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Abstract

This study aims to improve operational day-ahead direct normal irradiance (DNI) forecasts in
clear-sky conditions using the Weather and Research Forecasting (WRF) model. To create
three different forecasting methods targeting the direct effect of aerosols on radiation, we use
three different types of aerosol optical depth (AOD) data: (1) the Tegen aerosol climatology,
(2) persistence of measured AERONET AOD, and (3) GEOS-5 gridded forecasts of AOD. We
evaluate each method at the Solana Generating Station, a concentrating solar power plant near
Gila Bend, Arizona, and the University of Arizona, Tucson. We perform a retrospective DNI
forecast analysis and find that including GEOS-5 forecast AOD improved the DNI forecast
compared to using an aerosol climatology at both locations. At Tucson, where AOD is
measured, we find that persistence of measured AOD gives the best DNI forecast. However,
the accuracy of that measured AOD reduces when translating it 225 km to Solana to forecast
DNI 48 hours later. We then include the GEOS-5 AOD forecasts in one member of an
operational forecast system and evaluate it against the other ensemble members that use the
aerosol climatology. In clear-sky conditions, including GEOS-5 forecast AOD instead of the
Tegen aerosol climatology, the DNI forecast root mean square error reduced by 27% at Solana.
We found no significant differences during all-sky conditions because the relatively poor
performance during cloudy conditions outweighs the improvements made in clear-sky

conditions.
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1. Introduction

Utility companies benefit from accurate power forecasts to manage different sources of
generation. Solar power forecasts primarily rely on solar irradiance forecasts; therefore, those
irradiance forecasts need to be accurate. Energy companies can trade energy based on accurate
power forecasts. Load balancing, dispatching reserves, curtailing production, and operating
energy storage are all management decisions that are informed in part by solar power forecasts
(Kleissl, 2013; Tuohy et al., 2015; Antonanzas et al., 2016). These management decisions help
energy companies with day-ahead energy scheduling (Brancucci Martinez-Anido et al., 2016).

Concentrating solar power (CSP) systems use an array of mirrors or lenses to heat a fluid
or illuminate specialized photovoltaic cells. These optics can only concentrate beams of direct
sunlight. Direct normal irradiance (DNI) is downward shortwave radiation received at ground
level in a plane normal to the Sun vector from an acceptance angle of + 2.5° around the Sun.
Diffuse radiation (DIF) is solar radiation from the sky, excluding DNI, which has been
scattered by the clouds, aerosols, and the other atmospheric constituents. The mirrors cannot
concentrate DIF; therefore, the amount of energy produced by CSP systems is maximized
during clear-sky conditions and falls off sharply with cloud cover. To predict the energy input
to CSP systems, we must accurately forecast DNI in clear-sky and cloudy conditions.

There are different methods to forecast DNI tailored for different timescales. For day-
ahead forecasting, numerical weather prediction (NWP) is most appropriate (Jimenez et al.,
2016) and is the focus of this study. During cloud-free conditions, the representation of aerosol
optical depth (AOD) is the most important factor governing the performance of day-ahead DNI
forecasts for solar applications (Ruiz-Arias et al., 2013); this is due to the direct effect of
aerosols on surface radiation. The usefulness of DNI as a quantity is limited for forecast
applications outside solar energy; therefore, many NWP forecasts do not represent AOD.
Clear-sky DNI forecast error comprises radiation scheme error, measurement error, and AOD
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error. However, the portion of the DNI error from the radiation scheme and observations (from
well-maintained instruments) is known to be smaller than the portion due to the AOD error
(Holben et al., 1998; Ruiz-Arias, 2013). The second most important factor determining the
performance of day-ahead DNI forecasts for solar applications is precipitable water (PW).
Accurate forecasts of PW have been made using a NWP model (WRF) with readily available
forcing data (GFS), without the need for additional PW data (Gonzalez et al., 2013).

Ground-based observations of AOD, while being the most accurate measurement of
AOD, lack spatial coverage. Satellite observations have more coverage than ground-based
observations, but alone lack the accuracy required to accurately forecast DNI (Ruiz-Arias et
al., 2015). The best representation of aerosol optical properties lies in data that combines
observations to coupled atmospheric chemistry and numerical weather prediction models
(ACNWP). For an operational forecast system using these types of data, the problem shifts to
computational expense and latency (the time from data initialization to availability). The
Goddard Earth Observing System model version 5 (GEOS-5) is one of the few ACNWP
models that combines satellite and ground-based measurements and meets the criteria for
operational day-ahead forecasts because it has a latency of only 8 hours. Section 3.3 describes
the GEOS-5 system in more detail.

Solar energy stakeholders want to know which NWP configuration and AOD data will
produce the most accurate operational day-ahead DNI forecast for their solar power system?
This study will evaluate different methods of incorporating AOD into operational day-ahead
forecasts for solar energy applications using the Weather and Research Forecasting (WRF)
model. We will compare DNI forecasts made using: no aerosol, an aerosol climatology, a
persistence of measured AOD, and GEOS-5 forecast AOD. We also construct a clear-sky DNI
persistence forecast, a non-NWP forecast that uses no additional aerosol data, for further

comparison. We first perform a retrospective forecast analysis to test these different methods.
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Then, we implement the best performing method in our operational forecast system and
perform an operational forecast analysis. Unlike a retrospective forecast, an operational
forecast is subject to computational, consistency, and time constraints. Considering such
factors is essential when formulating a robust configuration.

While previous work (Jimenez et al., 2016) has used GEOS-5 analysis AOD (+0 hours
forecast) to improve retrospective DNI predictions, this study is the first to use GEOS-5
forecast AOD (= +24 hours forecast) in an operational forecast system. Contrasting to the
controlled experiment in Jimenez et al. (2016), we exclusively use real-time data for our
operational forecasts. To evaluate the GEOS-5 forecast accuracy in our forecasting periods, we
will compare errors from GEOS-5 forecast AOD to analysis AOD and an AOD climatology.

The predominantly clear skies of the United States Desert Southwest mean that it is an
ideal location for solar energy production, especially from concentrating solar power plants
(Sengupta et al., 2018). We will study two different sites in Arizona: the Solana Generating
Station, near Gila Bend, and the University of Arizona, Tucson. However, we expect our results
to be similar in other locations with similar climate conditions. At those sites we analyze DNI
forecasts made for 105 predominantly clear-sky days, which is over five times the number of
clear-sky days evaluated in Jimenez et al. (2016).

