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Agriculture and Renewable Energy (AgE)

Forecast Overview

Forecast on Demand — FOD (Neilley et al., 2015)
e Custom generated at any location on earth (1km spatial resolution)
» Blending freshest input NWP model data (forecasts not pre-produced)

o Statistical multi-model weighted consensus and bias correction
AgE FOD
» 3 dimensional extension of FOD (underground and above ground profiles)
* Use consensus weights from FOD
Enabling:
* Engineering applications

e Decision analytics models
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AgE Forecast on Demand Architecture 2

» Diverse NWP models + proprietary IBM Deep Thunder

» Different spatial and vertical coordinates, projections, boundary conditions and parameterizations

* Heterogeneous input physical variables

Request
Model fVar Fest1 REST
N request
Model fVar Fost 2 *
= SUN Users
Model fVar Fest 3 JSON " AQE API B
- response
Model fVar Fest N
Request-time processing - Scheduled processing
= API delivery — scalable, globally distributed, public facing web services
= Cloud-based platform — highly available, robust, extremely low latency The @
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Solar Irradiance Forecast 3

e Global 15-Day Hourly Forecast
e Global 7-Day 15-Minute Forecast

* Global Horizontal Irradiance (GHI) — total direct and diffuse (scattered)
radiation through a horizontal surface

e Direct Normal Irradiance (DNI) — direct radiation through a plane
perpendicular to the direction of the sun

GHI = DNI x cos (z) + Diffuse
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Ibar (W m™2)

Solar Irradiance Downscaling 4

* Cloud cover—based governor function
* Theoretical clear sky irradiance profiles
* Energy conserving nonlinear spline smoother

» Test: aggregating hourly to 6-hourly and disaggregating back to hourly
» Result smooths out subscale variability, preserving the trend
GHI DNI

*  Input 6Hr mean
——— Output 1Hr Ibar
Orig hourly mean

*  Input 6Hr mean
—=—— Output 1Hr Ibar
s Orig hourly mean

= Theoretical profiles
= 6-hourly mean
= downscaled hourly

= Total Cloud Cover (TCC)
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Global Solar Forecast Maps 5

Solar GHI [W m™?], lead time=0, 13-Dec-2017 00:00:00

GHlI
5-day hourly loop
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Solar DNI [W m™?], lead time=0, 13-Dec-2017 00:00:00

DNI
5-day hourly loop
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Verification of Hourly Solar Forecast

* Correlations with SURFRAD (Surface Radiation Network) observations

» Correlations with SOLRAD (formerly I1SIS) observations

SURFRAD, SOLRAD GHlI forecast vs. obs correlation SURFRAD, SOLRAD DNI forecast vs. obs correlation
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Wind Forecast

* Global 15-Day Hourly Forecast, at any height from 10m-260m above ground
Wind Speed, Wind Direction, Moist Air Density
User can specify ground elevation

Wind vector profile evolution (over 15 days at single site)
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Wind speed map (50m agl)

Wind map, colorbar=speed [ms"], lead time=0 h, 13-Dec-2017 00:00:00
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Wind vector profile downscaling

Logarithmic profile of wind speed and vector components

Displacement height tuning via nonlinear regression

Shear and veer conserving piecewise log-linear vertical interpolation
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Ensemble averaging: wind vector averaging (linear) and wind speed averaging (nonlinear)
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Hub-Height Wind Speed Statistical Correction

* Logarithmic profile correction (multiplicative factor)
* Non-parametric MOS (Machine Learning) correction:
* Neural Net: feedforward with one hidden layer
e Support Vector Machine (SVM) regression: speed only
e Support Vector Machine (SVM) regression: speed+direction

- Horizon +24 h - Horizon +48 h
B Raw B Raw
3 M Log profile 5 M Log profile
M Neural Net ® Neural Net
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Moist Air Density Forecast

* Moist air is lighter than dry air

Pmoist— or

e Virtual temperature, linearized

T,= T(1

* Density profile governor function:

p=py|

» Piecewise fixed lapse rate density profile
» Reconstructing density profile

e Correcting for model vs. actual surface elevation mismatch
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Dry and humid air density profiles
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Agriculture Forecast 1

Global 15-Day Hourly Forecast
Evapotranspiration

> Reference evapotranspiration (ET)
» Crop-specific reference evapotranspiration (ET.)

