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)? ET = actual evapotranspiration
’ E, = evaporative demand

What is Evaporative Demand (E

“Thirst of the atmosphere”

|
LIICI;? CLIMATE -;9(

* ET occurring given an unlimited et .-
Ui

moisture supply

o Reference ET
o Potential ET (“PET”)
o Pan evaporation

, rrferenu-uw grass -

N

* There are good estimates and
bad estimates:

* physically based
* temperature-based

Physically-based ET, contains valuable information related to drought dynamics
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ET = actual evapotranspiration

E,/ ET constraints and interactions . .
o = evaporative demand

\\\\

/ Supply Ilmlted g \
ET is supply %‘acé‘\"]'“’c"mateS (dry): %\ \tmospheric

ET drives E, ., WA
m0|stureto/ “OSPhGE%MPLEMENTARlTY R /,ZorET

temperature

wind speed

% net radiation
humidity

/

E, much easier to
estimate than ET

Energy-limited
hydroclimates (wet):

ET is driven by E,
PARALLEL

unknown on useful
space/time scales

(Bouchet, IAHS 1963)
(Hobbins et al., GRL 2004)
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A = latent heat of vaporization

. . R, = net radiation (SW + LW) at crop surface
Estimating E, from reference ET 6 = ground heat flux
U, = 2-m wind speed

e../ e,= saturated / actual vapor pressure

Penman-Monteith Reference ET (FAO-56): A = de,,/dT at air temperature T
Y = psychrometric constant

G, C., C, = constants for crop type and time-ste
_ 04084 (R-6) 86400 Y (6w —6,) vl P .
0‘ A+y(1+CU,) 10° | lA+y(1+cduz) R
Y
Radiative forcing Advective forcing
(sunshine, T) (wind, humidity, 7)

“Reference” crop specified:
® 0.12-m grass or 0.50-m alfalfa e ,
e well-watered , actively growing, < . G [ _ ' 2 I 1000 0 1250
e completely shading the ground, O I 1250 10 1,500
e albedo of 0.23. e - [ 150000 1,750

[ ] L7500 2,000

[ 12000102250

Drivers from NLDAS-2: g : I 2250 102,500

* temperatureat2 m ) T B 2500102750
- =>2,750

 specific humidity at surface Mean annual E, (mm), 1981-2010
e downward SW at surface
e wind speed at 10 m

* daily, Jan 1, 1979 — present
e ~12-km, CONUS-wide

Cooperative Institute for Research in Environmental Sciences

UNIVERSITY OF COLORADO BOULDER and NOAA % xmy



Summer (JJA)

2012
Summer (JJA)

Rest of year

E, (reference ET) — Midwest US

Calculating EDDI
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Calculating EDDI

Summer E, depths (mm)

37 JS
1000 max (2012)
20 800
= 7 600 di
> median A
T 10 \/ < min N
€ AT 400 M“-/\.J /A
& 5
S 200
IO P BT N
VN AN
2012 has rank of 1 in
37-year E, climatology
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Calculating EDDI

rank in
climo

CDF
matching

"~

ED4: 2.054, or > 98%ile

EW4: -2.054, or < 2%ile f I

EW3: -1.645, or < 5%ile AN
# years in climo

(37: 1980-2p16)

ED3: 1.645, or > 95%ile

ED2: 1.282, or > 90%ile
I 1

EW2:-1.282, or < 10%ile

e T EW1': -.0.841, or<30l%ile tion —:non-parameteric '-EDL 0.841, or > 80%ile
Recomme EWO: -0.524, < 30%ile rlng drought In EDO: 0.524, > 70%ile baKodich k, 2014)

S period

during which

wetter than normal

is observed.

7

7

drier than normal

~

0

(Hobbins et al., JHM 2016)
(McEvoy et al., JHM 2016)

EDDI<O EDDI >0
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|V| u |ti—Sca|ar d rought estimator USDM = United States Drought Monitor

ve}

12-month EDD/ M 7

N \_ r \“-\ 3 5

B \f : )\ 2

g

~ G

8 o

a <

5 8

Q (¢}

T %

£ <
S Signals of different drying

dynamics are evident at

different time-scales

I/ /
.‘I WAl I‘ \f

EDDI temporal resolution

2-week EDDI

[ .‘l"‘- A ;"-I‘-A ;"-,\'V\ flﬂ'\;"’-": " "‘Iﬁl"’:l.‘
/T T USDM (grey) and EDDI (red)
1-week EDDI across Apalachicola River basin
iy W at Chattahoochee, FL.

