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Western Water Assessment

* NOAA-supported applied
WYOMING research team

« CO-WY-UT region

* Hosted by CIRES at CU

ho e » Focus: Societal vulnerabilities to
climate variability and climate

change, particularly those
related to water resources

Salt Lake City

Denver

COLORADO

Map created by Western Water Assessment

Elevation map: The National Map (USGS) UT lakes and reservoirs: National Hydrography Dataset
Rivers and streams: ESRI, National Atlas of the US, USGS WY lakes and reservoirs: WY Student Atlas Project, UW, WY GIS Center, WY Geagraphic Alliance

2 https://wwa.colorado.edu/
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Climate change intensifies the water cycle
The Hydrologic Cycle * The water cycle is the

movement of water
Q from the Earth to the
atmosphere and back

« Global warming
intensifies this cycle

Evaporation

b b

Precipitationy, « Both average
conditions and
extreme events are

changing

* "Non-stationarity”
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| ~ Earth's Average Temperature

. Warming is changing
T the climate in three
big ways:

Data from Berkeley Earth

16
* Atmospheric and

Lo ocean circulation

» Atmospheric

Global Mean Temperature (° C)

| — 2023 Lo .
— 2022 moilsture
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https://berkeleyearth.org/august-2023-temperature-update/
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The poles are warming faster
than the lower latitudes

Loss of sea ice affects radiation
reflection and ocean circulation

The temperature gradient from
poles to equator is flattening

Greater warming over land than
over the ocean alters
atmospheric circulation patterns

Changes in circulation patterns
affect where and how often
extremes occur.

Jet streams and storm tracks are
moving toward the poles

Climate Reanalyzer: https://climatereanalyzer.org/

IPCC Technical Summary: https://www.ipcc.ch/report/aré/wg1/downloads/report/IPCC_AR6_WGI_TS.pdf

Zhou et al. 2022 https://journals.ametsoc.org/view/journals/clim/35/16/JCLI-D-21-0723.1.xml


https://climatereanalyzer.org/
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_TS.pdf
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Natural variability

Temperature change in Colorado since 1895 e Fluctuations in climate variables

* Results from chaotic behavior of
the coupled atmosphere-ocean
system

« Often obscures climate change
detection, especially extreme
events

* By the end of the 21st century,
background trends are expected

| i to dominate natural variability in

1910 1930 1950 1970 1990 2010 water variables like precipitation

https://showyourstripes.info
6 Stevenson et al. 2022. https://www.pnas.org/doi/full/10.1073/pnas.2108124119
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Rate of Temperature Change in the United States, 1901-2021

Temperature

e The US has been warming about
60% faster than the planet as a
whole

* Colorado temperature rise per
century per basin from 1901-2021:

e Platte River 2.27° F

* Arkansas River 1.53° F
 Rio Grande 1.61° F
 Kansas River 2.41° F
 Colorado River 2.80° F

 North Slope of Alaska 4.01° F

Rate of temperature change (°F per century):

35 3 2 1 0 1 2 3 4 45
7 Gray interval: -0.1t0 0.1°F U.S. EPA, 2022 Climate Indicators: https://www.epa.gov/climate-indicators
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Boulder County, Colorado Average Temperature
January-December

1895-2022 Trend

" (+0.2°F/Decade)
48.0°F- -8.9°C
47.0°F- -8.3°C
46.0°F ) {r7.8°C
45.0°F- | ~7.2°C

T
44.0°F- -6.7°C
43.0°F T . -6.1°C
42.0°F- -5.6°C
41.0°F- -5.0°C
A40.0°F ! T T T T T T T T T T T T A 4°C
1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005 2015 2022

8 NOAA NCEI Climate at a Glance https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/
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Change in Seasonal Temperatures by State, 1896-2021

Winter Spring

\"

Summer Fall

Total temperature change (°F):

o —

5 4 2 2 a4 0 1 2 3 4 5 6

9 Gray Interval:-0.1t0 0.1°F

http://wwa.colorado.edu

Seasonal temperatures
Warming is not occurring evenly
across seasons

Trends are consistent with climate
models that project greater
warming in winter than in summer

