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STAFF REPORT 
  
   
DATE: September 15, 2016 
TO: Chairman and Members, Western Regional Water Commission (“WRWC”) 

FROM: Chris Wessel, WRWC Water Management Planner                                          
Frank McDonough, Desert Research Institute, Associate Research Scientist  

SUBJECT: Report by the Desert Research Institute (“DRI”) on its Cloud Seeding Operations 
for the Truckee River and Lake Tahoe Basins for the past water year, and efforts 
to secure funding from other cloud seeding beneficiaries; discussion and possible 
approval of funding in an amount not to exceed $100,000 from the Regional 
Water Management Fund ("RWMF") to support similar Cloud Seeding 
Operations for the upcoming water year; if approved, authorize the Chairman to 
execute an interlocal agreement (ILA) with DRI for that purpose; and possible 
direction to staff. 

 

SUMMARY 
Since 2009, DRI has conducted its cloud seeding program for the Truckee River and Lake Tahoe 
Basins using funds provided by either the Truckee Meadows Water Authority (“TMWA”) or the 
Truckee River Fund ("TRF"), and the WRWC.  DRI staff has provided a Proposal and Scope of 
Work including a budget for $100,000 (attached) from the RWMF to partially fund and continue 
cloud seeding operations for water year 2016-2017.  The WRWC budget for FY 2016-2017 
includes $100,000 for the proposed cloud seeding operations, and approval comes as a 
recommendation from the Northern Nevada Water Planning Commission.  Mr. Frank 
McDonough of DRI will provide a presentation about the water year 2015-2016 program and 
proposed operations for the coming year.   
 
BACKGROUND 
Wintertime cloud seeding is focused on enhancing snowfall in mountainous regions to increase 
the snowpack, resulting in more spring runoff and water supplies in the surrounding areas.  The 
DRI cloud seeding program has been in operation for more than 25 years.  DRI estimates that, 
for the Truckee River Basin, cloud-seeding has boosted water in the snowpack by an average of 
18,000 acre-feet a year over the last 10 years.   
 
DRI funding cuts in 2008 threatened to eliminate its cloud seeding operations, such that outside 
financing was necessary to continue the program.  In response, DRI applied to the TRF in 2009 
to support the operation of five cloud-seeding generators in the Sierra Nevada.  DRI received 
approval for partial funding from the TRF and the WRWC for the 2009-2010 water year.  DRI 
applied for and received funding from the TRF, and more recently TMWA, and the WRWC to 
cover operations in each successive water year. 
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FISCAL IMPACT 
The fiscal impact to the RWMF, should this item be approved, will be $100,000.  Budget 
authority is located in Fund Group 766, Fund 7066, Account Number 710100, Professional 
Services, Cost Object WP310103. 
 
RECOMMENDATION 
The NNWPC recommends that the WRWC approve funding in an amount not to exceed 
$100,000 from the RWMF to support DRI’s Cloud Seeding Operations for the upcoming water 
year; authorize the Chairman to execute an interlocal agreement with DRI for that purpose, and 
provide appropriate direction to staff.   
 
POSSIBLE MOTION 
“Move to approve funding in an amount not to exceed $100,000 from the RWMF to support 
DRI’s Cloud Seeding Operations for the upcoming water year, and authorize the Chairman to 
execute an interlocal agreement with DRI for that purpose." [Possible direction to staff to 
follow.]  
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Cloud	Seeding	Project	for	Tahoe	and	
Truckee	Basins	for	Water	Year	2016:	
Final	Report	

Executive	Summary	
	
The	Tahoe-Truckee	Cloud	Seeding	Program	for	Water	Year	2016	started	operations	
on	schedule	on	November	1,	2015	and	ended	on	June	1,	2016.	There	were	38	cloud	
seeding	 events	 with	 a	 total	 of	 1054	 generator	 hours	 (one	 generator	 hour	 is	 one	
generator	 cloud	 seeding	 for	 one	 hour)	 during	 the	 season	 (Fig.	 E.1).	 Nearly	 all	 of	
these	 events	were	 found	 to	 be	 associated	with	 ideal	 cloud	 seeding	 conditions.	No	
events	were	missed.	Most	 of	 the	 generator	 hours	 occurred	 in	 the	 first	 half	 of	 the	
winter.	The	 forecasting,	 operations,	 and	 generator	 availability	were	quite	 efficient	
with	 a	 seeding	 efficiency	 of	 95%	 (each	 case	 presented	 in	 Phase	 2	 section	 of	 the	
report)	
	

			
	
Figure	E.1.	The	number	of	cloud	seeding	events	for	WY2016.	Events	per	month	
presented	in	the	upper	panel	and	the	operational	generators-hours	per	month	lower	
panel	
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The	 seasonal	 seeding	 effect	 can	 be	 computed	 through	 the	 following	 derived	
equation.	 The	 precipitation	 increase	 in	 the	 seeding	 area	 during	 the	 operational	
seeded	periods	are	conservatively	estimated	at	0.01”	(0.25	mm)	of	liquid	or	0.1”	of	
increased	snow	per	hour.	Past	studies	of	seeding	plume	dispersal	over	mountainous	
target	areas,	and	documentation	of	the	fallout	area	of	seeded	snow	within	a	seeding	
plume	from	one	generator	is	approximately	35	square	miles.	This	area	of	effect	will	
vary	as	cloud	conditions	and	wind	speed	vary,	and	can	also	change	as	the	dimension	
of	the	mountain	barrier	along	the	wind	direction	changes.	Since	all	the	parameters	
cannot	be	precisely	evaluated,	this	analysis	will	use	the	35	mi2	value	as	a	constant.	
	
The	 estimate	 of	 the	 amount	 of	 snow	water	 produced	 by	 seeding	 (Ws)	 during	 the	
2016	 Water	 Year	 is	 provided	 by	 multiplying	 the	 total	 time	 of	 gen	 generator	
operation	(Ts	=	1093.9	hours)	by	the	precipitation	rate	increase	(Ps	=	0.25	mm	per	
hour).	This	product	is	then	multiplied	by	the	area	of	effect	(As	=	35	sq.	miles),	and	
then	by	seeding	efficiency	 for	 the	season	(0.95).	To	obtain	 the	estimate	 in	units	of	
acre-feet	the	following	conversions	are	also	needed:	
	 	 	

0.25	mm	=	0.00328	ft.	
	 1	sq.	mile	=	640	acres.	
	
So,	for	the	2015-16	winter	season	the	estimated	snow	water	increase	from	seeding	
is:	
	 	 	
			Ws	=	1093.9	h	x	0.25	mm/h	x	0.00328	ft/mm	x	35	sq	mi	x	640	acres/sq	mi	x	0.95	

	 Ws	≈	19,021	acre-feet	or	6.1	billion	gallons.	

	
If	all	of	the	6.1	billion	gallons	of	additional	water	from	the	cloud	seeding	operations	
were	to	run	off,	it	would	be	enough	water	for	45,240	Truckee	Meadows	households	
(an	average	metered	Truckee	Meadows	household	uses	137,000	gallons	per	year).	
The	 project	 costs	 for	 this	 additional	 snow	water	 was	 approximately	 $16.25	
per	acre-foot.	
	