> Model evapotranspiration (ET,)
_ Soil Temperature at 2§ cm depth
Soil Moisture ko RS . R AT

Soil Temperature
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> at any depth up to 200 cm
below the surface
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Soil Temperature and Moisture Profiles Evolution

Soil temperature [K]
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e Stronger diurnal cycle near the surface
* Downward diffusion of surface signal

Time series of soil temperature profile
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* Downward diffusion of surface signal
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Evapotranspiration Forecast 13

» Reference evapotranspiration (ET,) — forecast based
on idealized conditions, follows FAO Penman-Monteith e ETO
equation in Allen et al. (1998) for reference grass crop =

» Crop-specific reference evapotranspiration (ET,))— = = ¥, T A
adjusted by crop coefficient based on the % crop "N | r& |
maturity and crop type specified (112 different crops
supported)

» Model evapotranspiration (ET,) — forecast based on
actual land use conditions, model surface latent heat
net flux

A — @) + pacyp (6€) g,
ET, = (Br )+ Pacy (9¢) g Penman-Monteith equation

(A+7v(1+9ga/gs)) Lo

. FAO Irrigation and drainage paper 56. ‘(’:\(’)enit)ha?lry

Rome, Italy: Food and Agriculture Organization of the United Nations. ISBN 92-5-104219-5 An IBM Business
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Verification of Agriculture Forecast 14

» Reference evapotranspiration (ET,) at CIMIS (California Irrigation Management Information Systems)

» Soil temperature (2 inch deep) at SCAN (Soil Climate Analysis Network)

CIMIS ETO forecast vs. obs correlation

Lead time 24h i SCAN soil temperature forecast vs. obs correlation
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Summary: Agriculture and Renewable Energy FOD

Operationally available since July 2017

Solar Energy, Global 15-Day Hourly, 7-Day 15-Minute Forecast
e Global Horizontal Irradiance (GHI)
e Direct Normal Irradiance (DNI), only 10-Days

Wind Energy, Global 15-Day Hourly Forecast
* Wind Speed, Wind Direction, and Air Density at any height [10m—-260m] above ground

Agriculture, Global 15-Day Hourly Forecast
« Soil Moisture, Soil Temperature at any depth up to 200cm below the surface
- Reference evapotranspiration (ETO)
- Crop-specific reference evapotranspiration (ETc)
- Model evapotranspiration (ETm)

Target applications

Wind and solar renewable energy: grid integration, power trading, congestion management

The
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Precision agriculture: site specific crop management, smart agronomics
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Cacao

Coffee

Corn

Cotton

Soybeans

Sugarcane

Wheat

AlfalfaHay1stCut

AlfalfaHayOtherCut

Almonds

Apples

Apricots

ArtichokeYearl

ArtichokeYear2

Asparagus

Avocado

Crop Types

Utility AP

BananaYearl

BananaYear2

Barley

BeanDry

BeanGreen

Beets

BellPeppers

BermudaHay

BermudaSeed

Berries

Broadbean

BroadbeanDry

Broccoli

BrusselSprouts

Bulrush

Cabbage

Canola

Cantaloupe

Carrots

CassavaYearl

CassavaYear2

CastorBeans

Cattails

Cauliflower

Celery

Cherries

Chickpea

Citrus

CornSweet

Cowpeas

Cucumber

DatePalms

EggPlant

Fababean

Flax

Garbanzo

Garlic

GrainsSmall

Grapes

GreenGram

Groundnut

Hops

Kiwi

Lentil

Lettuce

MaizeGrain

MaizeSweet

Millet

Oats

Olives

OnionDry

OnionGreen

OnionSeed

PalmTrees

Parsnip

Peaches

Pears

Peas

Pecans

Pineapple

Pistachios

Plums

Potato

Pumpkin

Radish

Rapeseed

Rice

RubberTrees

Safflower

Sesame

Sisal

SorghumGrain

Spinach

Squash

SudanistCut

SudanOtherCut

Sugarbeet

SugarcaneRatoon

SugarcaneVirgin

Sunflower

Sweetmelon

SweetPeppers

SweetPotato

Tea

TeaShaded

Tomato

TurfGrassCool

TurfGrassWarm

Turnip

Walnuts

Watermelon

Wetlands

WetlandsShort

WinterSquash

WinterWheat

Zucchini
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Solar AP

18

https://api.weather.com/v3/wx/forecast/hourly/energysolar/15day?geocode=33.74,-84.39&format=json&units=m&apiKey=yourApiKey

"metadata": {

"procTime":1513096723,

BN g VIt LSV e A A
"serviceTime":0.01688693,
"latitude":33.7400,
"longitude":-84.3900,
"initTimeUtc":1513094400,