Colorado temperature change by
season over 1896-2021:

e Winter +3.24°F
* Spring +2.72°F
e Summer +2.58°F

« Fall +2.09°F

U.S. EPA Climate Change Indicators https://www.epa.gov/climate-indicators
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Boulder County, Colorado Average Temperature

1895-2022 Trend
May-September -

wreen e \Winter months are warming faster
than summer months (°F/century)
ool e VA LAl o January: 2.9

""""""""""" February: 2.7

59.0°F A TAIR Sy — 15.0°C O
N SO
seor] | g i r14.4°C O M a rCh 3 . 8
57.0°F1 F13.9°C O Ap r | - 1.0
56.0°F 13.3°C O M ay . 1 1
55'00{895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005 2015 20222'80C O J une: 2 . O
o July: 2.6
Boulder County, Colorado Average Temperature 1896-2023 Trend
November-March - (+2.5°F/Century) O Au g U St: 1 . 3
36.0°F 2 90¢
o September: 1.4
34.0°F rL1°C
o October: 0.7
32.0°F -0.0°C
SR IIL ITR | PYU TR O W AN BT, o November 1.6
o8| AR T T L] e O DeCem ber 1 9

s * Spring warming is attributed, in part,
to less snow cover in those months

22.0°F T T T T T T T T T -5.6°C
1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005 2015 2023

10

NOAA NCEI Climate at a Glance https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/
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Boulder County, Colorado Maximum Temperature 18952022 Trend

January-December (+1.5°F/Century)

63.0°F r17.2°C Daytlme VS ﬂlghttlme temperatures
| ' * Minimum temperatures are rising
faster than maximum temperatures
| f-\ AFATEMIFY ~« In Boulder County:
| * Max has increased ~1.5° F

e Min has increased ~ 2.4°F

Boulder County, Colorade Minimum Temperature 1895-2022 Trend
January-December - (+2.4°F/Century)

.4 e o Consistent with increases in night-
T //\A time low temperatures. We don't
' #‘V%LV\/ Ay cool off at night as much as we
BT R ' used to

11

NOAA NCEI Climate at a Glance https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/
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Temperature projections

Jan-Dec Mean Temperature

Boulder County, Colorado, Lower Emissions (RCP4.5)
51°F —C—

50

49 , 48.8°F
(52.8°F)

4 47 8°F

47 ——

4 46.0°F

45

43.6°F

43
1971-2000 2010-2039 2040-2069 2070-2099

12 https://climatetoolbox.org/tool/Future-Boxplots
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Precipitation Trends Precipitation
Annual 1895-2020 « Warmer air holds more water (a

) thermodynamic response to
. .T- | climate change)
L& A
it P =
&
m’*ﬁ"’?‘ﬁ‘? climate change)
: i _‘-})’* * Air can hold about 7% more water
l-" ¥ tf# per degree C
A8 (5 D, * Depends on unlimited water
P -4

supply, so applicable over oceans,
mostly

* The jetstreams and storm tracks
are shifting (a dynamic response to

- "!!‘_,

« Convection can create storms that

g — ; | — — exceed the moisture predicted by
100 075 -050 025 000 025 050 075  1.00 the thermodynamic response, so it
Inches per Decade Isn’t an upper bound

Mational Centers for

Data Source: 5km Gridded Dataset (nClimGrid) Environmental Information https://www.ncei.noaa.gov/access/monitoring/us-trends/prcp/ann
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Change in Precipitation in the United States, 1901-2021

Colorado precipitation change per
basin from 1901-2021

* Platte River +3.54%
Arkansas River -2.40%
Rio Grande -6.21%
Kansas River -4.35%
Colorado River -3.57%

Percent change in precipitation:

14 30 20 10 2 2 10 20 30 U.S. EPA Climate Change Indicators https://www.epa.gov/climate-indicators
Adam 2023 https://www.pnas.org/doi/10.1073/pnas.2304077120
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Boulder County, Colorado Precipitation 1895.202 Trend

Janmuary-December - (+0.69 in/Century)
32.00 inA -812.80 mm
30.00 in- H -762.00 mm
26.00 in- -660.40 mm
22.00 in-\!\ -558.80 mm
18.00 in- -457.20 mm
14.00 in- -355.60 mm
10.00 in T T T T T T T T T T T T 254.00 mm