For	the	first	year	data	has	become	available	to	validate	the	cloud	seeding	effect.	The	
Western	Regional	Water	Commission	funded	the	installation	of	new	high-resolution	
precipitation	gauges	to	validate	the	cloud	seeding	effectiveness	in	the	Tahoe	Basin.	
Two	high-resolution	Geonor	 snow/precipitation	 gauges	were	 installed	 in	 summer	
2015	 and	 precipitation	 data	was	 collected	 over	 the	winter.	 The	 two	 gauges	were	
both	 installed	10	to	15	miles	east	of	 the	Sierra	Crest,	with	 the	Allison	Drive	gauge	
sited	 within	 the	 seeded	 target	 area	 and	 the	 Sorenson’s	 gauge	 sited	 outside	 the	
seeded	area	in	the	control	area	(Fig.	E.2).	The	30-mile	distance	between	the	gauges	
and	 their	 relative	 similar	 elevations	 and	 similar	 geographical	 location	 east	 of	 the	
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Sierra	Crest	allows	the	assumption	that	the	precipitation	ratios	should	be	generally	
equal	through	the	entire	winter.		
	

	
Figure	E.2.	The	Tahoe	cloud	seeding	network	yellow	boxes.	The	new	precipitation	gauge	in	the	
target	area	at	Allison	Drive	denoted	by	green	circle	and	the	gauge	outside	of	the	target	area	
(control)	at	Sorenson’s	Resort		(red	circle	in	lower	right).	
	
The	 precipitation	 events	 for	 the	 entire	 winter	 at	 the	 two	 sites	 were	 broken	 into	
seeded	 events	 and	 unseeded	 events.	 Precipitation	 from	 a	 seeded	 event	 was	
identified	as	starting	one	hour	after	the	generators	were	started	and	ending	3	hours	
after	the	generators	were	halted.	Any	precipitation	that	was	observed	in	the	gauge	
outside	 of	 these	 times	was	 defined	 as	 a	 ‘non-seeded’	 event.	 Figure	 E.3	 shows	 the	
monthly	precipitation	comparisons	between	the	 target	gauge	(Allison	Dr.)	and	 the	
control	 gauge	 (Sorenson’s)	 for	 both	 seeded	 precipitation	 events	 and	 unseeded	
events.		
	
A	 One	 Tailed	 Statistical	 T-Test	 for	 Equal	 Means	 was	 conducted	 on	 the	 monthly	
seeded	 and	 unseeded	 ratios	 from	 the	 gauge	 data.	 A	 positive	 seeding	 effect	 at	 the	
95%	 confidence	 interval	 was	 found	 with	 perhaps	 a	 9%	 increase	 in	 precipitation	
observed	within	the	seeded	area.	A	more	detailed	analysis	can	be	found	in	the	Phase	
3	discussion.	
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Figure	E.3.	The	monthly	precipitation	at	both	the	target	and	the	control	area	for	time	periods	
with	active	cloud	seeding	(upper	panel)	and	for	time	periods	when	cloud	seeding	was	not	
active.	Target	gauge	are	the	bars	on	the	left	side	of	the	pairs	and	the	control	gauge	is	on	the	
right	side	of	the	monthly	pairs.	

Introduction	
The	 goals	 of	 the	 DRI	 cloud	 seeding	 efforts	 in	 the	 Tahoe/Truckee	 Basin	 remain	
essentially	the	same	from	previous	years:	to	enhance	snowfall	 from	winter	storms	
and	 to	 increase	 the	 snowpack	 and	 subsequent	 runoff	 in	 the	 Tahoe	 and	 Truckee	
Basins	through	the	application	of	wintertime	cloud	seeding	technology.	This	report	
constitutes	the	summary	of	the	project	for	Water	Year	2016.	
	
This	 project	 is	 funded	 by	 the	 Truckee	 Meadows	 Water	 Authority	 (TMWA)	 and	
Western	Regional	Water	Commission	(WRWC).	Seeding	is	conducted	from	a	line	of	
five	 ground-based	 cloud	 seeding	 generators	 (CSGs)	 positioned	 on,	 or	 a	 few	miles	
upwind	 of,	 the	main	 Sierra	 Nevada	 crest	 to	 the	west	 of	 Lake	 Tahoe	 (Fig.	 1).	 The	
generators	 are	 placed	 at	 the	 highest	 altitudes	 possible	 and	 positioned	 to	 take	
advantage	 of	 the	 generally	 westerly	 to	 southwesterly	 wind	 directions	 in	 winter	
storms	in	the	Tahoe	area.	The	generators	are	remotely	activated	by	DRI	staff	when	
the	proper	weather	and	cloud	conditions	for	seeding	were	verified.	Forecasting	for	
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potential	 cloud	 seeding	 events	 during	 water	 year	 2016	 (WY2016)	 began	 on	
November	1,	2015.	Due	to	the	previous	years	droughts	and	low	lake	and	reservoir	
levels,	 seeding	 forecasting	 and	 operations	 were	 extended	 from	 the	 usual	 ending	
period	of	May	15	until	June	1,	2016.	
	

The	project	is	broken	into	three	phases.	Phase	1	included	the	work	associated	with	
the	 field	 equipment.	 To	 ensure	 maximum	 performance	 from	 the	 generators,	
maintenance	 of	 equipment	 is	 conducted	 in	 pre	 and	 postseason,	 and	 if	 necessary	
during	winter	operations.	The	Phase	2	work	includes	the	24/7	weather	monitoring	
and	forecasting,	and	generator	operations	for	the	WY2016	season.	Phase	3	activities	

Figure	 1.	 Map	 showing	 the	 Tahoe-Truckee	 cloud	 seeding	 target	 area	 (red	 shading)	 and	
instrument	 sites	 in	 and	 around	 the	 target	 area.	 NRCS	 SNOTEL	 sites,	 which	 measure	
precipitation	and	snow	water	equivalent	(SWE)	are	 indicated	by	red	Xs.	Ground	seeding	sites	
are	 shown	 as	 yellow	 squares.	 Reno	 facilities	 are	 shown	 in	 the	 upper	 right	 as	 cyan-colored	
circles.	
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occur	after	the	season	has	ended.	These	include	a	review	and	analysis	of	the	winter	
weather	 and	 operations,	 estimation	 of	 the	 cloud	 seeding	 precipitation	
augmentation,	validation	of	the	seeding	efforts	and	reporting	on	the	results.			

	

Phase	1	
	
The	 same	 five	 permitted	 generator	 sites	were	 utilized	 as	 last	 year.	 All	 sites	were	
installed,	 filled	 with	 seeding	 solution	 and	 fully	 operational	 by	 October	 15,	 2015.	
Hardware	 and	 software	 upgrades	 were	 installed	 to	 make	 the	 generators	 more	
efficient	and	reliable.	A	new	 in-house	developed	stepper	motor	 flow	metering	and	
adjustment	 system	was	 installed	 in	 all	 five	 generators	 after	 field-testing	 last	 year.	
This	 system	 constantly	 monitors	 the	 flow	 rate	 of	 the	 solution	 to	 the	 burner	 and	
adjusts	it	if	necessary	due	to	fluctuations	in	tank	pressure	or	temperature.	Another	
new	 feature	 this	 season	was	a	 stainless	 steel	 thermocouple	 sleeve	 that	eliminated	
any	 corrosive/	 heat	 wear	 and	 tear	 on	 the	 sensor,	 thus	 eliminating	 the	 ill-timed	
outages	and	required	fieldtrips	to	replace	them	during	the	season.	This	fix	was	field	
tested	last	year	on	a	few	generators	and	installed	on	all	this	season.	There	were	no	
sensor	failures	this	year.		
	