Tlme Jan 2004 Dec 2009
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Leading indication of drought

2-week EDDI captures
severe drought conditions
~2 months before USDM

“Flash drought” in the
US Midwest, 2012

Drought development in the Midwest

H'Kugust 7

May 1

June 5

July 3

USDM 2-week EDDI
e T T T 7
F..f PN i J_l%dj_; i 5 AL -
DO, D1inlIL, IN, TN Drought developing in entire

No drought in MO, AR, OK, NE region

Droug'ﬁt\expands inthe regfon Flash drobght (including EDQ: ED4
but not in intensity conditions) in MO, AR, KS, and IL

=

\ ‘_-‘.._‘..:(I"If.‘_"]\'\} R

D4 and D3 emerged over mdi:h the
region two months after EDDI



Monitoring across sectors

AGRICULTURAL

DROUGHT
- soil moisture
- grazing health

-ET
HYDROLOGIC FIRE-RISK
DROUGHT MONITORING
- streamflow - weather
- snowfall - fuel loads
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Agricultural drought monitoring VIC = Variable Infiltration Capacity model

ESI = Evaporative Stress Index

3 Pt
; ‘ 4 e
) r : b
PSS, ) : )
(b)-TETN S RS
: £l f"' EDDI, SM, and ESI USDM drought
3-month EDDI . o TN I'!. percentiles categories
?/ ) > 70% [ ] DO, Abnommally dry
vi [ .:%;/Zf{\ > 80% I:’ DI, Moderate drought
/ g :'3%!.:‘;"‘&{ ( R’} _ > 90% I:I D2, Severe drought
] o u?epf. i T 2,, PR >95% - D3, Extreme drought
\ e o R o oL )
% ‘ e oy j N o A SR s c} > 98% - D4, Exceptional drought
(c) g SRy B (d) ; ; S
e 5} -'_. ‘ ;‘ . I‘:)J/ 0 ' Y .__5 | J
- A e | ; by e
VIC-modeled SM (’ - 3 12-week ES/ (’ \
h o

Agricultural drought across CONUS, July 31, 2002

(Hobbins et al., JHM 2016)
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Hydrological drought prediction SRI = Standardized Runoff Index

Can EDDI help predict late-summer (low-flow) streamflow?

Sacramento River Basin EDDI and SR

—e-EDDI 6-month| 2
2 =0.72 -8-SRI| 12-month

W wf\v
, W

| | \ \ \ \ i
1980 /984 1988 1992 1996 2000 2004 2008 ZO\K(
6-month EDDI 12-month SRI

(Nov-Apr) EDDI contains no (Oct-Sep)

(EDDI - McEvoy et al., JHM 2016)
(SRI - Shukla and Wood, GRL 2008)

EDDI

Prcp information!
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Compa rison to Other drought metrics SPI = Standardized Precipitation Index
Across timescales and hydroclimates SSI = Standardized Soil Moisture Index

Texas California lowa Pennsylvania

D D D D

N N N N

(0] (o} o} (0]

S S S S

A A A A
— J J J J
a J J J
Dwm M M M

A A A A

M M M M

F F F F

J J J J
_ L TN ——
% 0 500 1000 n: g{(;?s 2000 2500 3000

CcTMEPrP=Zce>PnO0OZ0
cTMmEZ>r»Z2 > 0OZO0
cTMEr=Z2ce>pnOZ20

cTME>rZc>rnO0Z20

_ ‘ ' ‘ ‘
L

-08 -0v -06 -05 -04 -03 -02 -01

Correlation coefficient

(McEvoy et al., JHM 2016)
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EDDI at various timescales

EDDI US Drought Monitor
Nov 4 2016 Nov 8 2016

Intensity:

D0 Abnomalby Dny

01 M oderate Drought

D2 Severs Drought

- 03 Extreme D rought

- 04 Exceptional Drought

\,\k .‘": A -r;: ‘-,J‘ 1
6n§\q\ -

Drought categories Wetness categories

‘ ED1 ‘ EDO ‘ ’EWO EW1

100%  98% 95%  90% 80% 70% 30% 20% 10% 5% 2% 0%
(EDDI-percentile category breaks: 100% = driest; 0% = wettest)
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Next steps
User outreach, operationalizing, research

Two-pager: Next steps:

What is EDDI?