1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005 2015 2022
15

NOAA NCEI Climate at a Glance https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/
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Precipitation projections

Jan-Dec Precipitation

Boulder County, Colorado, Lower Emissions (RCP4.5)
29 inches 0=

28

27

26

25.6 in

25 24.9 in (25.5 in)
—= 24.6 in

24

23.4in

23

22

21
1971-2000 2010-2039 2040-2069 2070-2099

B S Pl Model Values

16
https://climatetoolbox.org/tool/Future-Boxplots
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Observed Change in Total Annual Precipitation

Falling in the Heaviest 1% of Events Extreme precipitatior]

g&J@ 1901-2016 0 1958-2016
« Climate change makes the extremes

greater

« Warmer climate causes more energetic
convective storms

« Warming tropics will intensify
atmospheric rivers and tropical storms,

e ol rcetatr key sources of moisture
Lower Scenario (RCP4.5) Higher Scenario (RCP8.5) * TrOlOiCa| Cyc|0nes are decaying maore
' slowly and therefore extending further
inland

* Increases in extreme precipitation may
not raise annual totals

Change (%)

17 N N . https://nca2018.globalchange.gov/chapter/2/#fig-2-6
<0 0-9 1019 20-29 30-39 40+ IPCC: https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_TS.pdf
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Projected extreme precipitation

Figure shows percent change in daily
precipitation for average return
intervals and planning horizons,
relative to current planning
assumptions

The 100-yr event in Denver is
projected to become a 30-40-yr event

Expect less moderate precipitation
and more extreme precipitation

Extreme events will make up a larger
fraction of total precipitation and
moderate events will become less
common

Coelho et al. 2022 https://doi.org/10.1029/2021WR031432

Zhou et al. 2022 https://doi.org/10.1175/JCLI-D-21-0723.1


https://doi.org/10.1029/2021WR031432
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Projected flooding

2020-2050
increase
(thousand US$)

| |
i
-

LR s [ Jo-100
ik o 77 100-1,000
B 1,000-5,000

B 5,000

http://wwa.colorado.edu

Risk of damaging flooding
(losses) is expected to
Increase

Increases with urbanization

Modulated by climate
change impacts to soils and
vegetation

Smaller catchments (under
~200 square miles) will
experience a much larger
rise than medium and large
catchments

Disproportionate impacts to
frontline communities

Wing et al. 2022 https://doi.org/10.1038/s41558-021-01265-6
Fagihih and Brissette 2023 https://doi.org/10.1016/].jhydrol.2023.130101



https://doi-org.colorado.idm.oclc.org/10.1016/j.jhydrol.2023.130101
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Snow

a Historical snow b Future low-to-no snow
More sensible

Solar radiation

; Less solar radiation
reflection

reflection

Sensible heat

Mountain
recharge

Less
mountain
recharge

20 Siirila-Woodburn et al. 2021 https://doi.org/10.1038/s43017-021-00219-y
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Trends in April Snowpack in the Western United States, 1955-2022

Trends in April snowpack

« Figure shows changes in the magnitude of
snow water content in the snowpack
measured on April 1

* The average decline has been 23%

 Boulder stations:
o Boulder Falls: -14%
o University Camp: -20%
o Niwot: -25%
« More precipitation is falling as rain instead

of snow
Percent change:
@00 :--0000
<8027 -60 20 >80 . : : T
fisy ol moo o mE kit e U.S. EPA Climate Change Indicators https://www.epa.gov/climate-indicators
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Change in Peak Snowpack Timing in the Western United States, 1982-2021 Change in Snowpack Season Length in the Western United States, 1982-2021 .
« Peak snowpack is 8 days
earlier on average
« Boulder stations:

o Niwot +3.7 d (later)

o University Camp +6.3 d
(later)

o Lake Eldora-12.7 d

(earlier)

Snowpack season is 18
days shorter on average

Boulder stations:
o Niwot +10.9 d
o University Camp +5.0 d

Peak snowpack timing change (days): Snowpack season length change (days):

o Lake Eldora +10.5d
V V V Y v 4 A A A A .."""‘.
15 20 10 10 20 30

<20 A5 -10 -5 0 0 5 10 >20 <-40 -30 0 0
t0-20 to-15 to-10  to-5 o5 to10 tol5 1020 to-40  t0-30 to-20 to-10 to10 to20 to30  to40