"elevation":27.32,
Ylanduaseedas
"resource":"energy-solar",
"version":"v1",
"requestId":727190000000000
}I
"forecastslHour": {
"validTimeUtc":

513134000,1513137600,1513141200,1513144800,1513148400,1513152000,1513155600,1513159200,1513162800,1513166400,
oY oytie oy i o P B e e R st o W Syt oo 0o e s el B el 0 R DA O Ol O b 0 0 0 O 0@ e e e v O O Sl G 6 0o 0 0 7 O v B S s e o s Yl B 90 Rs v s

"irradianceGlobalHorizontal":
244 .,4,296.2,337.5,297.9,196.2,61.4,4.7,
YA TR ot Wi sy B e e B el O e el S M G e G Do B o o
"irradianceDirectNormal":[10.5,11.9,
3,423.8,526.6,704.7,693.1,449.2,17.4,
9,480.5,24.8,0.0,0.0,0.0,0.0,0.0,0.0,0.
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[1513094400,1513098000,1513101600,1513105200,1513108800,1513112400,1513116000,1513119600,1513123200,1513126800,1513130400,1
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Wind API

https://api.weather.com/v3/wx/forecast/hourly/energywind/15day?geocode=33.74,-84.39&format=json&units=m&height=260.0&elevation=7777.0&apiKey=yourApiKey
{

"metadata": {
"procTime":1513097825,
A6 oty P DAS BN, (s
"serviceTime":0.01042479,
"latitude":33.7400,
"longitude":-84.3900,
"initTimeUtc":1513094400),
"elevation":7777.0,
"landuse":1,
"resource":"energy-wind",
"version":"v1",
"requestId":1232180000084335,
"height":260.000
b
"forecastslHour": {
"validTimeUtc":[1513094400,1513098000,1513101600,1513105200,1513108800,1513112400,1513116000,1513119600,1513123200,1513126800,1513130400,15
13034000 1513137600515 131402/ 0.0::1:51:3: 1443005 15131 4:8:4:0.0:- 151310520000 1251312556005 15131592 007151316 28 005 151370766 4 Q0o
"windSpeed vl B R e B Db s 2 2 e Qe N DA 0 2 Al 2 2 L D e A B A e D BB 2 B A 2 G G A e e B DA T S A O B A B OB A A B T QAL G 1 B
B o B L O e S o T P o 0 e S S M B B B P A o D s v Y e e e N o L L S v T o S G S e o e L vt Bl v o 3 v P i N v 5 o oy Ao 4 e K S S
B B R L R R e Gl o O Y P P A P D o o T T L L e B e e vt R O o e e P T e L e o o e S e o P e L S e S
L 8 o T 1D s s o s o s B e e B O B € G O e O e e e L T S B e B v e B o s T < e B o S O N Oy s e o S s B YA O s W 0 T s Pt S AP
S B e e e G Y QY & o o B A A A S S A T o o T o e R A N T o e o O A o 0 P B e L O s B e e B Y Vo SO AV T o AV o M AT G A I N Ao
,321,318,311,309,307,301,297,294,295,295,296,298,300,303,307,311,315,317,318,318,318,318,318,315,313,310,305,299,293,282,267,...,324],
Ndensity 052 5105 2500524 9 0 5249500 52 A0 0 5 2 5 1 0 D 2 S 3 0 5 2 550 5 2 6 0 0 D 26 6 0 B 2 1 O B 2 S 0 D 2 8 0 5 28 0705 2810512182 A 045 28 3 0 5 2. 8.3 01
5283 052830 0vn 528 20 0o b 2 B A O 52 8 6 O 288 05286 0 5 2 Do e Sy 2 o v S NG 2B 5256 2 0o 52 5 v e 5 2. A B Qv S 0 0o 5. 24 3o Qv 5 2 N Do () o5 2390 5238 02 5 a3 e e 5y 23/ ()
SR I3 D QD3 QD300 522 O e 5y 2P B (Yo DB 523 B Qe 5 DA o e Sy D B S S e O 5 2 B e O S D Qe e 5y D e Qe SAA D Qo SO e D Qe DA D Qa5 Dl onococe O B 2: 88w
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Agriculture AP]

https://api.weather.com/v3/wx/forecast/hourly/agriculture/15day?geocode=33.74,-84.39&format=json&units=m&soilDepth=150.0&crop=Tea:85&apiKey=yourApiKey

