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Olympic Mountains Experiment (OLYMPEX)

* Two primary goals:
* Physical validation of the
precipitation algorithms
(rain and snow) for

NASA’s GPM satellite.

* Precipitation processes
and their modification by
passage over complex

terrain.
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OLYMPEX Instrument Platforms
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OLYMPEX Precip (mm) 10-Nov-2015 to 1-May-2016
T e o . S/
f;'}:«?r tation distribution is often/used to des
i f*f nodificati by flow over mountain Seasonal map of
f' | ¥ 3183 precipitation does not tell

whole story

What are the processes
that create this
distribution precipitation?
How are the processes
above and below the
melting layer modified by
flow over mountains?
What are the processes
controlling the leeside
diminishment of
precipitation?

How does the
modification vary with

Y _ environmental conditions?
Seasonal Precipitation Map on windward slope

during OLYMPEX




Precipitation is highly variable within different “sectors” of mid-latitude cyclones
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Prefrontal Environmental

Characteristics

* Warm advection

e Stably stratified

 Low-level SE flow

* Increasing Integrated
Vapor Transport (IVT)
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Level height
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Warm Sector
Environmental
Characteristics

e High IVT
 Moist-neutral Stability
e SorSW flow

 High melting level
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Goal of this presentation:

Univ. of Washington Dept. of Atm. Sci.
VIS 21:00Z Tue 08 Dec 2015

Determine the large-scale
environmental and microphysical
processes controlling the following:

1) Windward enhancement
(using ground-based radar and disdrometer/
rain gauge observations)

2) High terrain-lee side

diminishment

(using airborne radar and ground 3 studies highlighted:
disdrometers) Zagrodnik et al. 2018 (JAS, March 2018)

McMurdie et al. 2018 (JGR, in review)
Zagrodnik et al. 2018 (JAS, in review)




Windward Enhancement: ——
. . . . round Site | Elevation (m)
Statistical Analysis of Disdrometer Data Fshery |52

Bishop Field 85
e All storms Oct 2015 — Prairie Creek 543
Graves Creek 180

Apr 2016

. Postf_rontal and <1 mm
h- rain rates removed 48N

* Divide everything into
3-hour periods centered
on North American
Regional Reanalysis
(NARR) times (00, 03, 06
UTC etc)

* Drop size distribution
(DSD) at Prairie Creek

* Precipitation gauges at 5

Wynoochee

Latitude

47

ground sites with varying D R N
elevation/distance from :
coast
125°W 124 - 123
Longitude

Windward Enhancement in Zagrodnik et al. 2018 (March JAS)



Drop Size Distribution at Prairie Creek

Histograms of Drop Diameter vs. Drop Number:
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Windward Enhancement in Zagrodnik et al. 2018 (March JAS)



Average DSD of each regime
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Windward Enhancement in Zagrodnik et al. 2018 (March JAS)



Prairie Creek DSD vs. Synoptic Environment

Number of Drops (N,,)
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Windward Enhancement in Zagrodnik et al. 2018 (March JAS)



Case Study: Nov 12-13, 2015

Integrated Vapor Transport (IVT)
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Windward Enhancement in Zagrodnik et al. 2018 (March JAS)



OLYMPEX Daily Precip (mm) 11/13/15 00:00 - 23:59 UTC

High terrain
less than
windward
slopes

Factor of 4-5
enhancement
between coast and
Lake Quinault

Different than
climatology!

OLYMPEX
NWS/ASOS
RAWS/HADS
SNOTEL
Other

nik et al. 2018 (March JAS)
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10 (a )2152 UTC 12 Nov 2015 : : : (b) 2152 UTC 12 Nov 2015

Radar RHIs ol ReﬂeCl'IVIty _______ BN RadlaIVeIOC|ty__.

from coast to
mountains

RHI 1
Light Rain
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Note: these images
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Windward Enhancement Summary so Far

-12 km

-12 km

~

-3

-2

SW N

Most Frequent DSD
* Occursin average (prefrontal) synoptic conditions
with offshore low-level flow

* Minimal windward precipitation enhancement

e Little small drop production

Heavy Rain DSD

* Occurs in warm sectors/atmospheric rivers
* Considerable windward precipitation enhancement

» Significant small drop production

E
Next: what is happening aloft and over high terrain/lee side?