< >

Earlier Later
22

> 40

U.S. EPA Climate Change Indicators https://www.epa.gov/climate-indicators
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Projected snow disappearance

2062 2079

¢ Pacific Northwest

T

1975 2000 2025 2050 2075 2100

Effectively

no snow Low show
Il |
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Siirila-Woodburn et al. 2021 https://doi.org/10.1038/s43017-021-00219-y
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Soil moisture
GRACE-Based Root Zone Soil Moisture Drought Indicator

September 18, 2023

* Thirstier atmosphere pulls
moisture from the soil, plants,
and open water

* The soil moisture—atmosphere
feedback influences local
temperatures

 Droughts can self-propagate
due to a strong positive
feedback of increased air
temperature near the surface,
which further dries out the soil

Wetness percentiles are relative to the period 1948-2012
The rootzone is defined as the top 1 meter of soil
Cell Resolution 0.125 degrees

Projection of this document is Lambert Azimuthal Equal Area

I I I I I I — ]
2 5 10 98

20 30 70 8_0 90 95
Wetness Percentile https://nasagrace.unl.edu

NASA Grace: https://nasagrace.unl.edu/DefauIt.aspx
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Most of the Sun'’s energy is used | When soils become dry, stressed plants | If the drought continues, the air quickly

to evaporate water, keeping the | do not transpire as much water, and | becomes very hot and dry, with negative

atmosphere fresh and humid... | more energy goes into heating the air | impacts on plant carbon uptake

and atmospheric feedback

Soil moisture droughr |

Stable carbon uptake by ecosystems — + Irregular carbon uptake by ecosystems
Images: freepik.com

25 https://www.caltech.edu/about/news/soil-moisture-drives-year-to-year-change-in-land-carbon-uptake
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Change in summer soil moisture, late 21 century

Low emissions Intermediate emissions High emissions

/

2071-2100 | ” difference from average (z-score) NOAA Climate.gov

compared to 1971-2000 drier wetter Data: Cook et al., 2021
| -

-0.75 =0.5 =0.2% 0 0.25 0.5 0.5

26 https://www.climate.gov/news-features/featured-images/even-small-additional-increases-greenhouse-gases-will-make-decades
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Average Change in Drought (Five-Year SPEI) in the Contiguous 48 States, 1900-2020

Drought

* Driven by warming without
compensating increases in
precipitation

* The total land area subject
to drought will increase and
droughts will become more
frequent and severe

« Warming will make decades-
long megadroughts more
common

97 H 3 o m U.S. EPA Climate Change Indicators https://www.epa.gov/climate-indicators
https://www.ipcc.ch/report/aré6/wg1/downloads/report/IPCC_AR6_WGI_TS.pdf
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Surface water flow trend 1966-2015

= Explanation

; For more Mapper information, see User Guide.
/AN

) gy A\ For more study details, see FAC.
Ottawa Montreal = )
3 O A I \"-;"’j'
C N’ - -
A Significant Trend Up
0 /\ Non-significant Trend Up

O Mo Trend
v Non-significant Trend Down
v Significant Trend Down

Monterrey " !-.h::nn

)
.

VR -RE Wl Hav ana

28 USGS Trends Mapper https://iwaas.wim.usgs.gov/sw-flow-trends/
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Projected Change in Total Runoff, Annual
Lower Emissions (RCP 4 .5) 2070-2099 vs_ historical simulation 1971-2000, mean change

Multi-model mean from 10 VIC runs forced by downscaled CMIPS models

W ancoty

35

: Sa
Francisco

29

T .
[ oy o T SRR
E ; W}fi e NORTH DAKO 12 ;
TS, ALY 112 ;
i e
s~ o . W UTH DAY -12
] - -19
;g -\- = l_2T
b -‘fﬁ R R E . 35
e 1 NEERASK
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i it I UNIT tom1s71-2000
0 STAT mean

Hermosi e
) Chibwiahug

aDallas -t
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Avshin
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SanAntaric o

http://wwa.colorado.edu

Projected runoff

e Natural runoff—no diversions or
storage

* Changes between the historical
period (1971-2000) and future
period (2070-2099)