EDDI, which stands for Evaporative Demand Drought Index, is
adrought index that can serve as an indicator of both rapidly
evolving “flash” droughts (developing over a few weeks) and
sustained droughts (develaping aver months but lasting up
toyears]

Why use EDDI?
EDDI has been shown to offer early warning of Jrouul t strass
i o

the US Drought ¥
strength of EDDI

patent tool for drought preparecness at those timescales
EDDI also uses the same classification scheme a5 the USDM
to define drought conditions, sa it is easy to read EDDI maps.

?

Does EDDI work in real ti
Yes. At present, EDDI is generated eek by analyzing
a real-time atmospheric dataset. There is also an angoing
effort to ast EDDI based on seasonal climate-forecast
nformation.

What is the physical basis for EDDI?

EDDI exploits the strong physical relationship between
evaporative demand (E,) and actual loss of water from the
and surface through evapotranspiration. E, is the“thirst of the
atmosphere] estimated by the amount of water that wauld
evaparate from the soil and be transpired by plants if the
soll were well watered. EDDI measures the signal of drought
using information an the rapidly evolving (daily) conditions
of the atmosphere to estimate thelr impact on land-surface
moisture, and vice versa, EDDI's effective
'moisture conditions on the land
between the atmosphere and land t
during the warm season, w W|(I\uu,lltuufgn.)h.stcww(m

EDDI Is sensitive to twe distinet land-surface atmosphere

nteractions: (i) increased E, drives increased evapo

Released Dece

|

transpiration until the available soil maisture becomes
limiting, potentially leading to flash droughts: and (i) as
surface water becomes Increasingly scarce in sustained
s, evapotransplratior . which leadls to higher
air temperature and lower humidity, and thereby increases E,

Drought development in the Midwest

-

A 4
e rovgne persas n e
o

Figure 1

Development of a flash drought in the Midwest in 2012. The
2-week EDDI (right) is compared at 5-week intervals to the
v (USDM) (left). EDD! captures the severe
wo months ahead of the USDM. Image:

Mike Hobbins.

RS-
f- iyl

* Operationalizing EDDI at NOAA National
Water Center

* Enlarge and engage user-base
* EDDI User’s Manual

e Continued research and development
collaboration with research partners (DRI):

o attribution component
o forecast component
o wildfire prediction

(2-pager: Rangwala et al., NOAA 2015)
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Drivers of drought

E=f (T’ R, U2)’ SO Sacramento River basin, CA
5y 4
AE, = a 5, ARd “IAq + 5, AU :
anomalles denved 5
observed in . °
reanalvses analytically
Iy (Hobbins, 2016)
oo
E, chlanges due to changes in: 3

T, temperature
R, solar radiation
g, humidity

U,, wind speed

W/m?

/ m/sec

Feb 1 2014 Jul 31

(Hobbins et al., JHM 2016)
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Drivers of drought

Sacramento River basin, CA

Drought intensification

(increasing E,) forced by:

e first, below-normal g
(while T falling)

* then, increasing T and,
to a lesser degree, R,

12-week E, (mm

9 5 09 ™ A Ak A 5 0
AL S S S R A e L
TR R R R WF @ F W

Contributions to changes in

* U, plays little role

T = air temperature (Hobbins et al., JHM 2016)
R, = downwelling SW
q = specific humidity
U, = wind speed
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Forecasting Of EO (and drought) FRET = Forecast Reference Evapotranspiration

FRET

Daily, weekly -

Sacramento, CA

DeparthormFRET

Sat Aug 2B 2010

Prcp = precipitation

Seasonally

ETr anomaly (mm/d), Sep 2016, Lead 0 ETr anomaly (mm/d), Oct 2016, Lead 1

Greater skill
than Prcp

CFSv2 4-member ensemble mean initialized Sept 8
(00Z, 062, 12Z, and 18Z) — Dan McEvoy, DRI

(McEvoy et al., GRL 2016)
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Predicting wildfire risk

E,-fuel load
relationship across
S. California GACC

12-month E, in June (mm)

1800

1750

1700

1650

1600

1550

1500

L] T 1]
[ ]
®
- o r2=0.74 .
o ° o
®
™Y L ]
i ° ° ©® i
o ..-
[ ] ® .. ®
I & |
o
L X ]
..
i c ® . |
L ]
° L
1 1 l L
7 8 9 10 11 12