Atlantica Yield operates the Solana Generating Station, and Arizona Public Service
purchases its power. Atlantica Yield and Arizona Public Service are the primary stakeholders
motivating this research. Section 2 provides background information on aerosol optical
properties, principally AOD, and describes their influence on radiation. Section 3 discusses the
representation of AOD in operational forecasts. Section 4 explains configurations of the
different forecasting methods that we use, and the observations used to evaluate them. Section

5 presents the forecast analysis and discussion. Section 6 concludes this study.
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2. Background on aerosol optical properties

Extinction of radiation from a beam of sunlight, the direct effect of aerosols on radiation,
is the primary source of error in clear-sky DNI forecasts (Ruiz-Arias, 2013; Jimenez et al.,
2016). Aerosol optical depth (AOD) describes the opacity of the cloud-free atmosphere in the
visible portion of the solar radiation spectrum. AOD is calculated from the cumulative
extinction of radiation from a direct-beam at each wavelength over the atmospheric path length

(Holben et al., 1998). The Beer-Lambert Law gives the equation:

1,(SFC) = 1,(TOA) e~ /v [1]
where I, is irradiance at the surface (SFC) or top of the atmosphere (TOA) at a specific
wavelength A, p is the atmospheric path length and T, is the AOD at wavelength A. Because
AOD is a spectral quantity, it is measured at specific wavelengths. The Angstrom law describes
the dependence of AOD on wavelength, and allows for the conversion of AOD from one

wavelength to another:

—a
=) 2

where Ay and A; are wavelengths, T, o is AOD measured at the specific wavelength A, and o
is the 470-870 nm Angstrém exponent (Angstrém, 1961). Typically, AOD at 550 nm is used
in atmospheric radiative transfer problems because it is approximately in the middle of the
visible region of the radiation spectrum and near the wavelength of peak solar emission.
However, AOD is not necessarily measured at 550 nm, so the Angstrém exponent is used for
conversion. The Angstrom exponent can be directly calculated from multiple AOD
measurements at different wavelengths.

Other spectral parameters that directly influence the transmission of radiation through
the atmosphere are: (1) the single scattering albedo (SSA) - which is a ratio of scattering to
extinction of radiation within a beam of sunlight, and (2) the asymmetry factor (ASY) - the

preferred direction of scattering radiation (ASY = 1 meaning forward, ASY = -1 meaning

6
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backward). Greater SSA values will result in more DIF and less absorption. ASY = 1 means
more DNI compared to ASY < 0, which results in less DNI and more DIF. AOD has the most
dominant effect on DNI, whereas the impact of SSA and ASY are small. The treatment of these
variables in NWP is described further in Section 3.1.

The indirect effect of aerosols on radiation stems from cloud-aerosol interactions and cloud-
radiation feedbacks (Quaas et al., 2009). Aerosols are needed to provide surfaces for cloud
particles to form, cloud condensation nuclei, which can have varying effects on cloud droplet
number concentration and, therefore, cloud optical thickness and cloud lifetime. Sophisticated
parametrization of the indirect effect quickly becomes complex because cloud-aerosol
interaction and feedbacks introduce large uncertainties. Improving the representation of the
indirect effect of aerosols on radiation in NWP is a different research question.

3. Representing AOD in an operational forecast system

3.1 Incorporating AOD data in a NWP model

The operational forecasting system at the University of Arizona uses the Weather and
Research Forecasting (WRF) model (Skamarock et al., 2019). Representing AOD in NWP
models, like WRF, requires a balance of realism, accuracy, and computational expense. Models
that include full chemistry simulations can produce more realistic output; for example, WRF-
Chem adds simulations of chemical interactions to WRF. However, performing operational
WRF-Chem simulations is uncommon because initialization data sets are not readily available,
and simulations are computationally expensive (Sessions et al., 2015; Skamarock et al., 2019).

Default NWP configurations are designed for general weather prediction, not solar
forecasting, as they do not represent changes in AOD. For solar forecasting, we must activate
specific radiation parameterization options that can utilize additional data. Which options and
what data to use requires specific analysis for the application in question. The RRTMG scheme

(Rapid Radiative Transfer Model for climate and weather models) is commonly used for
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parameterizing radiative transfer in day-ahead forecasts for solar energy applications. RRTMG
uses a spectral range of 0.2 to 12.2 um and, in clear skies, the expected accuracy compared to
line-by-line calculations is about 4 Wm™2 for direct fluxes (Iacono et al., 2008; Ruiz-Arias,
2013; Ruiz-Arias, Dudhia and Gueymard, 2014; Gueymard and Ruiz-Arias, 2015). Since the
incorporation of most features from WRF-Solar version 1.2 (Jimenez et al., 2016) into the
WRF model (version 3.8), it has been possible to represent the direct effect of aerosols on
radiation in simulations using the RRTMG scheme with two different options:

The first WRF/RRTMG option (namelist option aer_opt=1) uses the Tegen global
aerosol climatology data (Tegen and Fung, 1994; Tegen et al., 1997) as an input to RRTMG.
This climatology is comprised of monthly values of five species of aerosol (organic carbon,
black carbon, sulfate, sea salt, and dust) at each model-level, aggregated into a total column
AOD. The data is on a spectral grid, which is equivalent to 5°x4° (625 km) grid-spacing at the
equator. The climatology uses a global 3D transport model described in Tegen and Fung (1994)
to create a 15-year simulation that is evaluated using ground- and satellite-based observations
in Tegen et al. (1997). Zubler et al. (2011) showed that in areas with complex dust emissions,
aerosol climatologies have substantial difficulties reproducing observed AODs. This is relevant
to the United States Desert Southwest, where dust emissions can vary on inter-day timescales.