The	 generators	 were	 calibrated	 for	 flow	 rate	 at	 the	 nozzle	 and	 satellite	
communications	were	 installed	 at	Ward	 Peak	 and	 one	 of	 the	 Bunker	 Hill	 sites	 to	
mitigate	 the	 antennae	 icing	 and	 radio	 line-of-site	 communication	 failures.	 These	
proved	to	be	robust	and	reliable	improvements.	
	
A	 heated	 and	 flash	 equipped	 webcam	 and	 weather	 station	 was	 installed	 at	 the	
Barker	Pass	site	to	view	the	formation	of	icing	on	the	tower	24/7	(Fig.	2).	A	weather	
station	 was	 installed	 at	 the	 Echo	 and	 Barker	 Pass	 generator	 sites.	 These	
observational	 platforms	 aid	 in	 real-time	 storm	 monitoring	 and	 also	 provide	 a	
unique	data	set	for	reporting	and	validation	of	the	seeding	effect.	New	software	for	
the	 datalogger	 program	 was	 added	 to	 process	 the	 season’s	 data	 and	 provide	
information	 for	 field	 technicians	 to	 use	 for	maintenance	 and	 repairs.	 This	 data	 is	
now	available	in	realtime	for	reporting	and	validation.		
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Fig	2.	Barker	Pass	flash	webcam	image	at	11:45	PM	on	February	18,	2016.	Icing	can	be	
seen	on	the	guy-wire	on	right	side	of	the	image.			
	
As	part	of	a	separately	funded	WRWC	project,	high-resolution	Geonor	precipitation	
gauges	 were	 installed	 and	 became	 operational	 in	 summer	 2015.	 One	 gauge	 was	
sited	at	the	Sorensen’s	Resort	in	the	Carson	River	Basin	as	a	control	site	outside	the	
Tahoe-Truckee	Basin	and	the	second	was	installed	above	Incline	Village	within	the	
Tahoe-Truckee	 Basin	 seeding	 area	 as	 a	 target	 site.	 These	 sites	 were	 visited	
throughout	the	season	in	conjunction	with	other	site	visits	to	service	the	units	and	
download	 the	data	 for	processing.	Three	more	gauges	will	be	 installed	 in	summer	
2016	at	Kingvale,	CA,	Spooner	Summit,	NV	and	Echo	Summit,	CA.	Three	more	sites	
will	be	installed	next	year.	These	final	sites	have	yet	to	be	selected.			

Phase	2	
	

Cloud	Seeding	Meteorological	Conditions	
Identification	 of	 clouds	 suitable	 for	 seeding	 across	 the	 Tahoe	 Truckee	 network	
requires	a	review	and	careful	analysis	of	numerous,	often	conflicting,	data	sources	
to	determine	when	the	meteorological	parameters	for	successful	cloud	seeding	are	
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present.	 In	 general,	 for	 the	meteorological	 parameters	 to	 be	met	 clouds	must	 be	
present	across	the	area.	Next	the	atmospheric	stability	profile	must	be	favorable	so	
that	 the	 seeding	plume	produced	 from	 the	 generators	 is	 able	 to	 reach	 the	 clouds.	
The	cloud	temperatures	that	the	cloud	seeding	plume	interacts	with	must	be	colder	
than	-5oC,	and	the	clouds	must	also	contain	subfreezing	liquid	water	drops.	The	final	
requirement	is	the	winds	must	be	favorable	to	deliver	the	cloud	seeding	plume	and	
increased	snowfall	into	the	Tahoe-Truckee	watershed.		
	
The	detection	of	clouds	is	though	the	use	of	satellite	imagery,	surface	observations,	
or	web	 cams.	 The	 temperatures	 and	 atmospheric	 stability	 is	 obtained	 though	 the	
Alpine	Meadows	weather	 stations	 at	 the	 lower,	mid,	 and	 upper	mountain.	 Output	
from	 the	 numerical	 weather	 prediction	 models	 can	 be	 useful	 as	 well.	 The	 most	
challenging	 and	 critical	 prediction	 is	 identification	 of	 the	 presence	 of	 subfreezing	
water	drops.	Cloud	seeding	cannot	be	effective	in	the	absence	of	these	cloud	drops.	
There	are	no	operational	instruments	in	the	central	Sierra	to	directly	measure	this	
atmospheric	property.		The	DRI	team	designed	an	ice	detection	surrogate	using	the	
webcam	 imagery	 from	 the	 DRI	 Barker	 Pass	 generators	 and	 the	 Squaw-Alpine	
Meadows	resort’s	Ward	Peak	webcam.	When	subfreezing	water	drops	are	present	
they	will	freeze	to	the	structures	and	equipment	on	the	mountaintop.	To	determine	
if	cloud	seeding	conditions	were	favorable	icing	needed	to	be	observed	on	a	pole	in	
the	webcam	imagery	(Fig.	3).	
	

				
Figure	3.	The	Ward	Peak	webcam	image.	The	yellow	circle	shows	the	 icing	pole.	The	
inset	 image	 on	 left	 shows	 the	 no	 icing	 conditions	 and	 the	 inset	 image	 on	 the	 right	
shows	the	results	of	icing	present,	cloud	seeding	conditions.	
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Summary		
There	 were	 38	 cloud	 seeding	 events	 with	 a	 total	 of	 1054	 generator	 hours	 (one	
generator	hour	 is	one	generator	cloud	seeding	 for	one	hour)	 (Fig.	4).	Nearly	all	of	
these	 events	were	 found	 to	 be	 associated	with	 ideal	 cloud	 seeding	 conditions.	No	
events	were	missed.	Most	 of	 the	 generator	 hours	 occurred	 in	 the	 first	 half	 of	 the	
winter.	February	only	had	2	events	with	12	events	 through	the	end	of	May.	These	
events	and	their	associated	storms	are	summarized	below,	
	
	
	

			
Figure	4.	The	number	of	cloud	seeding	events	for	WY2016.	Events	per	month	presented	
in	the	upper	panel	and	the	operational	generators-hours	per	month	lower	panel.	
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November	2015	
The	 cloud	 seeding	 season	 started	out	quickly	with	 the	 first	 storm	on	November	2	
(Fig.	5).	The	storm	started	out	warm,	but	as	the	cold	front	moved	through	late	in	the	
morning	 and	 temperatures	 at	 10,000	 ft.	 MSL	 cooled	 below	 -5oC	 the	 first	 seeding	
event	was	underway.	Winds	were	from	the	southwest	early	in	the	event	but	became	
light	from	the	north	and	north-northwest	later	in	the	storm.	The	event	was	ended	as	
the	winds	 became	 northerly.	 Icing	was	 observed	 in	webcam	 imagery	 through	 the	
storm	 period.	 Precipitation	 in	 the	 cloud	 seeding	 target	 area	 at	 the	 Mount	 Rose	
SNOTEL	 (see	 Fig.	 1	 for	 location)	 0.5	 inches	 of	 snow	water	 equivalent	 (SWE)	was	
measured	during	the	seeding	period.		
	