1000-hour fuel moisture, May-Oct (%)

2-year NOAA grant: Developing a wildfire
component for the NIDIS CA DEWS
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Summary
E, and drought:

Physically rational relationship to drought
More readily available than ET (than Prcp, often)

o latency can be significant

Permits decomposition of evaporative drought drivers
E, (and EDDI, drought) is forecastable (McEvoy et al., GRL 2016)

Evaporative Demand Drought Index (EDDI):

Examines drought from demand side
o Ey notPrecp
Near-real-time drought monitoring and early warning
o agricultural drought
o hydrologic drought
o fire-weather prediction

Multi-scalar in time and space
Aggregation window may be calibrated for:

o early warning relative to other monitors,
o demands specific to hydroclimates, and sectors.
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E,/ ET interactions in drought

In both drought types,

E, increases.

(Hobbins et al., 2004)
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EDDI and hydrologic drought
12-month SRI vs. 6-month EDDI

American Merced Yuba
& D ' Dl (5|
N N N
7 0 0 0
S S S|
. A A Al
()53 Sacramento River J J J 101
<O 4 = A A A 02
Spanish Creek & ] M M M £
0 S F F F 039
o £ (@) (5]
\ Sagehen Creek | E Ji ] J ] Ji l %
. ) ._/g*“-_» 2 4 6 B8 10 12 2 4 6 8 10 12 2 4 6 8 10 124048
N. Yuba River @) olo} o
7 = Spanish Sacramento Sagehen S
"‘ 2 D D %3
s £ I -
N. Fork American River! v N N N 086 g
TR = r ’ ) g g g} -8
- . a .
h I W A Al Al 0.7
W, 27 J J J
© USGS Gauges | spoms J Ji J 08
[JHUC8 k M M M|
Al A A 09
“ M M| M
N Y F F Fi
-+ . Jt | L o , -
77 2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
EDDI time scale
* At 5 ssites, 6-month EDDI (Nov-Apr) shows strongest relationship to SRI. EDDI contains no
e October-April E, explains greatest variance in WY streamflow (i.e., Oct 1-Sep 30). Prcp information!

* Highlights EDDI’s predictive capability.
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Rigorous E, variability analysis

MJJASO variability contributions, daily ET,, by driver

. -‘I‘..f.,_J
2-mair N
temperature ‘A

L- 4, .‘\\‘ Do s \
;-’ 51\ r :' ‘r}‘ p— :/
j s SRR

P —
£ % | . j‘j"\k‘_

% contribution
B <30
[ -80to -60
L 1-60--40
L 1-40--20
[ J-20-0
. Jo-20
[20-40
T 140-60
I 60 - 80
B 30- 100
B > 100

Specific k" |\
humidity - 3J

100m  ORL AeE TN\
wind speed { >

Hobbins et al., Trans. ASABE, 2016




Rigorous E, variability analysis
Top driver of daily variability, by month

December

Driver

2-m air temperature

Hobbins et al., Trans. ASABE, 2016
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EDDI as a leading indicator of drought

Optimizing EDDI window-length is
straightforward.

Here, EDDI is optimized against USDM
for the Sacramento River basin.

EDDI window length

Sacramento River basin, CA

n
L 5
=Ml
(@)
g st
6- to 7-month EDDI
(%))
< predicts USDM
g 2-3 months ahead

with r=0.6.

- n w B w @ ~ (==} ©
I T T T T T T T

USDM leading EDDI EDDI leading USDM

USDM lead or lag over EDDI (weeks, months)




FRET — in a nutshell

Forecast estimate of ET, for 24-hour period:

Deterministic forecast:

— no ensemble forecasts

Time-and space specs:
— 1-to 7-day lead time
— 24-hour periods run 6z to 6z
— HRAP grid (~2.5 kms)

Penman-Monteith (ASCE):

— 12-cm grass reference crop

Drivers:

— sensible weather elements from coupled NWPs
Toow T

max’ " min
RHmax’ RHmin
10-m wind speed

e Sky (cloud cover %)

weather o . ET

,_1 ET - parameters% ¥

P e \
T_—_ crop g\ = ET,

characteristics

= \

management -'\1"'.5

environmental .\ '
_ factors p—tET, adi

o f,"l A ‘

drivers forecasted by loading data from a model (or
blend of models), expertly tweaked for consistency
with neighboring WFOs / specific local conditions,
- e.g., for wind: may load local WRF data and
then increase areas in the Delta for Delta breeze.
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Short-term forecasting of ET,
Example forecasts, 1-day FRET