Windward Enhancement in Zagrodnik et al. 2018 (March JAS)



—2500

48.5°N

@ Radars
[0 Soundings
€ Ground Sites

2000

NPOL Radar Statistics

* Compare Ocean sector RHIs
1500 to Land sector RHIs

48°N

% * Use all RHIs with
% measurable reflectivity
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Windward Enhancement in McMurdie et al. 2018 (JGR in review)



Orographic Enhancement Aloft from Radar
Ocean Land — Windward Slopes
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Orographic Enhancement Aloft from Radar
I;and—Ocean CFAD :

Greater frequency of higher
reflectivities at all levels over
windward slopes. Maximum at
4-5 km range.

Shift to higher reflectivity
near melting level (2-3 km
during warm events)

0 1IO 2IO 3IO 4IO
Reflectivity (dBZ) Windward Enhancement in McMurdie et al. 2018 (JGR in review)
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Windward Enhancement Summary

MWW-Q km

Most Frequent DSD

e Occurs in average (prefrontal) synoptic conditions
with offshore low-level flow

 Minimal precipitation enhancement

e Little small drop production

Heavy Rain DSD
* QOccurs in warm sectors/atmospheric rivers

* Considerable windward precipitation enhancement

-12km * Significant small drop production

Enhancement aloft over windward slopes
e Occurs in all atmospheric conditions

* Synoptic and environmental conditions affect the
degree of enhancement

e Strongest during warm, strongly forced events (high
IVT, high melting level, neutral stability and SW low-
level flow)

sSwW NE
Next: what is happening in the high terrain/lee side?
Windward Enhancement in Zagrodnik et al. 2018 (March JAS) and McMurdie et al. 2018 (JGR in review)



High Terrain/Leeside Diminishment
NASA 3-Gen Airborne Precipitation Radar (APR-3)

* Flies on NASA DC-8
* Triple-frequency (Ku/Ka/W-band)
e 120 m vertical resolution

* 0.2 Hz measurement frequency (~0.2 km resolution)

» Key benefit: full transects of Olympic Mountains with same
instrument package!

High Terrain/Leeside Diminishment in Zagrodnik et al. 2018 (JAS in review)



Prefrontal

P,

Postfrontal

N~ Higher cloud tops
AN Lower cloud tops
T Precipitation
___ Rainband

— Embedded
< convection

i Narrow cold
fronal band
A__A_ Surface cold front
MA@ Surface warm front

A__a&_ Surface occlusion
Upper PV contour

Warm sector

NP
v? Vapor flux

9 OLYMPEX APR-3 flights used in this
portion of the study:

3 Prefrontal

* High IVT: 500-560 kg m*s?

* Stably stratified low levels (N2, >0)

* Veering winds (easterly component at 925 hPa)

3 Warm Sector

* High IVT: 575-815 kg ms

* Moist-neutral low levels (N°
* High melting level: > 2 km

0)

3 Postfrontal

 Low IVT: 100-400 kg m™* st
 Low melting levels: 1-1.4 km
 Unstable low levels (

High Terrain/Leeside Diminishment in Zagrodnik et al. 2018 (JAS in review)



46.5°N

Flight tracks divided by storm sector and geographic region:

Ocean Coast Windward High Terrain Lee Side

Prefrontal

e Coast (1,482,637
e Windward (898,271)
e High Terrain (1,159,119)
e Lee (649,559)

___________________

46.5°N

~30 total measurement hours

Warm Sectors

46.5°

Postfrontal

i

N H
inishment iﬁziggrodnik et

af. 2018 (JAS in'review)



