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Outline

Motivation: forecast & management challenges

ASO overview

ASO highlights from projects & partnerships in California & Colorado

A vision for water management in Colorado
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April Obs

Forecast Inflow % Difference

i i 1999 120 197 -39%
Some motivation... °
2000 155 159 -2%
: : 2001 150 146 39
Blue River @ Dillon 2002 55 - 4;’
(0]
Denver Water e ——— 2003|170 173 o
 Disturbances & changing conditions § 2004|100 78 28%
highlight need for improved snow | 2005) 125 | 120 4%
monitoring i A 2006 210 176 19%
T 2007| 150 177 -15%
e 4 SNOTEL sites: 10500 - 11400’ 2008| 200 | 195 2%
2009 180 192 -6%
Dillon Reservoir SNOTEL SWE vs Actual Runoff
- I e 2010, 120 142 -15%
160 | =% Normal Runoff . 2011| 225 272 -17%
=== Difference %
a0 '/l/’\//\ " 2012| 100 64 56%
3= g \f 1 s 2013 100 | 134 -25%
S 100 &

I 60% 2014 250 242 3%
¢ 6 a0 & 2015| 166 202 -18%
" . 2016 167 157 7%
20 Forecast > 10% Low 2017 195 184 6%

2 g 23252388538 E8538 232805 Forecast>10% High ~ |2018] 137 117 17%

Data courtesy Nathan Elder, Denver Water



Rio Grande @ Del Norte
Apr-Sept forecast vs observed (kAF)

More motivation...

Rio Grande @ Del Norte 2005 795 683 v112 | 16%
June Forecast & measured Apr-Sept Volumes 2006 350 412 62 | -15%
» Over-forecast: risk of compact shortage 2007 450 593 -143 | -24%
* Under-forecast: unnecessary curtailment 2008 655 623 32 | %
2009 490 513 23 | 5%
_ Rio Grande Compact Delivery Requirements Versus Annual Index Flows 2010 485 455 +30 6%
o | 2011 435 415 +20 | 5%
:”aﬂdﬁ 2012 352 328 +24 | 7%
2y 2013 230 344 114 | -50%
% 2014 420 519 99 | -24%
/ 2015 385 556 171 | -31%
300 / 2016 475 566 91 |-16%
/‘/ 2017 535 574 39 | 7%
L A L LT FIL T G S S A L e e g e Forecast > 10% Low Data courtesy Craig Cotton
Annual Index Flow (Acre Foot X 1000) Forecast > 10% High CO DWR Division 3 Engineer




Operational forecasts are

vulnherable to unusual conditions...
...and conditions are changing

Statistical streamflow forecast

Regression relates spring SWE to spring/summer flows

Temperature index runoff forecast

Calibrated air temperature/snowmelt relationship

Snow water resources & forecasts affected by:

Warming temperatures
Snow season duration
Rain/snow fraction
Mid-winter melt
Rain-on-snow
Forest change
Dust on snow

a) April 1 Observed SWE Trends 1955-2016
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* Period-of-record-based
methods assume
calibrations apply to
current conditions



How do we add
resilience to
forecast models?

e Decrease reliance on historic record

* Increase availability/use of spatial data
* Satellite
e Airborne
* Mesoscale weather model output

Snow accumulation patterns
drive melt volume & timing

Solar radiation controls snowmelt

* These factors can be monitored
operationally with remote sensing
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lllumination
Geometry

Snow depth & SWE from lidar

Majority of SWE spatial variability due to snow depth

Laser
Pulse
Path

(=1
1

Depth can be measured by subtracting elevations
* collect snow-free & snow-covered data sets

[¥]
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* remove vegetation
e subtract snow-free from snow-covered

Distance (m)

Apply observed/modeled density
SWE = depth * density

Snow Water Equivalent?:
Tuolumne Basin
Apr 07,2014

SWE (meter)
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Building a legacy in the southern Sierra Nevada

Snow Water Equuvalenti

2013 2014

2016 2017

Tuolumne Basin
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Example: Tuolumne River Basin
* utility to operations in a wide range of conditions
 refined data processing for fast data turnaround

bridge to partnerships in neighboring basins



Improvement brings

iImpact ...

Remarkable Accuracy
ASO performance at Hetch Hetchy: near perfect predictions over 5 years

@ 1600
. From very wet to very
% 1400  dryyears, ASO's data
= i :
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“Having used this technology, it is
hard to imagine a future without it."