{

"metadata": {
"procTime":1513102919,
AR A B SRR
"serviceTime":0.01020630,
"latitude":33.7400,
"longitude":-84.3900,
"initTimeUtc":1513094400,
"elevation":274.56
"landuse":1,
"resource":"agriculture",
"version":"v1l",
"requestId":1232220000087009,
"soilDepth":150.000,
"crop":"Tea:85"
}I
"forecastslHour": {
"validTimeUtc":[1513094400,1513098000,1513101600,1513105200,1513108800,1513112400,1513116000,1513119600,1513123200,1513126800,1513130400,1513134000,1513137600,1513141200
,1513144800,1513148400,1513152000,1513155600,1513159200,1513162800,1513166400,...1,
"soilMoisture":[0.348,0.349,0.349,0.350,0.350,0.350,0.350,0.352,0.352,0.352,0.352,0.352,0.352,0.355,0.355,0.355,0.354,0.354,0.354,0.351,0.351,0.350,0.349,0.349,0.349,0.3
48,0.348,0.348,0.348,0.348,0.348,0.349,0.349,0.349,0.349,0.349,0.349,0.348,0.348,0.348,0.348,0.348,0.348,0.342,0.342,0.342,0.339,0.339,0.339,0.339,0.339,0.339,0.339,0.33
N e K e T S K A G L A O A O i L G R O S O e P RS T 36 A O AT Y e YA v O o Ko I A
"soilTemperature":[289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.4,289.5,289.5,289.5,289.6,289.6,289.6,
289.6,289.5,289.5,289.5,289.5,289.5,289.6,289.6,289.6,289.6,289.6,289.5,289.5,289.5,289.5,289.5,289.5,289.5,289.7,289.7,289.7,290.0,290.0,289.9,289.9,289.9,289.9,289.9,2
8.9:2:94-2.890.95:2.90::0:-2:90:05:2.90::0:2.907%0:72:90%0:7.2:8 99729 0:07290::072.90::04:2.90%:0+2.90:w0742.90:2052:90:2:7:290:27:2.90::2::290%342:90%:37290:3 7290372903729 0::3 729 003 72.90::3752:90%:38+ 2903729023529
D819 DV E a0 (R B O DB IO [ S Ol M S O S OB A ) MBMIT S s BOM S|
"evapotranspirationRef":[0.218,0.222,0.210,0.170,0.116,0.061,0.030,0.032,0.030,0.030,0.030,0.029,0.027,0.028,0.026,0.025,0.024,0.021,0.020,0.038,0.090,0.121,0.180,0.228,
0.257,0.264,0.244,0.196,0.162,0.092,0.044,0.043,0.042,0.040,0.038,0.034,0.032,0.029,0.026,0.023,0.020,0.017,0.016,0.028,0.087,0.129,0.193,0.240,0.264,0.263,0.231,0.172,0
.110,0.035,0.015,0.004,0.004,0.003,0.001,-0.001,-0.002,-0.004,-0.004,-0.004,...,0.171],
"evapotranspirationModel":[0.137,0.135,0.124,0.104,0.067,0.034,0.027,0.026,0.025,0.022,0.021,0.021,0.019,0.020,0.020,0.019,0.017,0.015,0.013,0.010,0.024,0.063,0.094,0.10
4,0.109,0.114,0.114,0.105,0.064,0.021,0.015,0.024,0.025,0.019,0.016,0.012,0.013,0.012,0.011,0.010,0.007,0.005,0.003,0.002,0.012,0.047,0.087,0.100,0.103,0.104,0.102,0.082
MOMOE90e O B BRn0Oda@aa M @O QcO @R O QX MO O O iaa0 e GON e R EIONMAG MO @0 OO RO OB MO Qe O (iR SO O T Bar M Oic Ao ANl o R dinam sl it 2 OMOI9 8
"evapotranspirationCrop":[(0.218,0.222,0.210,0.170,0.116,0.061,0.030,0.032,0.030,0.030,0.030,0.029,0.027,0.028,0.026,0.025,0.024,0.021,0.020,0.038,0.090,0.121,0.180,0.228
,0.257,0.264,0.244,0.196,0.162,0.092,0.044,0.043,0.042,0.040,0.038,0.034,0.032,0.029,0.026,0.023,0.020,0.017,0.016,0.028,0.087,0.129,0.193,0.240,0.264,0.263,0.231,0.172,
0.110,0.035,0.015,0.004,0.004,0.003,0.001,-0.001,-0.002,-0.004,-0.004,-0.004,-0.004,-0.003,-0.003,-0.000,0.016,0.083,0.118,0.151,0.200,0.202,0.183,...,0.086,
0.158,0.171]}} The‘O
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