table 1. The regression line is shown.

from the BL in some cases (e.g., Figs. 5b and 7b), es-
pecially on the less stable days. Visual examination of
2D-C and 2D-P data collected in the vicinity of the
mountain peak did not reveal distinctly higher riming
amounts. Heavily rimed particles (graupel) were not
encountered on any of the 10 flights. This may be be-
cause the median droplet diameter was rather small on
most days (e.g., Fig. 8e); the largest median diameter
values, observed on 18 January 2006 (Fig. Se), were still
less than 20 wm. Thus, according to Wang and Ji (2000),
the riming efficiency probably was quite low for all but
the largest droplets on most flights.

There is no correlation between Doppler vertical ve-
locity and reflectivity in the BL (as is evident from the
various WCR transects shown), nor do 2D-C or 2D-Pice
crystal concentrations or ice mass correlate with gust
probe vertical velocity at flight level where the flight track
penetrates the BL (not shown). Individual BL eddies
probably are too transient to detect the snow growth
response. But cloud liquid water does correlate some-
what with vertical air velocity over the highest terrain
where BL air is most likely to be sampled at flight level
(Fig. 14). In the absence of snow growth, the LWC
would be a function of height only (i.e., the adiabatic
LWC). A positive correlation between LWC and verti-
cal velocity indicates that some liquid water has been
consumed by snow by the time the eddy descends. The

correlation is stronger for the five less stable days,
probably because the (convective) eddies are larger and
deeper. It is stronger also on some individual days since
LWC and cloud-base temperature vary much among the
10 cases (Table 1; Figs. 5c and 7c¢).

It is not clear whether this consumption of liquid water
by snow is via the Bergeron process or by riming. The
riming amount is difficult to measure; riming estimates
based on particle images from optical array probes are
subjective and cannot be readily composited for entire
flight legs. Particle density and thus fall speed increase
rapidly with increasing riming fraction (Locatelli and
Hobbs 1974), so it is tempting to examine variations in fall
speed within and above the BL as a measure of riming
fraction. The radar vertical velocity is composed of two
variables, air vertical motion and hydrometeor fall speed.

A gust probe measures the air vertical motion at flight
level. The hydrometeor fall speed near flight level can be
estimated by removing the gust probe vertical velocity
from the average close gate (~120 m up and down)
radar vertical velocities above and below the aircraft
(section 6a). This fall speed estimate is biased toward the
largest snowflakes because they dominate the received
power and thus the Doppler velocity estimate. It is also
rather uncertain, given the lack of spatial coincidence of
radar and gust probe data and the limited accuracy of
the instantaneous (1 Hz) radar and gust probe vertical
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FIG. 15. Scatterplot of estimated hydrometeor fall speed at flight
level against FSSP-inferred median droplet diameter where the
droplet concentration exceeds 20 cm >, for all flight legs where at
least part of the track penetrated the BL according to the BL top
estimate listed in Table 1. Both the fall speed and the median di-
ameter are averaged for the sections within and above the BL,
respectively, for each leg. Also shown are the linear best-fit lines for
the in-BL (solid line) and above-BL (dashed line) data.

velocity measurements. Thus we average the 1-Hz fall
speed estimate for both the in-BL and out-of-BL sec-
tions for each flight leg.

This fall speed estimate is plotted against the forward
scattering spectrometer probe (FSSP) median droplet
diameter averaged over corresponding sections, but only
where the FSSP droplet concentration exceeds 20 cm >
to eliminate most false counts due to ice shattering on
the probe (e.g., Field et al. 2006) (Fig. 15). The spread of
fall speed estimates in this scatterplot is larger in the BL
than above the BL. This is mainly a sampling issue: the
in-BL flight sections generally are shorter, and the 120-m
spatial offset is significant compared to BL eddies.
Nevertheless, this scatterplot shows that the fall speed
(and thus riming fraction) tends to increase with droplet
diameter, as expected from the dependency of riming
efficiency on droplet diameter (Pruppacher and Klett
1997). There is even an indication that the fall speed
tends to be slightly higher in the BL (by 0.10 m s ' on
average) and increase more with droplet diameter than
above the BL. The correlations are statistically insignif-
icant, and thus we cannot claim that snow growth by
riming is relatively more significant in the BL.