The	next	storm	with	low	clouds	moved	into	the	region	on	the	evening	of	November	
8.	 Just	 before	 midnight	 temperatures	 cooled	 below	 -5oC	 (23oF)	 and	 seeding	
operations	 commenced.	 Over	 the	 next	 24	 hours	 three	 distinct	 bands	 of	 moisture	
moved	across	the	area	with	seeding	occurring	during	parts	of	each	band.	There	was	
0.6	 inches	 of	 SWE	 reported	 at	Mount	 Rose	 and	 6”	 of	 new	 snow	 at	 the	 Northstar	
resort,	near	the	Brockway	Guard	Station	(see	Fig.	1	for	location).			
	
On	 the	morning	 of	 November	 15	 yet	 another	 fast	moving	 storm	with	 low	 clouds	
approached	 the	 Tahoe	 area.	 Temperatures	 in	 the	 target	 clouds	 were	 below	 the	
seeding	threshold	at	-7oC	and	quickly	cooling,	while	winds	were	favorable	from	the	
southwest.	 Icing	 was	 observed	 on	 the	 pole	 from	 the	 webcam.	 At	 the	 target	 area	
SNOTEL	0.4	inches	of	SWE	was	observed	and	7	inches	of	new	snow	was	reported	at	
Northstar.	
	
The	final	storm	of	the	month	arrived	in	the	late	morning	of	November	24	as	strong	
storm	dropped	south	along	the	West	coast	and	a	sharp	cold	front	began	to	 impact	
the	 area.	 The	 cloud	 seeding	 generators	were	 started	 and	 run	 for	 up	 to	 10	 hours.	
Temperatures,	 clouds,	 and	winds	 from	 the	 southwest	were	 all	 favorable	 for	 cloud	
seeding.	Heavy	icing	was	observed	on	web	cam	at	the	Ward	generator	(see	Fig.	1	for	
location).	At	the	target	area	SNOTEL	0.9	inches	of	SWE	was	observed	and	16	inches	
of	new	snow	was	reported	at	Northstar.	
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Figure	5.	 Tahoe	area	monthly	weather	 data	and	 cloud	 seeding	periods	 (shaded	 regions)	 for	
November	 2015.	 Top	 panel	 shows	 700	 mb.	 Temperature,	 relative	 humidity,	 and	 Squaw	
SNOTEL	 temperature.	Middle	panel	 shows	wind	data	at	700	mb	KREV	sounding,	and	Squaw	
(8,000	ft	MSL),	and	bottom	panel	presents	precipitation	or	SWE	accumulation	at	CSSL,	Squaw	
and	the	Big	Meadow	SNOTEL	sites.	
	

December	2015		
		
The	first	storm	of	December	arrived	on	the	afternoon	of	December	3	(Fig.	6).	This	
weakening	storm	moved	off	the	central	Pacific	and	was	warmer	than	the	storms	of	
mid	and	late	November.	Temperatures	were	marginal	but	cooled	below	-5oC	per	the	
Reno	 sounding.	Winds	were	 from	 the	west-southwest	 becoming	 southwesterly	 at	
the	 end	 of	 the	 event.	 At	 the	 target	 area	 SNOTEL	0.7	 inches	 of	 SWE	was	 observed	
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over	8	hours	and	10	inches	of	new	snow	was	reported	at	Northstar.	The	web	cam	at	
Ward	was	not	available	for	this	event	but	aircraft	reported	icing	over	Tahoe	though	
pilot	reports.		
	
On	December	10	a	very	strong	jet	with	an	upper	level	wave	moved	over	the	Sierra	
Nevada.	 Temperatures	were	 initially	warm	 but	 cooled	 below	 -5oC	 by	midday	 and	
cooled	 further	 through	the	event.	Winds	were	strong	 from	the	west	and	 icing	was	
observed	on	the	webcam	at	Ward.	Seeding	for	this	event	was	prematurely	halted.	At	
the	 target	area	SNOTEL	1.3	 inches	of	SWE	was	observed	during	 the	seeding	event	
and	24	inches	of	new	snow	was	reported	at	Northstar.	
	
The	next	storm	arrived	at	sunrise	on	December	13.	This	was	another	strong	storm	
moving	in	from	the	Pacific	Northwest.	Temperatures	quickly	cooled	below	-5oC	and	
winds	were	from	the	west	to	west-northwest.	The	webcam	was	not	available	for	this	
event,	but	 icing	pilot	 reports	were	widespread	(Fig.	7.).	A	 thick	clear	 ice	accretion	
was	observed	by	DRI	staff	at	the	Barker	weather	station	on	a	maintenance	trip	two	
days	 later.	At	 the	 target	area	SNOTEL	1.6	 inches	of	 SWE	was	observed	during	 the	
seeding	event	and	27	inches	of	new	snow	was	reported	at	Northstar.	
	
After	 sunset	 on	 December	 18	 the	 next	 storm	moved	 into	 the	 area.	 Temperatures	
cooled	below	-5oC	and	winds	were	strong	and	steady	from	the	west-southwest.	The	
generators	were	operated	though	the	night	and	 into	 the	morning	of	December	19.	
Icing	was	 observed	 on	 the	webcam	 at	Ward	 as	well	 as	 from	 aircraft	 flying	 in	 the	
area.	At	the	target	area	SNOTEL	1.0	inches	of	SWE	was	observed	during	the	seeding	
event	and	7	inches	of	new	snow	was	reported	at	Northstar.	
	
The	generators	were	operated	for	an	hour	on	December	20	as	a	weak	cloud	system	
moved	 across	 the	 area.	No	precipitation	was	 observed	 although	 clouds,	 icing,	 and	
favorable	winds	and	temperatures	were	present.		
	
On	 the	afternoon	of	December	21	a	 strong	 jet	 from	the	northwest	moved	 into	 the	
area.	A	very	wet	warm	storm	system	also	moved	across	the	area.	Huge	snowfalls	(34	
inches	at	Northstar)	and	precipitation	amounts	(2.0	inches	at	Mount	Rose	SNOTEL)	
were	measured	but	temperatures	were	too	warm	to	operate	the	generators.		
	
By	early	December	24	temperatures	had	cooled	to	-9oC	as	a	strong	wave	moved	into	
the	northern	Sierra	from	the	Gulf	of	Alaska.	Winds	were	from	the	west	at	40	MPH,	
while	the	Ward	webcam	was	not	available,	icing	pilot	reports	were	found	in	the	area	
below	10,000	 ft.	MSL.	At	 the	 target	area	SNOTEL	1.1	 inches	of	SWE	was	observed	
during	the	seeding	event	and	20	inches	of	new	snow	was	reported	at	Northstar.	
	
Operations	were	suspended	 for	 the	Christmas	 travel	day.	Early	on	December	28	a	
weak	system	moved	over	the	area.	Seeding	was	 initiated	early	 in	the	morning	and	
the	generators	were	operated	for	5	hours.	Temperatures	cooled	to	-10oC	and	winds	
were	from	the	west.	 Icing	was	observed	on	the	Ward	webcam,	and	there	was	only	
one	 icing	pilot	 report	over	Tahoe.	 	Precipitation	amounts	were	 light.	At	 the	 target	
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area	SNOTEL	only	0.1	inches	of	SWE	was	observed	during	the	seeding	event	and	3	
inches	of	new	snow	was	reported	at	Northstar.	