The second WRF/RRTMG option (aer_opt=2) allows 3D (x, y, t) fields of aerosol
optical properties (e.g., AOD at 550 nm) to be incorporated into radiation calculations via the
WREF auxiliary inputs. These 2D static fields are user-defined and can be either uniform values,
different aerosol climatologies, or aerosol analysis/forecasts products. The user can also specify
other properties such as the Angstrém exponent, the single-scattering albedo (SSA), and the
asymmetry factor (ASY) in a similar fashion. Of these optical properties, AOD has the greatest
influence on incoming solar radiation; therefore, it should be input as a 3D (x, y, t) field. The

dependence of AOD on wavelength, the Angstrdm exponent, has the next largest influence,
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and we will examine the impact of using a 3D field versus a single climatology value for DNI
forecasts, in Section 5.1.1. For the remaining optical properties, we use the Ruiz-Arias, Dudhia,
and Gueymard (2014) parametrization in this study. The rural aerosol type, in this
parameterization, prescribes that the aerosol load is a mixture of 70% water-soluble and 30%
dust. In contrast, the urban aerosol type is 56% water-soluble, 24% dust, and 20% soot-like
particles. We choose rural instead of urban because our validation points are typically not in
urban or industrial areas, and dust is a key constituent of the aerosol load in the United States
Desert Southwest. Gueymard and Ruiz-Arias, (2015) and Jimenez et al., (2016) show this
configuration of the RRTMG radiation scheme to improve the representation of the direct effect
of aerosols on radiation; therefore, we can expect improvements to clear-sky DNI forecasts
compared to a configuration using an aerosol climatology.
3.2 Metrics to evaluate data

We use root mean square error (RMSE), mean bias error (MBE), and RMSE skill score

(SS) to quantify analysis and forecast errors;

RMSE = [T3N (i —xi0)2  [3]

1
MBE = ﬁzg\il(xi,f_xi,o) [4]

where Xif, X, are the ith entry of the forecast (f) and observation (0) time series (length = N),

and:

RMSE¢¢
RMSE a different fx

(3]

SSrmse =1
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where a forecast RMSE is used as a benchmark to compare a different forecast. We calculate
root mean squared difference (RMSD) and mean bias difference (MBD) using Equations 3 and
4 but with two forecast or observations values instead of one of each. Full derivations are
available in Levine and Wilks (2006).

3.3 Observing and Forecasting AOD

An accurate forecast requires proper model initialization. In our case, a good model
initialization represents the current state of AOD; this requires observations. The Aerosol
Robotic Network (AERONET) measures optical properties from the ground at several sites,
one of which is at the University of Arizona in Tucson, AZ (32.23N, 110.95W). A sun-
photometer measures AOD and the ;\ngstri)'m exponent at eight wavelengths from 340nm to
1640nm. From observations at 500nm and 675nm, AOD at 550 nm can be calculated as
described in Section 2. Holben er al. (1998) report an uncertainty of < +0.01 for AOD
measurements from AERONET sites, justifying its use as a benchmark. However, AERONET
is a sparse network, with no sites at solar power systems. When using measured AOD to
forecast DNI, frequent data gaps in the AERONET network present a forecasting challenge
that needs to be considered for an operational configuration.

GEOS-5 (Goddard Earth Observing System, version 5.16) is an Earth-system model
that produces operational forecasts (Suarez et al., 2008). Gridded forecast AOD and Angstrém
exponent are available on a 0.3125°x0.25° global grid every 3 hours. These forecasts come
from a prognostic aerosol module that is based on the Goddard Chemistry, Aerosol, Radiation,
and Transport Model (GOCART) (Chin et al., 2000, 2002; Colarco et al., 2010). GEOS-5 has
a data assimilation system where satellite observations of aerosols are calibrated with ground-
based observations (AERONET) and input to GOCART. The GOCART model traces
dominant aerosol species and couples them to atmospheric variables at each time-step. Aerosol

optical properties are then calculated across gridded horizontal areas for each vertical layer

10
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from the aerosol number concentration and aerosol type. The aerosol optical properties are
quality controlled using neighboring values and assimilated using a local displacement
ensemble methodology (Reale, Lau, and da Silva, 2011; Randles, Colarco, and Da Silva, 2013).
Finally, a forecast AOD at 550 nm is calculated based on the modeled aerosol type and
distribution. Jimenez et al., (2016) compared DNI forecasts made using WRF/RRTMG with
the Tegen aerosol climatology to WRF/RRTMG with GEOS-5 analysis AOD. For the 20 clear-
sky days evaluated at 7 Surface Radiation Network sites, Jimenez et al., (2016) reported a
reduction in forecast DNI RMSE from 66 to 41 Wm™2,

Schroedter-Homscheidt er al. (2013) used a gridded forecast aerosol product, the
European Centre for Medium-range Weather Forecasting (ECMWF) Monitoring Atmospheric
Composition and Climate project (MACC, 2013), to examine the sensitivity of DNI to
differences in AOD versus ground-based measurements. They found that MACC AOD
forecasts performed better or equal to a persistence forecast based on ground-based
measurements. Schroedter-Homscheidt ef al., (2013) concludes that the effect of intra-day
variability of AOD on DNI is small.

Direct AOD observations, like those from AERONET, can be used to evaluate gridded
AOQOD data. Figure 1 shows the daily values of AOD at 550 nm from four data sources (GEOS-
5 analysis, ECMWF-MACC analysis, the Tegen aerosol climatology, and AERONET
observations), at two locations (Tucson and Yuma). We see some seasonal variability, with
observed AERONET AOD on average higher during summer months. Also, we see an inter-
day variability of AOD, which the climatology fails to represent. The misrepresentation of
AOD can cause significant DNI forecast errors because of the sensitivity of DNI to AOD,
resulting from their exponential relationship (see Equation 1). At Tucson, using AERONET as
a benchmark, the GEOS-5 analysis AOD RMSE is 0.061, and MBE is 0.045 (see Table I). . At

Tucson and Yuma, the GEOS-5 analysis AOD has lower RMSE and MBE compared to
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ECMWE-MACC analysis AOD. At Tucson, the differences in error from GEOS-5 analysis
AOQOD and the Tegen climatology are within AERONET measurement uncertainty (+0.01). At
Yuma, these differences in error are greater than 0.01, and there are more frequent data gaps at
the Yuma AERONET site compared to Tucson; the first three months of 2017 are missing in
Figure 1. At the time of this study, there are no research-quality measurement sites for DNI or
GHI in Yuma, so the evaluation of DNI forecasts is not possible. Therefore, we will only

continue to study the Tucson site.

a) TUCSON

—— ECMWF-MACC
06 —— Tegen Climatology
— GEOS'5

«  Aeronet

AOD @ 550nm [~]
o o o
I ¥

ot
N

—— ECMWF-MACC
0.6 —— Tegen Climatology
—— GEOS-5

*  Aeronet

AOD @ 550nm [-]
o o o
L 7

=
~

2017-01-01
2017-02-01
2017-03-01
2017-04-01
2017-05-01 1-*
2017-06-01
2017-07-01
2017-08-01
2017-09-01
2017-11-01 { 3
2017-12-01

Date [-]

Figure 1: Time series of daily AERONET observations (red points) of Aerosol Optical Depth
measured at 550 nm at two locations Tucson (a), and Yuma (b) for 2017. Daily GEOS-5 and
ECMWEF-MACC analysis AOD are shown alongside the Tegen monthly aerosol climatology
(see legend).