“What you've done is created new reservoir space
and water supply without any impacts to the
current physical or environmental paradigms.”

Wes Monier, Chief Hydrologist,
Turlock Irrigation District

Dave Rizzardo, Chief of Snow Surveys
and Water Supply Forecasting,
Department of Water Resources

*content from the ASO Brochure




Modeling Flow — Daily to 10-day Forecasting

PROCESS .
ASO iSnobal

. Real time weather WRF 10-day

Data Modeling

Produce model
forcings (SMRF)

- measured Snow model measured P
Albedo depths . al a'bedo Albedo

measured modeled

CASI processing Lidar processing

Regression PRMS-like
relationships hydrology

Albedo Depths SWE Snowpack
PRODUCTS 50m, 3m res 50m, 3m res 50m res summary reports Steeamfiow

GeolIFF, GeoTIEE, GeoTIEF, (PDF) foreiase

DISTRIBUTION &
ARCHIVE

Large File Transfer to End Users Archive at CDEC & NSIDC



Regular monitoring with weekly snow model reports

iSnobal
model

continuous
monitoring

density model
coupled to ASO
snow depth maps

DRAFT SUBJECT TO CHANGE
San Joaquin River Basin Snowpack Summary
Water Year 2018
May 2 to May 7

USDA Agricultural Research Service, Boise, Idaho
NASA Jet Propulsion Lab, Pasadena, California
in cooperation with NRCS National Water and Climate Center, Portland, Oregon
and U.S. Bureau of Reclamation, Sacramento, California

Summary

This is the San Joaquin River Basin Summary for the period between May 2 and May 7, based on
iSnobal model simulation and one ASO depth field update which was applied on April 23.

This report includes station data model inputs from October 1 - November 19, and a hybrid in-

put approach that uses NOAA’s High-Resolution Rapid Refresh (HRRR) atmospheric model from
November 20 forward, as well as the depth field update from ASO overflights on April 23.

The reporting domain covers the San Joaquin River Basin, and includes the Main San Joaquin,

Jose Creek, Willow Creek and South Fork sub-basins. The total amount of water stored in the
snowpack as of May 7 is estimated to be 332.5 KAF, which represents a change of -137.3 KAF
of snow storage during the reporting period.

Snow Storage and Surface Water Inputs

SWE SWE (avail) SWE (mean) ASWE

Basin [KAF]  [KAF] [in] [KAF]
San Joaquin  332.5 332.4 3.8 -137.3
Main 1494 149.4 5.3 -58.4
South Fork 1508 159.7 8.0 -61.0
Jose Creek 214 214 1.0 -15.6
Willow Creeck 2.4 24 0.1 -24

SWE: Snow Water Equivalent, snow storage in the basin

SWE (avail): amount of snow at 0°C, which will melt with any additional energy inputs
SWE (mean): basin-wide mean SWE, as a depth

ASWE: change in SWE during the reporting period

SWI: Surface Water Inputs, the combination of snowmelt and rain that exited the base of the snowpack, and
rain on bare ground

ppt (mean): basin-wide mean precipitation, as a depth

Rain: i percent of that fell as rain (NOTE: in most cases this is different than %SWI
that is attributable to rain)

Cold Content: energy required to bring the snowpack to 0°C

Change in SWE )
2018-5-2 to 2018-5-7 Change in SWE

0 San Joaquin = -137.3 KAF
mm jose Creek = -15.6 KAF
-1 = South Fork = -61.0 KAF
= Main = -58.4 KAF
=2 = Willow Creek = -2.4 KAF
=
- snow free
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Figure 1: Change in SWE during the reporting period, as a depth (left) and as a function of elevation band
(right).

Accumulated SWI
2018-5-2 to 2018-5-7

San Joaquin = 136.6 KAF 50

8 = jose Creek = 15.7 KAF
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Figure 2: Current Surface Water Inputs (SWI) for the reporting period, as a depth (left) and as a function
of elevation band (right).
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ASQ’s Colorado legacy

Uncompahgre River (above Ridgway Res)
* 1-4 Melt season flights since 2013
(NASA HQ)
Rio Grande & Conejos Rivers
* 2 melt season flights 2015, 2016 (CWCB)
« 1 flight 2017

Grand Mesa &
Senator Beck Basin (Red Mountain Pass)

* Multiple high-resolution flights Feb 2017
(NASA SnowEx Campaign)
Upper Gunnison River
* Upper East River 2016 (DoE WFSFA)