* Reductions more pronounced in
the Colorado River basin

Climate Toolbox: https://climatetoolbox.org/tool/climate-mapper
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Projected runoff for the St. Vrain

Jan-Dec Runoff (MWBM)
HUCS 10190005-5t. Vrain, Lower Emissions (RCP4 .5)
9 inches

85 ——

7.5

7.4 1in 741in 7.3n 3 7.3n
(7.0 in)

6.5

1971-2000 2010-2039 2040-2069 2070-2099

30 https://climatetoolbox.org/tool/Future-Boxplots
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North American Monsoon

Percent of annual rainfall that occurs during the North American Monsoon

| | R — { « Historically, the monsoon is

active from June (in Mexico) to
mid-Sep

ok « _* Total monsoon rainfall is not
A expected to change very much

ST /t « Monsoon activity is projected

f to shift later in the year, with
ﬁ lower monsoon precipitation in
June-Aug balanced by higher
precipitation in Sep-Oct

precipitation (percent of annual average) :'.:I I|r|~

0 20 40 60 80 100

Figure: https://www.climate.gov/news-features/blogs/enso/north-american-monsoon
31 Hernandez and Chen (2022) https://doi.org/10.1029/2021JD035911
IPCC Technical Summary: https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_TS.pdf



https://www.climate.gov/news-features/blogs/enso/north-american-monsoon
https://doi.org/10.1029/2021JD035911
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Compound and Cascading Hazards

Climate change is raising the
risk of coincident or consecutive
individual hazards that combine

Precipitation

wicar? " Ll to cause greater impacts
' @ E)?;SoTﬁlg;
\ -~ s  In Florida, this might be sea
S . y Precipitation . .
level rise plus tropical storms.
Prolonged and .
extrem_e_dry . .
conditions * In the Midwest, this could be
Extreme precipitation heat plUS drought |eadlﬂg tO
followed by enhanced
gmmhof;rassesand harmful algal blOOmS
other fuel vegetation
SEwE * In Colorado, increasing drought
itbnods f i tee: __ and heavy precipitation events
(e.g., Thomas Fire in California, ~ . . .
December 2017 Exteme preciptaton raise the risk of fire followed by
ey o dangerous debris flows
January 9, 2018)
32

AghaKouchak et al. 2020. https://doi.org/10.1146/annurev-earth-071719-055228
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Cameron Peak fire and debris flow

* In August 2020, severe drought,
extreme temperatures, strong
winds, and high fuel loads
contributed to the largest wildfire in
Colorado history

« Burned soils tend to have reduced
infiltration capacity and are more
easily eroded

* Almost a year later, heavy (1-2 in/hr)
rain fell across the burn area

 Caused multiple debris flows,
tragically resulting in several
fatalities

July 20, 2021 Black Hollow debris flow USGS Storymap: https://arcg.is/1gnP4C0
https://drought.extension.colostate.edu/current-conditions/
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Rain on Snow

* Heavy rainfall combines with
snowmelt

* |n the Yellowstone event, an
atmospheric river from the
Pacitic coincided with a warm
spell that melted the snowpack

* ROS is expected to increase
flood risk of 20-200% in
western US

+ Expected to be less frequent
at lower elevations and more
frequent at higher elevations

A washed out bridge shown along the Yellowstone River Wednesday, June 15,
2022, near Gardiner, Mont. Photo: Rick Bowmer/AP NPR

NASA https://earthobservatory.nasa.gov/images/150010/catastrophic-flooding-in-yellowstone
Musselman et al. 2018 https://doi.org/10.1038/s41558-018-0236-4
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CIRES

Takeaways for Boulder County
* Warmer night-time temperatures
* Warmer spring temperatures

* Less snowpack, earlier runoff, and more
precipitation falling as rain

« More intense droughts driven by a thirstier
atmosphere and soil-atmosphere feedbacks

* Moderate increase in total annual precipitation

« More intense rainfall events driven by increased
water holding capacity of the atmosphere and
more energetic storms

e Moderate decrease in total annual runoff
* More compound hazard risk

«  Watch for the upcoming release of “Climate
Change in Colorado”
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