Table I: Statistics comparing daily GEOS-5 analysis, ECMWF-MACC analysis and, the
Tegen monthly aerosol climatology, to AERONET observations at Tucson and Yuma for 2017.
MBE and RMSE are shown. AERONET measurement uncertainty is +0.01.
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299
300

Tucson Yuma

N=365 N=195

GEOS-5 | MACC Tegen GEOS-5 | MACC Tegen

RMSE [-] 0.061 0.108 0.053 0.086 0.120 0.054

MBE [-] 0.045 0.090 0.031 0.073 0.105 0.036

The discussion above characterized the GEOS-5 analysis AOD accuracy, but we are
most concerned with the GEOS-5 forecast AOD accuracy. Ideally, we would calculate AOD
forecast performance for several years, similar to what we have done for the analysis, however,
only the most recent three months of GEOS-5 forecast data are available at a given time due to
their storage limitations (the analysis AOD, +0 hours forecast, is stored long-term). Here we
instead establish that the GEOS-5 forecast accuracy is similar to the GEOS-5 analysis accuracy
during the retrospective and operational periods studied (see Section 4.1), and we assume that
the correspondence between forecast and analysis accuracy remains similar throughout the
year. Table II compares errors at Tucson from the GEOS-5 forecast to analysis AOD. In our
study periods, the differences in RMSE and MBE between the forecast and analysis AOD are
< 0.01, from Table II. The uncertainty of AERONET observations is +£0.01. Therefore, the
forecast AOD used is representative of the analysis data during our forecast periods. We use
Table II: Statistics for our forecast periods (see Section 4.1) comparing errors from GEOS-5
analysis and forecast AOD using AERONET observations. Errors from the Tegen climatology

are shown for comparison. MBE and RMSE are shown. Also, MBD and RMSD are shown to
compare GEOS-5 AOD at Solana to Tucson.

Retrospective Fx Period Operational Fx period
N=57 N=74
Tucson
(AERONET obs.)
. 24-hour Fx . 48-hour Fx
Analysis AOD AOD Analysis AOD AOD
Tegen RMSE [-] 0.073 - 0.051 -
Climatology
AOD MBE [-] 0.027 - 0.047 -

13
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316

RMSE [-] 0.056 0.036 0.041 0.042
GEOS-5 AOD
MBE [-] 0.028 0.006 0.038 0.036
GEOS-5A0D | RMSD [-] 0.038 0.021 0.025 0.022
(Solana -
Tucson) MBD [-] 0.013 0.006 0.019 0.014

+24 hour AOD forecasts for the retrospective period and +48 hour forecasts in the operational
period, due to the latency of GEOS-5 forecast AOD (see Section 4.1). However, Table II shows
similar errors for both forecast hours.

At Tucson, the GEOS-5 AOD and the Tegen climatology have similar magnitude errors
suggesting a similar representation of AOD from using either data. A key question at this point
is: are AERONET measurements from Tucson sufficiently representative of the next day’s
AOD at the Solana Generating Station in Gila Bend 225 km away? (Figure 2 shows a
photograph of the Solana Generating Station and Figure 3 shows its location on a map). Solana
is where AOD needs to be better represented, as this is where DNI is to be forecast for the solar
power system. Furthermore, a follow-up question is: is the error introduced by translating
AERONET observations to a different location/time less than the GEOS-5 forecast error? We
cannot directly answer these questions because AOD is not measured at the power plant.
However, we can study the relative accuracy of the DNI forecast obtained from either AOD
data source. To do this, we must first understand the temporal and spatial variability of GEOS-

5 forecast AOD.
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Figure 2: Photograph of the Solana CSP system near Gila Bend, AZ, USA (Bunn, 2019)

a) 2017-09-23 15:00 b) 2017-09-23 18:00
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Figure 3: Gridded GEOS-5 Aerosol Optical Depth forecasts in the United States Desert
Southwest at (a) 1500Z and (b) 1800Z on September 23', 2017. The Solana Generating Station
is marked in red. The AERONET observations of AOD performed at the University of Arizona,
Tucson (orange), and Yuma (gray) are also marked (see the Supplementary Material for an
animation of 29 days of GEOS-5 forecast AOD).

The two snapshots of GEOS-5 forecast AOD in Figure 3, show different spatial patterns
3 hours apart. In Table II, the RMSDs comparing GEOS-5 AOD at Solana to Tucson show
consistent differences (> 0.02), that are greater than AOD measurement uncertainty,
demonstrating the independence of GEOS-5 AOD at these locations. While the AERONET
observations capture the temporal variation in AOD at a single point, they miss the spatial

characteristics seen in Figure 3. The aerosol climatology has spatial and temporal
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representation; however, it will miss the inter-day variability in those dimensions. The GEOS-
5 products represent the short-term spatial distribution of AOD but are likely not as accurate
as ground-based observations. We could, therefore, expect smaller errors from DNI forecasts
made using AERONET observations near to the measurement site, with errors increasing the
further from the measurement site. Away from an AOD measurement site, we are restricted to
inferring better AOD representation from a better DNI forecast.

4. Experiment Details

4.1 Forecast Data

4.1.1 NWP Forecast Configuration

First, we will test three different methods in a retrospective forecasting period, and then
implement the best performing method in an operational forecasting period. For the
retrospective period, September through October 2017, we use the WRF model version 4.0
(Skamarock et al., 2019) with a domain of 100x100 cells with a horizontal spacing of 5.4 km
and 33 vertical levels. The 0.25° National Centers for Environmental Prediction Global
Forecast System (GFS) data is used to force the simulations every 3 hours (NCEP, 2015a). The
RRTMG radiation scheme is used for short- and longwave radiation. Other parameterization
schemes used are the Thompson microphysics scheme (Thompson et al., 2008) and the
Asymmetric Convection Model 2 planetary boundary layer scheme (Pleim, 2007). The time-
step is 30 seconds with RRTMG called every time-step.

