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WRF-Solar probabilistic forecasts

Limitations of deterministic forecasts
1. Deterministic forecast can 
potentially result in incorrectly 
predicting clear sky (day 5)
2. Deterministic forecast does not 
inform us about how confident we are 
on the predictions

• What do we need
1. Ensemble based probabilistic 
forecast
2. Careful selection of relevant 
variables to perturb the ensembles
3. Calibration to provide unbiased 
forecasts with accurate ensemble 
spread

The ensemble perturbs temperature 
and winds which is not the optimal for 
solar irradiance forecasting

Pedro et al., 2019 (AMS)



Approach
WRF-Solar 

Adjoint analysis of WRF-Solar modules for 
sensitivity study 

Selection of variables for WRF-Solar 
ensemble 

Calibration of WRF-Solar forecasts to 
remove bias and improve spread accuracy 

Deliver optimized ensemble WRF-Solar
package capable of providing accurate 

probabilistic forecasts. 

Selection of members for optimized WRF-
Solar ensemble 

Demonstration

Development

Pedro et al., 2019 (AMS)

“Identify variables that significantly 
influence the formation and dissipation 
of clouds and solar radiation” 

1. Developing stand alone version for 
five independent physics schemes

4. Adjoint sensitivity test

§ FARMS radiation scheme
§ NOAH LSM
§ Thompson microphysics scheme
§ MYNN boundary layer scheme
§ Deng shallow cumulus scheme

3. Verify standalone TL/AD derivatives 
against finite difference 
approximations

2. Developing TL/AD codes for five 
independent physics schemes by TAF



FARMS (Fast-All-sky Radiation Model for Solar applications) 

§ New option for approximating solar radiation at the land surface with 

minimal loss of accuracy at high speed

§ Using simplified clear-sky RT model (BIRD) and parameterized LUTs of 

cloud transmittances (!) and reflectances (") from RRTM by functions of 

θ and cloud microphysical and optical properties

§ Xie et al. (2016)

AOD, θ, ⍺, PWV, P, ozone, … 

BIRD (Bird, 1981)

Clear-sky ! and "Cloud ! and "

Surface albedoAll-sky broadband irradiances

NREL report (2016)



Concept of TL/AD model
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§ Tangent linear model,

!+§ Adjoint model, 

Φ - = )/(' + -) − /(')
- )!_/(' , lim7→9Φ - = 1

§ Tangent linearity test

§ Adjointness test 
[Errico, 2007]
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TLM output

[Xiao et al., 2008 and Zhang et al., 2013]



TL/AD test results for FARMS
Φ " = )%(' + ") − %(')

" )*_%(' , lim0→2Φ " = 1

§ Tangent linear forecast approximates well the derivative of the nonlinear model 
solution as the perturbations decreased and approach zero. 

§ Adjoint code is developed correctly with the tangent linear code.

45, 45 = 46,78746
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Sensitivity test for FARMS

Tangent linear model 
gives the derivative of 
forecast variables w.r.t.
model state variables.

The error of each 
model-state variable

The error of GHI w.r.t
each model-state 
variable

P_ERROR = 1000.0, ALBEDO_ERROR = 0.1,
Z_ERROR = 0.001, AOD_ERROR = 0.1,

ALPHA_ERROR = 0.5, W_ERROR = 10.,
TAU_QC_ERROR = 37.8, TAU_QI_ERROR = 2.0,

TAU_QS_ERROR = 31.6,  RE_QC_ERROR = 4.2828965E-06,
RE_QI_ERROR = 1.8598472E-05, RE_QS_ERROR = 2.1256968E-04



Sensitivity test result for FARMS

Clear 
sky

§ In clear sky, GHI is sensitive to albedo, aod, w, and g and less sensitive to p and DNI is very sensitive to aod
and alpha (Ångström wavelength exponent ).

§ In cloudy sky, GHI is sensitive to cloud optical depth and less sensitive to effective radius. DNI shows small 
sensitivity to cloud variables, because DNI tends to attenuate fast if there is a cloud. 

Cloudy 
sky

8,100 cases

262,144 cases

Δ GHI Δ DNI



§ Processes controlling formation of cloud droplets and ice crystals, 
and their growth and fallout as a surface precipitation 

§ Thompson et al. (2004) (2008)

§ Important outputs

Thompson microphysics scheme

§ Tangent linearity test result

Qv QrQc Qi Qs Qg
Ni Nr

Re_qc Re_qi Re_qs

o Hydrometeors mixing ratio 

o Number concentration 

o Effective radius                                                                     



Tangent linearity test for Thompson scheme
Φ " = )%(' + ") − %(')

" )*_%(' , lim0→2Φ " = 1

§ Same perturbations were applied to all input variables. If hydrometeors are less than 1.e-12, we did not 
perturb that layer. 

§ When input values are much larger than perturbation (P, Ni, and Nr), it tends to reach model precision quickly.
§ Tangent linear forecast approximates well the derivative of the nonlinear model solution as the perturbations 

decreased and approach zero. 



Sensitivity test for Thompson scheme
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1. Constant error - TH

2. Value of variable itself - Ni

3. Standard deviation of each variable on each layer 

Ave. vertical distributions 
of hydrometeors (6480 

cases)

§ Cases are provided by WRF simulation (4/15 - 4/16 2018)
§ 9 km horizontal resolution (600 x 354), 45 vertical layers

- Qc, Qi, Qr, Qs, Qg, Nr
- Qv, Pi, P



Input

Ou
tp

ut

QV QC QR QI QS QG NI NR TH PII P

QV 0.98 0 0 0 0 0 0 0 0 0 0

QC 4.521 0.276 0 0 0 0 0 0 -1.323 -0.354 0.054

QR 0 0 1.74 0 0 0 0 0.023 0 0 0

QI 0.258 0 0 1.549 0 0 0 0 0 0 0

QS 0.008 0 0 0 1.734 0 0 0 -0.004 0 0

QG 0 0 0 0 0 1.811 0 0 0 0 0

NI 0 0 0 0 0 0 0.04 0 0 0 0

NR 0 0 0 0 0 0 0 0.92 0 0 0

TH 0 0 0 0 0 0 0 0 0.01 0 0

REQC 1.37 0.08 0 0 0 0 0 0 -0.43 -0.12 0.02

REQI 0.36 0 0 80.98 0 0 -0.12 0 -0.12 -0.02 0

REQS 0.02 0 0 0 329.16 0 0 0 0 0 0

RAINNC 0 0 0.004 0 0 0 0 0 0 0 0
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Comparing sensitivity



Qc Re_qc

Qi Re_qi Ni

Qs Re_qs

§ Cloud water variables 
are sensitive to Qv, Qc, 
TH, and Pi.

§ Ice variables 
are sensitive 
to Qi, Qv, Ni, 
and TH.

§ Snow variables are 
sensitive to Qs, Qv, and 
TH.

Sensitivity analysis !"
!# $ ∆#



Summary
§ WRF-Solar was the first NWP model 

specifically designed to provide 
solar irradiance forecast tailored 
for solar energy applications. 

§ New developments focused on improving the cloud-aerosol-radiation 
physics by ensemble based probabilistic forecasts.

§ Adjoint sensitivity analysis of physics packages is used for finding key 
variables and parameters controlling the surface irradiance. In this 
study, it was applied to FARMS and Thompson schemes. 

§ This will lead to select optimal ensemble members and reduce 
forecast errors by providing more accurate probabilistic forecasts.