	
Figure	6.	As	in	Figure	6	except	December	2015.	
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Figure	7.	Icing	pilot	reports	at	10	AM	on	December	13,	2015.	

January	2015	
The	first	storm	of	the	New	Year	arrived	on	January	4.	This	complex	storm	included	
several	 embedded	waves	 and	 lasted	 into	 the	 evening	 of	 January	 6.	 Temperatures	
were	 well	 below	 -5oC	 through	 the	 event	 (Fig.	 8)	 and	 winds	 remained	 from	 the	
southwest	 through	 the	 period.	 Cloud	 seeding	 operations	 occurred	 as	 the	 waves	
associated	with	low	clouds	moved	across	the	area.	Significant	icing	was	observed	on	
the	 Ward	 webcams	 (Fig.	 9).	 At	 the	 target	 area	 SNOTEL	 1.7	 inches	 of	 SWE	 was	
observed	 during	 the	 seeding	 event	 and	 20	 inches	 of	 new	 snow	 was	 reported	 at	
Northstar.	
	
Early	on	 January	9	a	weak	storm	moved	across	 the	area	and	6	hours	of	 the	storm	
was	 seeded.	 The	 700	mb	 (10,000	 ft	 MSL)	 temperatures	 from	 the	 Reno	 sounding	
showed	 temperatures	below	 -5oC	 and	winds	were	 from	 the	west-southwest.	 Icing	
was	likely	present	per	the	Ward	webcam,	and	a	lone	middle	of	the	night	icing	pilot	
report	was	called	 in	to	the	southwest	of	 the	region.	At	the	target	area	SNOTEL	0.2	
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inches	of	SWE	was	observed	during	the	seeding	event	and	1	inch	of	new	snow	was	
reported	at	Northstar.	
	
The	 next	 storm	 arrived	 on	 the	 morning	 of	 January	 13.	 Seeding	 was	 conducted	
through	much	 of	 the	 day	 and	 into	 the	 evening.	 Significant	 icing	 was	 observed	 at	
Ward	and	temperatures	dropped	below	-5oC	shortly	after	 the	arrival	of	 the	storm.	
Winds	were	westerly	 through	 the	 event.	 At	 the	 target	 area	 SNOTEL	 1.4	 inches	 of	
SWE	 was	 observed	 during	 the	 seeding	 event	 and	 10	 inches	 of	 new	 snow	 was	
reported	at	Northstar.		
	
A	second	storm	and	upper	level	wave	quickly	followed	on	the	afternoon	of	January	
14.	 Temperatures	 were	 -8oC	 and	 winds	 were	 strong	 from	 the	 west-southwest	
through	the	event.	Cloud	seeding	was	conducted	for	12	hours	through	much	of	the	
evening	of	January	14.	At	the	target	area	SNOTEL	1.2	inches	of	SWE	was	observed	
during	the	seeding	event	and	18	inches	of	new	snow	was	reported	at	Northstar.	
	
Temperatures	warmed	above	seeding	temperatures	 for	several	days	as	a	 few	light	
precipitation	events	occurred.	A	moist	southwesterly	flow	moved	across	the	Tahoe	
region	 early	 on	 January	 19.	 The	 generators	 were	 started	 as	 the	 threshold	
temperatures	(10,000	ft	MSL)	cooled	below	-5oC.	The	winds	started	the	event	from	
the	 south-southwest	 and	 transitioned	 to	northwesterly	 later	 in	 the	day.	 Icing	was	
observed	through	the	period	as	well.	At	the	target	area	SNOTEL	0.9	inches	of	SWE	
was	observed	during	the	seeding	event	and	12	inches	of	new	snow	was	reported	at	
Northstar.	
	
On	January	23	a	weak	storm	moved	across	the	area.	Temperatures	remained	above	
the	 -5oC	 threshold	 for	 seeding	 for	 the	 early	 part	 of	 the	 storm	 but	 by	 4AM	
temperatures	 had	 cooled	 and	 cloud	 seeding	 was	 underway	 with	 winds	 from	 the	
west-southwest.	Icing	conditions	were	present	through	the	event.	At	the	target	area	
SNOTEL	0.2	inches	of	SWE	was	observed	during	the	seeding	event	and	4	inches	of	
new	snow	was	reported	at	Northstar.	
	
The	final	storm	of	the	month	arrived	on	January	29	as	a	strong	jet	moved	across	the	
region.	 Initially,	 a	warm	(temperatures	at	10,000	 ft	MSL	above	 freezing)	and	very	
moist	air	mass,	atmospheric	river,	moved	into	the	area	from	the	central	Pacific.	Rain	
was	falling	over	all	areas	except	the	highest	peaks.	Temperatures	were	too	warm	to	
cloud	 seeding	 until	 dawn	 on	 January	 30	 when	 the	 cold	 front	 crossed	 the	 area.	
Through	this	warm	atmospheric	river	event	over	2.6	inches	of	SWE	was	reported	at	
Mount	Rose	and	only	9	inches	of	snow	was	reported	at	Northstar,	suggesting	a	very	
wet	3.5:1	snow	to	liquid	ratio.		
	
Seeding	was	started	at	6AM	on	January	30	as	the	-5oC	temperature	band	associated	
with	very	strong	cold	front	crossed	the	area.	Seeding	was	halted	as	the	trailing	edge	
of	the	clouds	associated	with	the	cold	front	exited	the	area	by	10	AM.	Light	icing	was	
observed	at	Ward.	As	the	afternoon	progressed	additional	cooling	aloft	allowed	the	
atmosphere	 to	become	 increasingly	unstable.	A	new	colder	wave	 from	 the	Gulf	 of	
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Alaska	 moved	 into	 the	 area	 on	 the	 evening	 of	 January	 30.	 Seeding	 was	 initiated	
again	and	continued	over	night	and	into	the	morning	of	January	31.	Winds	from	the	
southwest	 through	 west	 were	 present	 through	 the	 period	 with	 temperatures	
cooling	to	-14oC.	Moderate	icing	was	observed	overnight.	Through	the	seeding	time	
period	in	the	target	area	SNOTEL	1.5	inches	of	SWE	was	observed	and	15	inches	of	
new	snow	was	reported	at	Northstar.	
	

	
Figure	8.	As	in	Figure	5	except	for	January	2016.	
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Figure	9.	Significant	 ice	accretion	on	the	pole	along	the	Sierra	Crest	at	Ward	Peak	following	
the	3-day	storm	from	January	4	through	January	7.	Camera	data	courtesy	of	Squaw	Valley	Ski	
Corp.		

February	2016	
The	 first	 event	 of	 the	month	 on	 February	 3	was	 the	weak	 southern	 end	 of	 storm	
moving	 into	 Pacific	 Northwest	 (Fig.	 10).	 Clouds	 containing	 supercooled	 water	
moved	 into	 the	 area	 at	 the	 end	 of	 the	 day	 with	 winds	 from	 the	 west-southwest,	
temperatures	 at	 10,000	 ft	 MSL	 right	 at	 -5oC,	 and	 icing	 reported	 by	 aircraft.	 The	
generators	were	started	for	an	hour	then	halted	after	a	further	analysis	of	the	cloud	
coverage	across	 the	Tahoe	Basin	 showed	decreasing	cloud	cover.	No	precipitation	
increases	were	observed.		
	