Table III summarizes the three forecast methods tested retrospectively. The ‘No
Aerosol’” experiment serves as a control experiment with WRF/RRTMG in its default aerosol
configuration. The ‘Climo Fx’ uses the Tegen ez al. (1997) monthly aerosol climatology, which
was the configuration for our operational forecasting system at the outset of this study. This
climatology has a grid-spacing of 625km at the equator, resulting in approximately one AOD

value for Arizona per month. ‘Aeronet Fx’ is a persistence AOD forecast where the previous
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369
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day’s AOD and Angstrt’)m exponent values measured at the Tucson AERONET site are used
to forecast DNI for the next day. 3-hourly averaged AOD values are translated onto a grid,
yielding a 2D data set of uniform AOD values. This enables the same namelist option to be
used for this and the ‘GEOS-5 Fx’ configuration (aer_opt=2, aer_aod550_opt=2). The ‘GEOS-
5 Fx’ uses day-ahead GEOS-5 forecasts of AOD and /&ngstrdm exponent. All 2D aerosol data
is extracted and interpolated using a 4-point bi-linear method at the pre-processing stage
(WPS), so the AOD values are static between input times.

Table III: Table describing the forecast methods implemented in a retrospective manner from
September through October 2017.

Forecast Name | Description

0: No Aerosol No aerosol data used

1: Climo Fx AOD at 550nm and Angstrom exponent are calculated from the Tegen

climatology data set.

2: Aeronet Fx The previous day’s observations of AERONET AOD at 550 nm and 470-
870 nm /&ngstrém exponent (t, X, y) are input every 3hrs as a uniform

value over the forecast domain.

3: GEOS-5Fx | GEOS-5 forecast AOD at 550 nm and 470-870 nm Angstrom exponent

are input every 3hrs to the forecast domain.

For the operational forecasting period, April through June 2019, we use WRF (version
3.9.1.1) for a domain of 456x599 cells with a horizontal spacing of 5.4 km and 38 vertical
levels. Operational forecasts are initialized daily at 00Z, 06Z, 127, and 18Z using NAM forcing
(NCEP, 2015b), and GFS forcing at 00Z and 12Z. This is an operational forecast system where
numerous ensemble members are run daily for various applications, one of which is solar

energy forecasting. The operational forecast system is, therefore, subject to computational,
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consistency, and time constraints. The current configuration and latest regional forecast

products are available at (http://www.atmo.arizona.edu/?section=weather&id=wrf).

We incorporate the GEOS-5 00Z AOD forecast into the NAM 18Z DNI operational
forecasts. We use the GEOS-5 00Z AOD forecast, rather than the 12Z AOD forecast, due to
the 8-hour latency of the GEOS-5 product (see Figure 4 for the operational forecasting
timeline). We will compare the NAM 18Z configuration, with the GEOS-5 forecast AOD, to
the other ensemble members that use the Tegen aerosol climatology. Despite the differing
initializations, this will provide a fair comparison because the effect of the differing AOD
representation on radiation during clear-sky conditions will outweigh any differences in these
neighboring initializations; see Section 5.2.2 for supporting evidence. Minor initialization
differences could change modeled cloud location and timing; however, both observation and
forecast need to be determined as clear-sky for an evaluation to take place, see Section 4.2.3
for filtering methods.

In the operational configuration five more model vertical levels are used. This will not
affect DNI forecasts during clear-sky conditions but could improve forecasts of clouds and thus
DNI in cloudy conditions. The domain is smaller for the retrospective forecast period.
However, the two evaluation sites are > 20 grid points from the boundary in each forecast
domain, so the errors from boundary conditions will not influence them. Of critical importance
is the radiation parameterization scheme, RRTMG, which is used consistently for each method

in both forecasting periods.
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Figure 4: Schematic showing forecast spin-up times for the GEOS-5 AOD forecast (blue),
WREF DNI forecasts (green: with GEOS-5 Fx, purple: with Climo Fx) with various forcing data
(NAM/GEFS). Spin-up times (in hours) are shown in black and are calculated from the
beginning of initialization data to the beginning of evaluation (red). Note that the time from
00Z GEOS-5 AOD Fx to 07Z DNI Fx Evaluation is +37 hours.

4.1.2 DNI Persistence Forecast Configuration

An important benchmark in solar irradiance forecasting is the persistence model. For
clear-sky conditions, we construct a DNI persistence forecast from hourly clear-sky
observations. For a given hour of the day, we take the most recent clear-sky DNI observation
for that hour from a previous day with a limit of -7 days. For all-sky conditions, we construct
a strict 24-hour persistence of DNI, where we use yesterday’s DNI observations to forecast
for today.
4.2 Forecast Evaluation Data

We evaluate DNI forecasts at the Solana Generating Station system and the University
of Arizona, Tucson. For the retrospective forecast period, instantaneous forecast values are
evaluated every 15-minutes against 1-minute instantaneous observations. Instantaneous
forecast values are used every hour in the operational forecasting period due to data archive

limitations, but again they are evaluated against 1-minute instantaneous observations.
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4.2.1 Solana Generating Station

The Solana Generating Station operates an Eppley normal incidence pyrheliometer that
has a spectral range of A = 0.25 to 3 um and measures DNI with an estimated uncertainty of
2%. It is appropriate to use this instrument to evaluate the DNI output from the RRTMG
radiation scheme. For global horizontal irradiance (GHI), an unshaded Kipp & Zonen
pyranometer is used (CMP22) with an estimated uncertainty of 2%. These are regarded as
industry standards for radiation measurements and are maintained regularly.
4.2.2 OASIS NREL

The University of Arizona maintains a research class sun-photometric station (OASIS:
32.23N, 110.95W), which is part of a network of high-performance stations under the
supervision of the National Renewable Energy Laboratory (NREL). The data can be accessed
through NREL's data portal (Andreas, A. Wilcox, 2010). DNI is observed using a Kipp &
Zonen CHP1 pyrheliometer instrument mounted on an automatic sun-following tracker. The
CHP1 has a spectral range of A = 0.2 — 4 pm and an estimated uncertainty of 3 - 4%, making
it also an appropriate instrument to evaluate DNI output from RRTMG. More specific
information about the instruments and maintenance is available on the portal, but it is
reasonable to attribute confidence to these observations relative to DNI forecasting errors.
4.2.3 Filtering Methods

We analyzed forecast errors in clear- and all-sky conditions. Observations were
screened for clear-sky conditions using a clear-sky filter on measurements of GHI (Reno and
Hansen, 2016). Forecasts were filtered using the clear-sky variable (SWDDNIC) in WRF
output; if forecast irradiance deviates from the clear-sky variable by more than 1 Wm™2 then
itis flagged as cloudy. For a given time to be considered clear-sky conditions, both observation
and forecast must be determined as clear-sky by these filters. All DNI forecasts were passed

through a zenith angle filter (65 < 70°) to restrict evaluations to peak sun hours. This is done
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because in times when 65 > 70° solar energy power production is insignificant in comparison
to peak sun hours.