Example
APR-3
transects
of Ku-
reflectivity

Note: the red
stripe

(> 50dBZ)

is the ocean/land
surface signature
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Prefrontal CFADs by geographic region (normallzed by Ievel)
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High Terrain/Leeside Diminishment in Zagrodnik et al. 2018 (JAS in review)



Prefrontal CFAD differences (relative to OCEAN)
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Average height and coverage of 10 dBZ echo top

Near-complete rain
shadow

I T

4.5

4.0

10 dBZ echo top height (km)
10 dBZ coverage (%)

3.5

0

3.0

Plots generated by looking for

Dots indicate statistical Higher echo tops
highest 10 dBZ echo in each profile

significance relative to mean upstream of terrain
echo top height High Terrain/Leeside Diminishment in Zagrodnik et al. 2018 (JAS in review)



Prefrontal Precip Rate (mm h™?!)
& OLYMPEX

Uniform 3-4 mm h! over coast
and windward side.

Average
precipitation

Rapid decline to <1 mm h! at rate (mm h)

windward/high terrain during
boundary. prefrontal
flights

Nearly complete “rain
shadow” in lee.




Warm Se%tor CFADs by geographic gegion
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Warm Sector CFAD differences (relative to OCEAN)

=) (a) Coast - Ocean (b) Windward - Ocean

Windward/High Terrain:
Deep enhancement over full

vertical profile (consistent with
McMurdie et al. 2018)
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Average height and coverage of 10 dBZ echo top Highest coverage ove

terrain also. Extends
farther to lee side

10 dBZ echo top height 10 dBZ coverage (any height)
L= Y J‘\) 6.5 L= Y
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. . Highest echo directly Plots generated by looking for
Dots indicate statistical over terrain highest 10 dBZ echo in each proﬁle

significance relative to mean
echo top height High Terrain/Leeside Diminishment in Zagrodnik et al. 2018 (JAS in review)



Factor of 6-8 times more
precip on windward slopes
than coast.

Sharp diminishment is located
directly over high terrain,
similar to climatology.

More precipitation reaches lee
side.

Warm Sectors Precip Rate (mm h~1)

@ OLYMPEX
S I Otﬁler"S;Qg.[ce

Average

precipitation
rate (mm h?)
during warm
sector flights



Height (km)

Postfrontal CFADs b

A

) Overall

10%
30%
50%
70%
90%

1 T
0 10 20 30 40 50
Ku Reflectivity (dBZ)
6 | y (d) Windward
5 7 |
B |
3 -
2 -
1 1 1
0 10 20 30 40 50

Ku Reflectivity (dBZ)

Height (km)

Xgeographic region (Note: 6 km max height)

6
) (b) Ocean (c) Coast
4 Eap
b= / '
(@)]
3 - K 0 31
T
2 2
1 L I 1 I 1 1 1 f\ '\ Al 1
0 10 20 30 40 50 0 10 20 30 40 50
Ku Reflectivity (dBZ) Ku Reflectivity (dBZ)
© (e) High Terrain © (f) Lee
5 —\ 5 1
4 £ 41
<
(@)}
3 A 0 31
T
2 2
1 I I =2 I 1 1 I 1 1
0 10 20 30 40 50 0 10 0 30 40 50

2
Ku Refleﬁﬁ'é/ﬁt)fé?PazlleLeeside Diminishme||'<|¥:J i%ezﬂaegcrtcla\amlé%?%‘. 2018 (JAS in review)



Height (km)

Postfrontal CFAD differences (relative to OCEAN)
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Postfrontal Precip Rate (mm h™1)
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Weaker gradient of
diminishment over high
terrain/lee than prefrontal.

Considerable snow
accumulation in postfrontal
sector (low melting level + long
event duration).




High Terrain/Leeside Diminishment Summary
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Overall

* Windward enhancement/lee side diminishment omnipresent

* Degree varies with environmental conditions and storm sectors

Prefrontal
* Enhancement shifted upstream

* Near complete rainshadow

Warm Sector
* Deep intense enhancement

* Spill over onto lee side (from secondary enhancement
aloft???)