Forecast:
1-day FRET

Anomaly:
FRET,4— ET,

Aug 24, 2013 - hot Aug 29, 2013 - cool

] I T T T T 5 B ok s o) ]




Short-term forecasting of ET,
FRET verification

Water year (WY) and summer FRET ET, vs. CIMIS observations

WY, 7-day Summer, 1-'c-lay Summer, 7-day

WY, 1-day

> 80% of FRET values within
0.05 in/day of observed ET,
for all forecast periods.

FRET ETe (iniday)
03

FRET ETo (iniday)
o

FRET ETo (iniday)
FRET ETo (iniday)

00 01 0z 03 04 0s [ 00 01 02 03 04 05 06 00 01 02 LE} 04 05 08 00 01 0z 03 04 0s 06

CIMIS ETo (in/day) CIMIS ETo (in/day) CIMIS ETo (in/day) CIMIS ETo (in'day)

FRET — CIMIS observation for 48 stations
1-day 3-day 5-day 7-day

FRET has slight +ve bias wrt
observed ET,, increased
bias in summer.

1000 2000 3000 4000

1000 2000 3000 4000
1000 2000 3000 4000
1000 2000 3000 4000

Nurmber of Station Days

a

a
a
a

S S e T T 1 1
02 01 0.0 0.1 0.z 0z 04 0.0 0.1 02 0z 0.1 0.0 o1 0.z 02 0.1 0.0 0.1 0.z

Error (infday) Error (iniday) Error (infday) Error (iniday)
2012 Water Year | 2012 Summer
FRET BIAS MBE MAE BIAS MBE MAE
forecast period (in/day) (-) (in/day) (in/day) (-) (in/day)
1-day 0.006 0.18 0.029 | 0.015 0.07 0.036
3-day 0.006 0.18 0.028 | 0.015 0.08 0.034
5-day 0.006 0.18 0.028 | 0.013 0.08 0.032
7-day 0.004 0.17 0.028 | 0.012 0.07 0.032
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1-month

6-month

12-month

02 0 02
correlation coefficient

Correlation coefficients between EDDI and SPI at (a) 1-month, (c) 6-month, and (e) 12-month time scales and
between EDDI and SSI at (b) 1-month, (d) 6-month, and (f) 12-month time scales. Correlations were computed at
each grid point for 1979-2013 over each month (n 5 35) and then averaged over all months in each time scale.
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5

USDM

G

EDDI

SSI

SPI

: D

Evolution of USDM, 1-month EDBT, t=ménthESI, 1-Month S 5P in $pring to summer of 2012.
USDM data are from (a) 1 May, (b) 5 Jun, (c} 3;g/ul. gnd (g) 2T T8N (c)—(h) EDDI, (i)~(l) ESI, (m)~(p) SSI, and
(q)—(t) SPI are at 1-month time scales at the end of each month. All drought metrics have been converted to
USDM categories.
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2002 2007 March 2015 August 2015

USDM

EDDI

SSi

SPI

g > | N :
Spatial comparison of droug ] OtrSfesiern Uplitey % a&%{g 25 Jun 2002, 2 Oct 2007,
31 Mar 2015, and 1 Sep 2015; (e)—(h) 6-month _in June nth EDDI in September 2007, 6-month

EDDI in March 2015, and 6-month EDDI in Audust 2815; (?f(1) &mont SSI in June 2002, 12-month SSI in
September 2007, 6-month SSI in March 2015, and 6-month SSI in August 2015; and (m)—(p) 6-month SPI in June
2002, 12-month SPI in September 2007, 6-month SPI in March 2015, and 6-month SPI in August 2015.




EDDI

EDDI

EDDI

6-montﬁ

EDDI
o

2t ! | ! ! | . (d)-
2F T ' I " 12-month '
Qo
L
] (e)]

[ l 1 1 1 1 1 l | 1
1980 1984 1988 1992 1996 2000 2004 2008 2012

Area-averaged time series of EDDI over the northern Sierra Nevada from 1979 to 2014 aggregated at (a) 2-week,
(b) 1-month, (c) 3-month, (d) 6-month, and (e) 12-month time scales. Red boxes highlight the four most prominent
hydrologic droughts during the time period.
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