5. Results

5.1 Retrospective forecast analysis

5.1.1 Retrospective clear-sky conditions

Figure 5 shows a time series of the 470-870 nm Angstrém exponent, AOD at 550nm,
and daily forecast RMSE for DNI during the retrospective forecast period, at both Solana and
Tucson. We calculate a RMSE for each day that has more than five clear-sky data points. Gaps
in the time series show cloudy days.

The forecast period begins with 12 days of high AOD (>0.2) and relatively constant
Angstrém exponent, suggesting a uniform type of aerosol. The high AOD was caused by smoke
that originated from California and Pacific Northwest wildfires in late August and early
September. A high-pressure system over the western United States advected the plume to the
Southwest (see Supplementary Material for a synoptic sea-level pressure map and link to
satellite imagery archive). The days impacted by the smoke event at the beginning of the
retrospective forecast period have much higher RMSEs than when the smoke has passed,
September 15" onwards in Figure 5. The final 11 days of this forecast period also have higher
RMSEs. This is a period of relatively low AOD, which likely causes the highly variable
Angstrém exponent seen in both the GEOS-5 and AERONET values. Small errors in one of
the low AOD measurements used to compute 470-870 nm Angstrdm exponent is the likely
cause of this variability (Kato et al., 2000). Despite the differences in Angstrém exponent
values going into each forecast, the Aeronet Fx and GEOS-5 Fx have similarly large errors.
This demonstrates the weaker influence of the Angstrém exponent compared to AOD if we are

to assume that AERONET observations are closer to the true value.
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There is a four-week period (September 13" — October 15™) where DNI forecast errors
are lowest. During this period, the forecasts at both locations tend to be similar for each
methodology. However, at Solana, there are groups of days that show noticeably better
performance from the GEOS-5 Fx versus the Aeronet Fx (for example, Sept 28" — 30™, Oct
2nd_31 and Oct 6-14"). These are days when the Aeronet Fx persistence method has AOD
values about 0.05 lower than the GEOS-5 values. The weaker performance of the Aeronet Fx
is due to the spatial variability of AOD because those referenced days have relatively constant
inter-day AOD values. This data suggests that the temporal characteristics of AOD at Solana
are captured better by the GEOS-5 forecast AOD than the Aeronet Fx generated with two days
prior observations from Tucson. This is also supported by analyzing the Tucson site; the
Aeronet Fx performs better at Tucson than at Solana because AOD is measured in Tucson.
Comparing the Aeronet Fx and GEOS-5 Fx to the Climo Fx, we see that on average, both
outperform Climo Fx at both Tucson and Solana. During the four weeks (September 13% —
October 15™), where errors are lowest for all forecasts, the daily RMSE:s for the Climo Fx are

typically less than No Aerosol but greater than GEOS-5 Fx and Aeronet Fx.

SOLANA: 2017-10-23 b) TUCSON: 2017-10-23
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Figure 6: Example time series of DNI forecasts at Solana (a) and Tucson (b) for October 23,

2017. Forecast DNI from each forecast method described in Table III is shown against
observations.

Figure 6 shows the DNI forecast errors for October 23, 2017. The intra-day variability

of forecast AOD causes steps in the DNI forecast. At Solana, the jumps in forecast DNI at

23
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2115Z are a product of higher and lower forecast AOD values being introduced at 2100Z for
GEOS-5 Fx and Aeronet Fx, respectively. The similar magnitude of the jumps is coincidental,
but the opposite sign shows better performance for GEOS-5 Fx. Comparing forecasts at the
two evaluation sites for this single day in Figure 6, we can again see the Aeronet Fx method
performs better at Tucson and worse at Solana. In contrast, GEOS-5 Fx performs well at both
locations. GEOS-5 forecast AOD is likely relatively accurate at both locations; however,
Tucson AERONET AOD is less representative at Solana.

An additional forecast method, ‘GEOS-5 Fx const. Ang Exp’, is provided in the
Supplementary Material. The difference between the forecast with a constant climatological
Angstrom exponent (GEOS-5 Fx const. Ang Exp 0=1.3) and 2D gridded data varying in time
(GEOS-5 Fx) is minimal, with RMSE typically < 5Wm™2 different. There are examples
where the over- and under-estimation of Angstrdm exponent relative to this climatological
value result in marginally different performance. Including the GEOS-5 Angstrom exponent
forecast could be considered superfluous to improving DNI forecasts. However, it does not
degrade forecasts, and it is not significantly more effort than including only the GEOS-5 AOD
forecast. Also, we note there are no dust events with moderate AOD during the retrospective
forecast period. If there were, then the Angstrom exponent and it’s forecast accuracy could
have more impact on the DNI forecast.

Table IV shows the statistical metrics for the forecasts at Solana (left) and Tucson
(right). At Solana, including any AOD data in the forecast decreases the DNI RMSE values for
clear-sky conditions by about 50 Wm™2. The difference between each of the ‘Aeronet Fx” and
‘GEOS-5 Fx’ forecasting methodologies is < 10 Wm™2 in RMSE. The mean bias error (MBE)
is positive because, without tropospheric AOD at 550nm represented in the model, radiation
can pass through the atmosphere with less scattering and absorption; therefore, overestimating

DNI. The MBE decreases in the GEOS-5 Fx to 2 Wm™2; however, the Aeronet Fx is still
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positively biased at 23 Wm™2. The Climo Fx is negatively biased at -11 Wm™2 suggesting an
overestimation of AOD. Clear-sky DNI persistence performs worse than Climo Fx at Solana
and similarly at Tucson.