The	 second	 and	 final	 event	 of	 the	month	occurred	on	February	17.	Temperatures	
again	 started	 out	 very	 warm	 but	 with	 this	 event	 most	 of	 the	 precipitation	 was	
associated	 with	 the	 cold	 front.	 Temperatures	 cooled	 below	 the	 -5oC	 threshold	 at	
10,000	 ft	 MSL	 at	 10	 PM	 and	 cloud	 seeding	 was	 initiated.	 Seeding	 continued	
overnight	and	was	halted	at	noon	on	February	18.	Winds	were	from	the	southwest	
through	west-northwest	 through	 the	period.	And	 temperatures	cooled	 to	 -10oC	by	
the	end	of	the	event.	Moderate	icing	was	again	observed	on	the	structures	at	Ward	
for	this	event.	Through	the	seeding	period	at	the	target	area	SNOTEL	1.9	inches	of	
SWE	was	observed	during	the	seeding	event	and	a	huge	30	inches	of	new	snow	was	
reported	at	Northstar.		
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Figure	10.	As	in	Figure	5	except	for	February	2016.	

March	2016	
	
The	 monthly	 summary	 is	 presented	 in	 Figure	 11.	 On	 March	 4	 a	 deep	 storm	 and	
warm	 atmospheric	 river	 event	 began.	 The	 10,000	 ft	 MSL	 temperatures	 remained	
above	 -5oC	until	 4	AM	on	March	6.	By	 this	 time	3.2	 inches	 of	 additional	 SWE	had	
been	deposited	at	Mount	Rose	with	26	inches	of	new	snow	at	Northstar.	Moderate	
icing	was	observed	during	the	seeding	period.	
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By	 4	 AM	 on	 March	 6	 the	 temperatures	 at	 10,000	 ft	 MSL	 cooled	 below	 -5oC	 and	
seeding	 was	 initiated.	 The	 generators	 were	 operated	 for	 a	 few	 hours	 before	 the	
clouds	 thinned.	 At	 7	 PM	 the	 generators	 were	 started	 again	 and	 operated	 for	 12	
hours.	Winds	were	strong	from	the	south-southwest	and	temperatures	colder	than	-
5oC.	Only	light	icing	was	observed	with	this	event.	At	the	target	area	SNOTEL	0.7	 	
inches	of	SWE	was	observed	during	the	seeding	events	and	10	inches	of	new	snow	
was	reported	at	Northstar.		
	
The	next	storm	began	on	March	11.	The	temperatures	started	out	warm	early	in	the	
day	 but	 by	 3	 PM	 temperatures	 had	 cooled	 sufficiently	 to	 allow	 cloud	 seeding	 to	
begin.	Winds	were	strong	from	the	south-southwest	and	icing	was	again	observed	in	
the	webcam	imagery.	During	the	3	hour	seeding	period	0.2	of	SWE	was	observed	at	
Mount	 Rose	 SNOTEL	 and	 3	 inches	 of	 snow	 at	 Northstar.	 The	 next	 wave	 moved	
across	on	the	morning	of	March	12.	The	generators	were	operated	from	1PM	though	
10	 AM	 on	 March	 13	 under	 strong	 southwesterly	 flow	 per	 the	 Reno	 sounding.	
Temperatures	at	10,000	ft	MSL	remained	just	colder	than	-5oC,	with	icing	observed	
in	the	Ward	webcam	through	the	early	period	of	the	event	then	became	iced	over.	At	
the	target	area	SNOTEL	1.6	inches	of	SWE	was	observed	during	the	seeding	events	
and	 21	 inches	 of	 new	 snow	 was	 reported	 at	 Northstar.	 The	 final	 seedable	 wave	
moved	 across	 early	 in	 the	 morning	 of	 March	 14.	 This	 was	 a	 weak	 event	 with	
moisture	quickly	exiting	the	area.	No	SWE	or	snowfall	was	observed	with	this	event.	
	
A	week	of	clear,	dry	and	seasonally	warm	conditions	passed	prior	 to	a	new	storm	
that	moved	into	the	area	on	the	evening	of	March	20.	Temperatures	with	this	storm	
remained	too	warm	for	cloud	seeding	until	the	early	evening	of	March	21.	Prior	to	
cloud	seeding	 the	winds	were	 from	the	southwest	with	1.0	of	SWE	at	Mount	Rose	
and	only	5	inches	of	snow	at	Northstar.	The	cloud	seeding	generators	were	started	
as	the	cold	front	crossed	the	area	and	10,000	ft	MSL	temperatures	cooled	below	-5oC	
and	 winds	 became	 northwesterly.	 Icing	 was	 observed	 during	 the	 cloud	 seeding	
event	(Fig.	12).	At	the	target	area	SNOTEL	0.4	inches	of	SWE	was	observed	during	
the	seeding	events	and	12	inches	of	new	snow	was	reported	at	Northstar.		
	
The	final	event	of	March	occurred	at	sunrise	on	the	28th.	This	was	a	short	2.5	hour	
event	 tucked	 into	 the	 time	 periods	 that	 had	 the	 appropriate	 winds	 and	
temperatures	for	cloud	seeding.	Icing	was	observed	during	this	event	on	the	Ward	
webcam.	 The	winds	 became	 unfavorable	 from	 the	 northeast	 as	 the	 storm	moved	
into	the	southern	Sierra.	There	was	0.3	inches	of	SWE	associated	with	this	event	and	
Northstar	reported	9	inches	of	snow.	Some	of	this	snow	fell	under	the	northeasterly	
winds	when	cloud	seeding	was	not	active.	
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Figure	11.	As	in	Figure	5	except	for	March	2016.	
	



	 22	

	
Figure	12.	Icing	on	the	structures	at	Ward	on	the	morning	of	March	22.	

April	2016		
The	10,000	ft	MSL	temperatures	remained	above	-5oC	through	the	first	two	weeks	of	
the	month	 (Fig.	 13).	 On	 April	 10	 a	 storm	moved	 but	 temperatures	 remained	 too	
warm	to	run	the	cloud	seeding	generators.	On	April	14	a	fast	moving	storm	moved	
through	the	Tahoe-Truckee	area	with	limited	moisture.	Temperatures	cooled	below	
-5oC	 at	 10,000	 ft	MSL	 and	 the	 cloud	 seeding	 generators	were	 operated	 for	 a	 few	
hours	in	the	morning.	Icing	was	observed	on	the	Ward	webcam.	Cloud	bases	lifted	
before	 lowing	again	 in	 the	evening.	The	generators	were	operated	again	 for	a	 few	
hours	on	the	evening	of	April	14.	There	was	minimal	new	SWE	associated	with	this	
event	although	Northstar	reported	3	inches	of	snow.	
	
On	April	22	a	potent	 fast	moving	storm	moved	through	the	area.	As	the	cold	 front	
moved	into	the	area	winds	shifted	from	southwesterly	to	northwesterly.	The	cloud	
seeding	 generators	 were	 operated	 for	 10	 hours	 during	 this	 event.	 Icing	 was	
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observed	through	the	event	(Fig.	14).	There	was	1.3	inches	of	SWE	associated	with	
this	event	and	the	Mount	Rose	SNOTEL	reported	15	inches	of	snow.	
	