8. Discussion: Snow growth in the boundary layer

Turbulent vertical motion does not imply any net lifting;
it simply tends to mix, leading to a uniform distribution
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of conserved quantities. Yet above the cloud base tur-
bulent motions can affect hydrometeor growth. Houze
and Medina (2005) suggest that turbulent rising eddies
create pockets of higher LWC and larger droplets, re-
sulting in more riming as well as more aggregation, and
thus snow particles falling out more rapidly. Their ob-
servations were made in the Oregon Cascades, and the
turbulence they examine was shear induced near the top
of the blocked flow layer (i.e., above the BL). We be-
lieve that BL turbulence, possibly combined with shal-
low convection, may be important also in warm clouds,
through accelerated growth by collision and coalescence.
For instance, BL turbulence may contribute to the gen-
eration of occasionally heavy rain from shallow non-
brightband systems rising over the California coastal
mountains (White et al. 2003; Neiman et al. 2005). Rapid
precipitation growth in the saturated BL may contribute
to extremely tight precipitation gradients across ridges
(e.g., Anders et al. 2007; Kirshbaum and Smith 2009).
Minder et al. (2008) document observed climatological
precipitation totals about 50% higher on top of an 800-m-
high ridge, pointing into the prevailing wind, relative to
valleysjust 10 km on either side. We believe that the ridge
enhancement is at least partly due to BL turbulence above
cloud base [which according to soundings in Minder et al.
(2008) generally is below 800 m], resulting in rapid growth
mainly by collision—-coalescence.

This study has focused on airborne profiling radar
data, a powerful resource to examine vertical velocity
patterns and precipitation growth over complex terrain.
Radar reflectivity relates reasonably well to precipitation
mass and precipitation rate, but it says little about pre-
cipitation growth mechanisms. To study these mecha-
nisms, LWC, drop size distributions, and riming amounts
must be measured within the BL. This is difficult to do
over complex terrain because of flight restrictions. Fur-
ther investigations with large eddy simulation models of
sufficient resolution to capture both a sufficiently large
domain and a significant fraction of the TKE spectrum
in the BL are needed. Such work can go further than
observational studies in proving the significance of BL
turbulence in orographic precipitation growth. Such work
may also indicate the need to parameterize the impact of
BL turbulence on hydrometeor growth over mountains
in models in which the eddy transfer across the BL is
parameterized.

9. Conclusions

This study points to the potential significance of
BL turbulence to orographic precipitation, specifically
but not exclusively in mixed-phase clouds. The main
source of evidence is high-resolution vertically pointing
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airborne Doppler radar data, collected in 10 winter
storms over a mountain in the high-elevation, continen-
tal environment of Wyoming. The main findings are as
follows:

o All transects depict a turbulent layer draped over the
terrain, sometimes clearly distinct from the stratiform
flow aloft. This layer, the BL, varies in depth from about
0.4 to 1-2 km, the latter on the least stable days when
the BL top corresponds with the cumulus echo top.

o Sometimes ice crystals appear to initiate within the
BL. Possible mechanisms include blowing snow and
ice multiplication (splintering) near the ground. The
latter involves supercooled droplets colliding with rimed
vegetation. These surface-based ice initiation mecha-
nisms remain unproven.

o Spectral analysis of Doppler vertical velocity data
reveals an inertial subrange with the highest power
near the surface, and decreasing power with height
toward the BL top. Larger-scale eddies are directly
forced by terrain undulations.

o Comprehensive frequency-by-altitude diagrams indi-
cate a broad range of vertical velocities in BL and
rapid snow growth within the BL as the BL air rises
through the cloud base. The location of the snow
growth, upwind of the crest, can be explained by an
upwind-tilting gravity wave in some cases, but in all
cases BL turbulence appears to contribute to the
growth, as it is more marked when the BL turbulence
is more intense and in the more stratified flow cases
experiencing a rapid transition toward turbulent flow
near the mountain.

o Little is known about the microphysical pathways of
this low-level snow growth, since the flight level gener-
ally remains above the BL. The radar-documented
change may at least partly be due to aggregation. Aside
from aggregation, it is not clear whether relatively more
growth is due to depositional or accretional growth in
the BL. Limited flight-level data within the BL indicate
that supercooled liquid water is effectively consumed
by snow in the rising eddies.
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