* Spring 2018 & 2019:
East R., Upper Taylor, Upper Ohio (CWCB)

Blue River (above Dillon Dam)
e April & June 2019 (Denver Water)




Conejos Weitershé&‘ ;

Rio Grande Headwaters Project
RIO-SNOW-FLOW

WRF-Hydro assimilation of novel data sources to improve water supply
forecasts in the Upper Rio Grande & Conejos

Snow Water
Equivalent (m)

0

o
Comparison & use of ASO SWE maps: e
Evaluation ‘-
* ASO helped identify: Rio Grande OO
* biases in NoahMP/WRF-Hydro & SNODAS ASO Direct Assimilation o £
(particularly high elevations) SUEGand, RRLS S
* basin SWE vs. SCA relations B o wi ;
Assimilation £ zgoiz E*:_:
 Assimilation of early April ASO data Sicens =,

improved Rio Grande & Conejos
snowpack & runoff

Precipitation Correction

* ASO precipitation bias correction
shows promise

Streamflow (cfs)

courtesy Dave Gochis, NCAR
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April 6, 2015

Conejos River Concos bt

“Miracle May” 2015

* ASO flights:
* 6 April
e 2June
* SNOTELs recorded almost

now new snow in that
period

* Snow area decreased
dramatically

Flight: USC0CJ20150406f2al

e SWE decreased ~10% Exported by swe_at_3_elev_bands.pro
File =U:\ASO_Flight_Data\snowon_2@15\LIDAR\pI

Colorado Basin River Forecast Center Band 1
Upper Rio Grande Group 126 B d 2
an

Created 0422 19:54 G M

MOANCERFC, 2018 Band 3

s o=
38 B
g 3

wnan

=3

\CJ20150406_SUPERswe_50@p@m_agg

1158.54 to 2073.17 m
2073.17 to 2987.80 m
2987.80 to 9000.00 m

@

Band

. SWE Bandl
p SWE Band2
s SWE Band3

Snow Water Equivalent (in)
s R
2 d g ®

oM w o N o
=

10-01 10-31 11-30 12-31 01-30 0G-01 04-01 0601 06-31 O7-01 O7-31 0B-30 09-30
Date

Median 1981-2010 — 2015 —

SWE Volume (AF)
0.0
405.2
60346.2

60751.4

) ConﬂosMVamﬂshaf‘_

June 2, 2015

Flight: USC0CJ20150406f2al

Exported by swe_at_3_elev_bands.pro

File =U:\ASO_Flight_Data\snowon_2@15\LIDAR\pr:
\CJ20150602_SUPERswe_50p@m_aqgg

Band 1 = 1158.54 to 2073.17 m
Band 2 = 2073.17 to 2987.80 m
Band 3 = 2987.80 to 9000.00 m
Band SWE Volume (AF)
SWE Bandl 0.0
SWE Band2 14.6
SWE Band3 54236.5

54251.1

SWE difference: -6.5 kAf



* CWCB SS support

e Collaborators:

* UGRWCD
* DoE SFA
* NCAR WRF-HYDRO FENA
s ASO flights _:j';_'_lrlfg.f'j t£§¢
+ 1 Spring 2016 { .7 Ohio Creek
East R.

* 2 Spring 2018 & 2019
East/Ohio/Taylor




Snow Depth (m)
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courtesy Dave
Gochis, NCAR



2018 Water Year — ESP Forecast Results: No ASO assimilation

East River @ Almont Taylor River @ Taylor Park

2018 Colorado ESP for: EASALMCO 2018 Colorado ESP for: TAYATPCO

12575 Wiean/Median (fhousands acre-faef) 80 {E5P Mean/Median (fhousands acre-feet]

2018-04-11 83.5/82.6 2018-04-11 42.5/426

2018-04-29 758/76.8 2018-04-29 38.1/38.5

2018-05-11 72.3/72.1 2018-05-11 35.7/38

2018-05-27 67.5/66 2018-05-27 30.2/30.4

2018-06-10 74.5/73.2 2018-06-10 30.6/30.2

2018-06-18 77.4/76.5 2018-06-18 30.9/30.6

2018-07-04 80.3/79.1 2018-07-04 31.4/31

2018-07-22 80.8/80.2 2018-07-22 31.2/31.1
1004 2018-08-12 80.7/80.5 2018-08-12 30.9/30.8