On	 April	 27	 a	 fast	moving	 cold	 front	 crossed	 the	 area.	Winds	 remained	 from	 the	
west-northwest	 through	 the	 event	 and	 temperatures	 at	 10,000	 ft	MSL	 cooled	 to	 -
6oC.	The	generators	were	operated	for	3	hours	in	the	middle	of	the	night.	The	next	
morning	observations	of	the	Ward	webcam	showed	no	icing	was	observed	for	this	
event.	
	

	
Figure	13.	As	in	Figure	5	except	for	April	2016.	
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Figure	14.	Ice	accretion	at	the	end	of	the	April	22	cloud	seeding	event.	
	

May	2016	
	
	In	May	temperatures	remained	above	the	-5oC	threshold	for	the	fist	20	days	of	the	
month	(Fig.	15).	A	storm	moved	through	on	May	5	that	produced	0.8	inches	of	SWE	
and	6	inches	of	snow	across	areas	above	8,500	ft	MSL,	but	temperatures	remained	
too	warm	for	seeding.	There	was	one	final	seeding	event	on	May	20	as	storm	and	its	
associated	 low	clouds	dropped	south	 from	the	northeastern	Pacific.	Temperatures	
cooled	below	 the	 seeding	 threshold	and	winds	 remained	 favorable	 from	 the	west.	
Icing	 was	 observed	 through	 the	 seeding	 event.	 There	 was	 0.1	 inch	 of	 new	 SWE	
associated	with	this	event	and	2	inches	of	snow	measured	at	the	Mt	Rose	SNOTEL.	
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Figure	15.	As	in	Figure	5	except	for	May	2016	

Phase	3	

Water	Augmentation	
The	 Phase	 3	 work	 begins	 after	 the	 winter	 season	 has	 ended	 and	 includes	 an	
estimate	 of	 the	 snow	 augmentation	 from	 the	 project	 cloud	 seeding	 activities.	 As	
mentioned	in	the	Phase	2	discussion,	there	are	several	cloud	seeding	meteorological	
conditions	 requirements	 that	 need	 to	 be	 present.	 These	 include	 the	 presence	 of	
supercooled	 liquid	 water	 (icing),	 in-cloud	 temperatures	 colder	 than	 -5oC	 (23oF),	
wind	directions	and	speeds,	and	atmospheric	stability	profiles	that	would	allow	the	
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seeding	plume	to	reach	the	cloud	bases	and	will	deliver	newly	created	 ice	crystals	
and	snowfall	into	the	Tahoe-Truckee	Basin.	An	evaluation	of	these	conditions	in	the	
Phase	2	showed	that	of	the	38	cases	33	had	all	the	required	conditions.	One	of	the	
cases,	 in	early	November,	had	a	wind	shift	 to	northerly	near	 the	end	of	 the	event,	
which	 slightly	 reduced	 the	 seeding	 efficiency	 for	 the	 case.	 Two	 cases	 had	
temperatures	 warm	 to	 -4.5oC	 for	 part	 of	 the	 event	 time,	 one	 case	 had	 no	 icing	
observed	in	the	webcam	images	and	pilot	reports,	and	one	event	only	had	light	icing.	
The	 leads	 to	 an	 excellent	 seeding	 efficiency	 of	 95%	 while	 the	 generators	 were	
operating.	
	
The	 seeding	 effect	 can	 be	 computed	 through	 the	 following	 derived	 equation.	 The	
precipitation	 increase	 in	 the	 seeding	 area	 during	 the	 operations	 seeded	 period	 is	
conservatively	estimated	at	0.01”	of	liquid	or	0.1”	of	increased	snow	per	hour.	Past	
studies	 of	 seeding	 plume	 dispersal	 over	 mountainous	 target	 area,	 and	
documentation	of	the	fallout	area	of	seeded	snow	within	a	seeding	plume	from	one	
generator	 is	 approximately	 35	 square	miles.	 This	 area	 of	 effect	will	 vary	 as	 cloud	
conditions	 and	 wind	 speed	 vary,	 and	 can	 also	 change	 as	 the	 dimension	 of	 the	
mountain	barrier	along	the	wind	direction	changes.	Since	all	the	parameters	cannot	
be	precisely	evaluated,	this	analysis	will	use	the	35	mi2	value	as	a	constant.	
		
The	estimate	of	the	amount	of	snow	water	produced	by	seeding	(Ws)	is	provided	by	
multiplying	 the	 total	 time	 of	 gen	 generator	 operation	 (Ts	 =	 1093.9	 hours)	 by	 the	
precipitation	rate	increase	(Ps	=	0.25	mm	per	hour).	This	product	is	then	multiplied	
by	the	area	of	effect	(As	=	35	sq.	miles),	and	then	by	seeding	efficiency	for	the	season	
(0.95).	To	obtain	the	estimate	in	units	of	acre-feet	the	following	conversions	are	also	
needed:	
	 	 	

0.25	mm	=	0.00328	ft.	
	 1	sq.	mile	=	640	acres.	
	
So,	for	the	2015-16	winter	season	the	estimated	snow	water	increase	from	seeding	
is:	
	 	 	
			Ws	=	1093.9	h	x	0.25	mm/h	x	0.00328	ft/mm	x	35	sq	mi	x	640	acres/sq	mi	x	0.95	

	 Ws	≈	19,021	acre-feet	or	6.1	billion	gallons.	

	
If	all	of	the	6.1	billion	gallons	of	additional	water	from	the	cloud	seeding	operations	
were	to	run	off,	it	would	be	enough	water	for	45,240	Truckee	Meadows	households	
(an	average	metered	Truckee	Meadows	household	uses	137,000	gallons	per	year).	
The	project	costs	for	this	additional	snow	water	was	approximately	$16.25	per	acre-
foot.	



	 27	

In	the	absence	on	cloud	seeding	Lake	Tahoe	may	have	been	delayed	from	reaching	
its	natural	 rim	by	10	days	and	 the	available	maximum	storage	 in	Lake	Tahoe	 this	
summer	would	have	been	reduced	by	15%	from	1.05	ft	to	0.90	ft	above	the	natural	
rim	(Fig.	16).		
	

	
Figure	16.	Stream	gauge	data	at	the	Lake	Tahoe	Dam	at	Tahoe	City.	The	natural	rim	of	Lake	
Tahoe	is	at	3	feet.	Red	arrow	suggests	potential	10-day	delay	in	Lake	Tahoe	reaching	natural	
rim	 in	 absence	 of	 cloud	 seeding,	 and	 red	 dot	 suggests	 potential	 maximum	 Lake	 Tahoe	
elevation	15%	below	the	seeded	height.			
	

Validation	
The	 Western	 Regional	 Water	 Commission	 has	 funded	 the	 installation	 of	 new	
precipitation	gauges	to	validate	the	cloud	seeding	effectiveness	in	the	Tahoe	Basin.	
As	 mentioned	 in	 the	 Phase	 1	 section,	 two	 high-resolution	 Geonor	
snow/precipitation	gauges	were	installed	in	summer	2015.	Three	additional	gauges	
will	be	installed	in	summer	2016	and	three	additional	gauges	in	summer	2017.	For	
the	 WY2016	 cloud	 seeding	 project	 the	 observations	 from	 the	 initial	 two	 gauges	
were	available	to	analyze	the	seeding	effects.	The	two	gauges	were	both	installed	10	
to	15	miles	east	of	the	Sierra	Crest	with	the	Allison	Drive	gauge	within	the	seeded	
target	 area	 and	 the	 Sorenson’s	 gauge	 outside	 the	 seeded	 area	 in	 the	 control	 area	
(Fig.	 17).	 The	 30-mile	 distance	 between	 the	 gauges	 and	 their	 relative	 similar	
elevations	 and	 similar	 geographical	 location	 east	 of	 the	 Sierra	 Crest	 allows	 the	
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assumption	 that	 the	 precipitation	 ratios	 should	 be	 generally	 equal	 through	 the	
entire	winter.		
	