The RMSE skill score (SSciimo = 0.29 ) at Tucson shows Aeronet Fx to be superior to
GEOS-5 Fx. This is surprising given the simplicity of the AOD persistence method but
unsurprising because the AOD used is measured at this site. The superior Aeronet Fx at Tucson
reinforces the point that using direct AOD observations can produce the best DNI forecast at
that location. However, with a SSciimo = 0.06 at Solana, the accuracy of that observed AOD
reduces when translating it 225 km to Solana to forecast DNI 48-hours later. At Tucson, the
smaller DNI persistence skill score compared to Aeronet Fx is due to the number and quality
of clear-sky observations during the smoke event. Thus, the DNI persistence forecast has a
longer lead time compared to Aeronet Fx for this section of the forecasting period. The decrease
in RMSE and increase in SSciimo for all forecasting methods at Tucson, compared to the Solana
site, can be attributed to relatively better AOD forecasts at Tucson during the week of highest
AOD, 4"-13"Sept. When considering the four weeks of lowest errors, there is more consistent

performance of each configuration at both locations with RMSEs between 30 and 40 Wm™2.
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524  Table IV: Statistics comparing each forecast method described in Table III to observations
525  during clear-sky conditions for the retrospective forecast period. Clear-sky DNI persistence is
526  also shown for comparison. RMSE, MBE, and an RMSE-based skill score (SSciimo) relative to
527  the ‘Climo Fx’ forecast is shown on each row.

528
Solana No Aeronet GEOS-5 DNI Tucson No Climo Aeronet GEOS-5 DNI
Climo Fx
N=1625 | Aerosol Fx Fx Pers N=1385 | Aerosol Fx Fx Fx Pers
RMSE RMSE
125 78 73 71 85 106 46 33 33 45
[Wm?] [Wm?]
MBE MBE
98 -11 23 2 2 88 1 19 15 -2
[Wm?] [Wm?]
SSciimo SScimo
-0.6 0 0.06 0.08 -0.09 -1.31 0 0.29 0.28 0.04
[-] [-]

529  Table V: Same as Table IV but for all-sky conditions and now with a 24-hour DNI persistence
530  forecast for comparison.

24 hr 24 hr
Solana No Climo Aeronet GEOS-5 Tucson No Climo Aeronet GEOS-5
DNI DNI
N=1986 | Aerosol Fx Fx Fx N=1986 Aerosol Fx Fx Fx
Pers Pers
RMSE RMSE
265 219 204 200 241 284 238 239 237 310
[Wm?] [Wm?]
MBE MBE
152 46 71 53 -7 152 62 72 69 -9
[Wm?] [Wm?]
SSciimo SSctimo
-0.21 0 0.07 0.07 -0.08 -0.19 0 -0.01 0.01 -0.35
[] []
531
532 5.1.2 Retrospective all-sky conditions
533 Though clear-sky conditions are best for solar power generation and demonstrate the

534  effect of AOD on DNI most, we also evaluate DNI forecasts in all-sky conditions for
535  completeness. Table V shows the statistical differences in each forecast configuration again
536  but for all-sky conditions. Differences are difficult to distinguish when comparing each of the
537  AOD-aware methodologies in all-sky conditions, and the 24-hour DNI persistence forecast
538  performs worse than AOD-aware forecasts. Since the cloudy forecast performance is relatively
539  weak, the large errors in cloudy conditions dominate the statistical metrics. There is no
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discernable difference between the all-sky forecast at Solana and Tucson. The large positive
MBEs and large RMSEs show that instances of observed cloud but forecast clear-sky are
common.
5.2 Operational forecast analysis
5.2.1 Transitioning from retrospective to operational forecasting

The retrospective forecast analysis informed a decision to introduce GEOS-5 AOD
forecasts into the operational forecasting system at the University of Arizona. GEOS-5 AOD
forecasts are initially tested in one ensemble member (NAM 18Z) of the operational forecast
system from April through June 2019 with a plan to introduce the GEOS-5 AOD to all
ensemble members after a successful testing period. While the season is different for the
forecasting periods, the day-ahead DNI forecast error in clear-sky conditions is primarily
driven by the inter-day variability of AOD, not the seasonal variability. During the operational
forecasting period, the other ensemble members use the Tegen et al. (1997) climatological
AOD. This section of the results will focus on the differences between these two methodologies
for incorporating AOD into DNI forecasts. The Angstrom exponent was set to the
climatological value (a=1.3) for all operational forecasts because the retrospective forecast
analysis demonstrated the Angstrém exponent has an insignificant effect on the DNI forecast
accuracy.
5.2.2 Operational clear-sky conditions

Figure 7 shows a time series of forecast AOD at 550 nm and daily RMSE for day-ahead
DNI predictions during the operational forecasting period. As with the retrospective forecasting
period, gaps in the time series show cloudy days. Panel c) of Figure 7 shows the GEOS-5
forecast AOD at Tucson and the climatological AOD from the Tegen et al. (1997) compared
to the observed AOD at Tucson. The climatological AOD cannot represent the inter-day

variability, which, therefore, negatively impacts the DNI forecast.
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We see two similar patterns in the time series of DNI errors between the operational
and retrospective periods. First, the daily RMSE values for each forecasting configuration are
of similar magnitude (~30 Wm™2) for most days in both periods. Second, there are distinct
groups of days where the forecast using GEOS-5 AOD outperforms the other forecasts. The
NAM 18Z (with GEOS-5 forecast AOD) performs better than NAM 00Z (with climatology
AOD), for example, 22"-28" May and 17"-24" June at Solana and Tucson.