2018-09-02 825/824 2018-09-02 31.3/31.3

=
.\

~
o
L

Accumulated Flow (thousands acre-feet)
Accumulated Flow (thousands acre-feet)

504
204
254
0+ 0
Apr Jul Oct Apr Jul Oct courtesy Dave

Date Date Gochis, NCAR



2018 Water Year — ESP Forecast Results: ASO assimilation

East River @ Almont Taylor River @ Taylor Park

2018 Colorado ESP for: EASALMCO 2018 Colorado ESP for: TAYATPCO
1257F5p Mean/Median (thousands acre-feel) 80 ESP Mean/Median (thousands acre-feel)
2018-04-11 83.7/82.6 2018-04-11 42.6/42.6
2018-04-29 75.9/76.8 2018-04-29 39.1/385
2018-05-11 72.4/72.1 2018-05-11 358/36
2018-05-27 88.8/86.9 2018-05-27 354/35.6
2018-06-10 85.4/83.9 2018-05-10 32.8/32.4
2018-06-18 84.2/83.2 2018-06-18 32.2/31.9
2018-07-04 83.2/81.8 2018-07-04 32.1/31.7
2018-07-22 82.1/81.5 2018-07-22 31.6/31.5
1004 2018-08-12 81.2/87 2018-08-12 31.1/31
2018-09-02 82.7/82.7 2018-09-02 31.4/31.4
* 24 May - =
. . © =z
assimilation 2 2 40 4
Reduces low 8 751 8
w w
H o o
forecast bias g g
(2] w
=3 =3
=] =]
£ E
* Attributed to z z
.. e e
addition of late g 0 =
. T T
season high 3 3 20
elevation 3 3
<< <<
snowpack
254
04 04
Apr Jul Ot Apr Jul Oet courtesy Dave

Date Date Gochis, NCAR



18 & June 9, 2019
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A new look into Castle & Maroon Creeks

Clty OfASpen * no snow monitoring stations in the watersheds
* historic link of melt-out elevation & peak runoff

e 2019: April = June maps show low-elevation melt,
mid-elevation gains

ASO: Castle-Maroon, Aspen, CO, April 7 & June 10, 2019
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 Snow Det priI 19 f pth June 24

Blue River Basin

Denver Water
2019 Flights: April 19 & June 24

i
-

May + June storms maintained high
elevation snowpack

SNOTELs snow-free on June 28
June 24 flight:

/ Snow Depth (m)

Mean SWE (in)

@ 4+
* half of total inflow left to melt 28 A
k< [}
* enabled response to double flow peak 39 <
@
@ o
ASO Blue River: SWE by Elevation . SNOTEL Snowpack above Dillon Reservoir |/, pilon Reserveirinfiow (<t
&0 o S ox o —a2019 ASO Flight
E April 19 LIRS AR M ASO Flights =i 24 June
| [ ] 24 :’:::'“:,::: T 25 =—Median 2500
= e ,:::E:HHEEE:EE: —=2018-2019 ASO Flight
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Data are from the 4 Snotel stations above Denver Water's Dillon Reservoir.




April 2019
SWE
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Ongoing & future work

Integrate data with forecasts

* CBRFC project
* CRCHWSG support
* leverage CA/CNRFC dataset

* NWM/WRF-Hydro
* Taylor & East Rivers
* Rio Grande
* Blue River

 CA DWR Bulletin 120

Expand snow modeling

Maintain & expand partnerships in CO &
the Upper CO River Basin

* |dentify priority basins in CO




Emerging opportunities in the SWCD

Foundation

* Sept 2019 snow-free lidar §&
data sets cover majority of |
SWCD counties

* WRF-Hydro model cutout
Potential

* Dolores above McPhee e

* Lemon/Vallecito

* Integration with
San Juan, Gunnison,
& Rio Grande

oooooooo



Next Generation Water Management: CO River Basin

An integrated monitoring & forecasting system

GOES MODIS

—

Research to e -
operations _ -~ S ~. ASO SWE mapping

Integration with o complements
Communty __ existing & emerging ~~Z_a existing networks
Partnerships
(N;&SA/JPE) ,f—-: \

—_—

~ _ - forecast systems ;
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/ River Forecasting and N s \ -\ ‘J‘.}'
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courtesy

Supporting evolving
challenges & programs

 decision support information

* providing best snowpack data
to experienced forecast
teams

* realizing full potential of
advanced model systems

* accurate SWE inventory for
equitable decision-making