	
Figure	17.	The	Tahoe	cloud	seeding	network	yellow	boxes.	The	new	precipitation	gauge	in	the	
target	area	at	Allison	Drive	denoted	by	green	circle	and	the	gauge	outside	of	the	target	area	
(control)	at	Sorenson’s	Resort		(red	circle	in	lower	right).	
	
The	 precipitation	 events	 for	 the	 entire	 winter	 at	 the	 two	 sites	 were	 broken	 into	
seeded	events	and	unseeded	events.	The	30-mile	distance	between	the	gauges	and	
their	relative	similar	elevations	and	similar	geographical	location	east	of	the	Sierra	
Crest	allows	the	assumption	that	the	precipitation	ratios	should	be	generally	equal	
across	the	entire	winter.	Precipitation	from	a	seeded	event	was	identified	as	starting	
one	hour	after	the	generators	were	started	and	ending	3	hours	after	the	generators	
were	halted.	Any	precipitation	that	was	observed	in	the	gauge	outside	of	these	times	
were	 defined	 as	 ‘non-seeded’	 events.	 Figure	 16	 shows	 the	 monthly	 precipitation	
comparisons	 between	 the	 target	 gauge	 (Allison	 Dr.)	 and	 the	 control	 gauge	
(Sorenson’s)	for	both	seeded	precipitation	events	and	unseeded	events	(Fig.	18).		
	
A	One	Tailed	Statistical	T-Test	 for	Equal	Means	(Snedecor	and	Cochran	1989)	was	
conducted	 on	 the	monthly	 data.	 The	 null	 hypothesis	was	 that	 there	 is	 no	 seeding	
effect	and	the	alternative	hypothesis	 is	 that	the	unseeded	ratio	 is	 less	than	seeded	
ratio.	 The	 monthly	 precipitation	 gauge	 ratios	 between	 the	 target	 gauge	 and	 the	
control	 gauge	 were	 computed	 for	 both	 the	 seeded	 and	 unseeded	 observations	
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(Table	1).	To	be	 fair	 in	 the	analysis	 the	month	of	October	was	removed	due	 to	no	
seeded	precipitation	and	the	months	of	April	and	May	were	removed	due	to	unfairly	
high	values	for	the	seeded	ratio	due	to	very	low	seeded	precipitation	amounts	at	the	
control	 gauge.	 The	 T-test	 critical	 value	 for	 no	 seeding	 effect	 for	 the	 sample	 was	
found	 to	 be	 values	 greater	 than	 -1.796,	while	 the	 T-test	 results	 of	 the	 gauge	 data	
tested	was	found	to	be	-2.9	(Table	2).	This	shows	the	null	hypothesis	is	rejected	and	
the	 alternative	 hypothesis	 that	 there	 is	 a	 seeding	 effect	 at	 the	 95%	 confidence	 is	
accepted.	 Although	 the	 sample	 size	 was	 fairly	 low	 a	 clear	 statistically	 significant	
positive	seeding	effect	for	increased	precipitation	was	shown.	
	

		
Figure	18.	The	monthly	precipitation	at	both	the	target	and	the	control	area	for	time	periods	
with	 active	 cloud	 seeding	 (upper	 panel)	 and	 for	 time	 periods	 when	 cloud	 seeding	 was	 not	
active.	Target	gauge	are	the	bars	on	the	left	side	of	the	pairs	and	the	control	gauge	is	on	the	
right	side	of	the	monthly	pairs.	
	
Table	 1:	 Ratio	 between	 the	 monthly	 target	 and	 control	 precipitation	 gauge	
measurements	for	both	unseeded	and	unseeded	cases.		
Precipitation	Ratio	
(Target/Control)	

Unseeded	cases	 Seeded	cases	

October	2015	 1.5	 No	cases	
November	2015	 0.89	 1.18	
December	2015	 1.23	 2.04	
January	2016	 1.5	 2.33	
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February	2016	 0.86	 2.27	
March	2016	 1.81	 2.29	
April	2016	 1.38	 9.85	
May	2016	 1.68	 7.0	
	
Table	2:	Results	of	one-tailed	T-test	
Test	statistic	(T)	 -2.912	
Pooled	standard	deviation	 0.401	
Degrees	of	freedom	 11	
Significance	level	 0.1	
Critical	value	 -1.796	
Critical	region	 T	<	-1.796	
	
In	addition	 to	 the	statistically	 significant	 finding	 that	 the	seeded	gauge	collected	a	
higher	 ratio	 of	 precipitation	 during	 cloud	 seeding	 periods	 compared	 to	 the	
unseeded	 periods,	 it	 is	 found	 that	 41%	 of	 the	 total	 precipitation	 observed	 at	 the	
target	(Allison)	gauge	occurred	during	cloud	seeding	(Fig.	19)	while	at	 the	control	
(Sorenson’s)	 gauge	 only	 32%	 of	 the	 precipitation	was	 observed	 during	 the	 cloud	
seeding	period	(Fig	20).	This	also	suggests	a	positive	seeding	effect.	
	
	
	

	
Figure	19.	The	ratio	of	seeded	to	unseeded	precipitation	at	the	Target	area.		
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Figure	20.	The	ratio	of	seeded	to	unseeded	precipitation	at	the	Control	area.		

Summary	
The	 Tahoe-Truckee	 Cloud	 Seeding	 Program	 for	 Water	 Year	 2016	 was	 highly	
successful.	 The	 cloud	 seeding	 generators	 ran	 very	well	 over	 the	winter	 and	were	
available	for	use	when	needed.	There	were	38	cloud	seeding	periods	over	the	winter	
and	a	total	of	1093	generator-hours	were	seeding.	All	of	the	available	cloud	seeding	
events	were	seeded	and	the	identification	of	the	seeding	events	by	the	forecast	team	
was	excellent	leading	to	a	seeding	efficiency	of	more	than	95%.	There	were	several	
warm	storms	that	could	not	be	seeded	and	a	few	storms	with	northeasterly	winds	
that	were	not	seeded.	
	
The	precipitation	augmentation	 is	estimated	 to	be	19,021	acre-feet	and	9%	of	 the	
total	winter	precipitation	may	have	been	produced	by	cloud	seeding.	This	may	have	
led	 to	 Lake	 Tahoe	 reaching	 its	 natural	 rim	 10	 days	 early	 and	 added	 15%	 more	
storage	 to	 the	 Lake	 for	 summer	 2016	 than	 would	 be	 available	 without	 cloud	
seeding.	
	
Validation	 using	 the	 newly	 installed	 WRWC	 high-resolution	 precipitation	 gauges	
showed	 a	 statistically	 significant	 positive	 increase	 in	 precipitation	 due	 to	 cloud	
seeding.	
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