Postfrontal
* |solated convective cells over the ocean

* Transition to broader stratiform cells over the land

* Flow from W or NW, the climatological lee side is no
longer the lee

High Terrain/Leeside Diminishment in Zagrodnik et al. 2018 (JAS in review)



Overall Conclu‘

Environmental condmons/Storm sectors regulate pa t
enhancement and tee side diminishment "

Windward enhancement the greatest during warm highly forced eve
sectors, atmosphefric rivers)

Surprising result: warm precipitation processes can generate heavy rain
without significant contributions from seeding by ice crystals (seeder-feeder)
and shear-generated turbulenceIII

Current/future work
Utilize Canadian X-band radar to document lee side over fuII season

Use citation aircraft to\fully investigate the secondary enhancement
layer

Are warm rain processes responsible for WRF model underestimation
of preCIpltatlon on windward side

/ﬁw/ e el = == Colorado State University 18 September 2018
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Topography Precipitation Climatology
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Orographic Enhancement Aloft from DPR

CFAD
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Same pattern as seen from NPOL

Greater frequency of higher
reflectivities at all levels over
windward slopes. Maximum at
4-5 km range.

Shift to higher reflectivity
near melting level (2-3 km
during warm events)

Windward Enhancement in McMurdie et al. 2018 (JGR in review)



Prairie Creek DSD vs. Orograph|c Enhancement
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Prairie Creek 1-hour DSDs

P
(3]

log,o N, (M= mmT)
w ~
(6] o

w
o

N
o

20 "
0.0 05 1.0 15 2.0 25 3.0
D, (mm)
| @ ———~+
Prefrontal Warm Sector  Frontal

Transitions in DSDs matched changes in storm sector

(Prefrontal -> Warm Sector -> Frontal)
Windward Enhancement in Zagrodnik et al. 2018 (March



0000 UTC 2015 Dec 02 1500 UTC 2015 Dec 05 1800 UTC 2015 Dec 12

&

IR Satellite Imagery + 500 hPa heights
during flights

5 — Prefrontal

1-2 Dec
5 Dec
12 Dec
13 Nov
3 Dec
8 Dec

!
20 L -80

; § - | i t °
130°W 140°W 130°W 120°W 35°N

4 Dec
10 Dec
13 Dec

Height (km)

Moist Static Stability N,, (x10~%)

Warm
Sectors

Postfrontal

1500 UTC 2015 Nov 13

40

20

a0

20



Case study summary:

* Warm sector heavy rain events (Atmospheric Rivers) have most
precip at low-to-mid elevations
e Rain consists of mostly small-to-medium drops
* Formed by condensation/collision-coalescence
* Related to moist-neutral lifting of low-level jet

e Surprising result: warm precipitation processes can generate heavy
rain without significant contributions from seeding by ice crystals
(seeder-feeder) and shear-generated turbulence!!!
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High Terrain (Hurricane Ridge) DSD Parameter Histograms
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D, N,,
0.20
0.25 4 (a) —— 13 Nov (b)
—— 03 Dec
0.20 - —— 08 Dec 0.15 1
5 0-15 1 5 0.10 -
o o
0.10
0.05 A
0.05
0.00 n T T T T T 0.00 T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 2 3 4 5 6
Do (mm) log1gNy (M™3 mm™1)

High Terrain/Leeside Diminishment in Zagrodnik et al. 2018 (JAS in review)



Conclusions from aircraft data

 Spatial distribution of precipitation modification (in horizontal and
vertical) was strongly dependent on the large-scale environment
associated with different synoptic storm sectors.

* Windward enhancement and leeside diminishment were omnipresent
but details were highly variable:
: enhancement shifted upstream, near-complete lee rain shadow
* Warm sector: deep, intense enhancement over mountains spilled over to lee
* Postfrontal: convective to stratiform transition from coast to mountains

* Particle size distributions are highly variable in warm sectors.
Remember 12-13 November case study?