Table VI shows the statistics for the operational period during clear-sky conditions. The
magnitude of the RMSEs at Solana decrease compared to the retrospective period and is of the
same order as RMSEs reported at Tucson. The MBE in the operational period is negative but
positive in the retrospective period, likely due to minor differences in the forecasting set up or

the differing seasons. However, the MBE for each configuration relative to the others is the
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Figure 7: Time series of Aerosol Optical Depth (a, ¢) from AERONET observations (red),
GEOS-5 forecasts (green), and Tegen aerosol climatology (purple) during the operational
forecasting period. Data for Solana (a,b) and Tucson (c,d) are shown. Panels b) and d)
show the daily RMSE value during clear-sky conditions for NAM 00Z (purple) and NAM
18Z (green), evaluated against observations at the Solana Generating Station and Tucson.
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same in both forecasting periods. The negative bias in DNI forecasts using AOD climatology
suggests it overestimates AOD, while the MBE for forecasts using GEOS-5 AOD is closer to
zero. We can confirm this is true at Tucson by looking at Table II; GEOS-5 forecast AOD bias
is lower in the operational forecast period compared to the Tegen AOD climatology.
Differences in performance are indistinguishable among the ensemble members using
climatological AOD (NAM 00Z, 06Z, 12Z, and GFS 00Z, 12Z). The RMSEs are about 35
Wm™2 with negative biases of about 20 Wm™2. The NAM 18Z member with GEOS-5 AOD
forecasts shows an improvement to DNI forecast performance at Solana and Tucson. The
RMSE and MBE are both reduced by about 10 Wm™2. The clear-sky persistence DNI forecast
performs better in the operational forecast period compared to the retrospective, with RMSEs
less than ensemble members using climatological AOD. However, at both locations, DNI
forecasts made with GEOS-5 forecast AOD perform better than the DNI persistence forecast.
For this section of the study, we calculate the skill score metric (SSnamooz) with the
NAM 00Z as the benchmark because it has the shortest forecast lead time. However, similar
errors among all benchmark forecasts show this choice is not critical to the presented skill
scores. The relative SSnamooz for NAM 18Z at both locations is at least 0.27. This reduction in
error is comparable to the findings in Jimenez et al., (2016) (where they use GEOS-5 analysis
AOD) provided we recalculate the Jimenez et al. skill score with respect to the Tegen
climatology (SSciimo = 1 — (41/66) = 0.38), instead of their reported skill score using ‘No
Aerosol’. We report no significant differences in statistical metrics for the NAM 18Z forecast
at Solana versus Tucson. This is consistent with the retrospective period outside of its high
AOD event. The remaining error (27 Wm™2) approaches the limits of the combined radiation
scheme error (4 Wm~2) and observational error (20 Wm™2), mentioned in Section 3.1 and

Section 4.2.1.
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Table VI: Statistics comparing different ensemble members from the operational forecasting
system at the University of Arizona. Forecasts from members with different forcing models
(GFS or NAM) at different times (00Z, 06Z, 12Z, 18Z) are evaluated with observations
performed at Solana (left) and Tucson (right) during clear-sky conditions. Clear-sky DNI
persistence is also shown for comparison. RMSE, MBE, and an RMSE-based skill score
(SSnamooz) relative to the NAM 00Z forecast is shown on each row.

GFS GFS NAM | NAM NAM NAM GFS GFS NAM NAM NAM NAM
Solana DNI Tucson DNI
00Z 12Z 00Z 06Z 127 18Z 00Z 127 00Z 06Z 127 18Z
N=472 Pers N=447 Pers
Climo Fx GEOS-5 Climo Fx GEOS-5
RMSE RMSE
36 37 37 36 37 27 31 34 34 35 33 36 25 32
W] (W)
MBE MBE
22 |21 | 2t | 21 | 2 | 13 0 22 | 219 | 21 | -19 | 21 -8 0
[Wm?] [Wm?]
SSxammz | 0.01 | 0.01 0 0.02 0 0.27 0.17 | SSxamwz | 0.02 | 0.01 0 0.05 | -0.03 0.29 0.07
Table VII: Same as Table V but for all-sky conditions and now with a 24-hour DNI persistence
forecast for comparison.
GFS GFS NAM NAM NAM NAM 24 hr GFS GFS NAM [ NAM NAM NAM 24 hr
Solana Tucson
00Z 127 00Z 06Z 127 18Z DNI 00Z 12Z 00Z 06Z 127 18Z DNI
N=750 N=750
Pers Pers
Climo Fx GEOS-5 Climo Fx GEOS-5
RMSE RMSE
219 | 240 | 214 | 189 | 223 216 | 349 277 | 282 | 266 | 236 | 273 260 | 380
[Wm?] [Wm?]
MBE MBE
2 | 83 17 | 16 32 23 7 2t | 32| 2 1 38 0 -1t
[Wm?] [Wm?]
SSwawoz | 0.02 | -0.12 0 012 | 004 | 001 | -0.63 | SSwawoz | -0.04 | 006 | 0 | 011 | -0.03 | 002 |-043

5.2.3 Operational all-sky conditions

Table VII shows the same statistical metrics for each ensemble member but in all-sky

AOD data (24-hour DNI persistence). With GEOS-5 AOD only influencing the radiation

scheme of the model, we do not expect to improve cloudy-sky forecasts. The improved clear-

sky performance is outweighed in these all-sky metrics by the relatively poor forecast

performance during cloudy conditions.
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6. Conclusions

In this study, we evaluate three different methods to include Aerosol Optical Depth
(AOD) in operational direct normal irradiance (DNI) forecasts. One method (1: Climo Fx) uses
the Tegen et al. (1997) global aerosol climatological data set. Another (2: Aeronet Fx) uses
ground-based AOD observations from an AERONET site and implements those values as a
48-hour persistence of AOD uniformly over a forecast domain in the United States Desert
Southwest. The last (3: GEOS-5 Fx) uses gridded GEOS-5 forecasts of AOD. We evaluate all
methods at the Solana Generating Station, Gila Bend, AZ, and the University of Arizona,
Tucson, AZ.

We perform a retrospective forecast analysis to assess the differences between these
methodologies and a control forecast (0: No Aerosol). Including GEOS-5 forecast AOD
reduced forecast DNI error during clear skies by at least 10% compared to when using the
Tegen aerosol climatology. Negative biases in the DNI forecast result from using the Tegen et
al. (1997) aerosol climatology data, and we see an average overestimation of AOD with respect
to Tucson AERONET observations. Despite the simplicity of a 48-hour persistence of
measured AOD (2: Aeronet Fx), this method yielded DNI forecast errors in Tucson (where
AOD was measured) that were indistinguishable from DNI forecast errors when using the more
complex GEOS-5 data. This result did not extend to the Solana Generating Station.

By contrasting forecasts made for the Solana Generating Station and Tucson, lower
DNI errors suggest that GEOS-5 forecast AOD better captures the inter-day variability of AOD
at Solana compared to using AERONET observations as a persistence AOD forecast. This
inference is robust due to the direct effect of aerosols on radiation and the relatively simple
relationship between total column AOD at 550 nm and DNI. These results suggest that GEOS-
5 AOD forecasts are more representative of the AOD at Solana compared to using previous-

day AERONET AOD from the Tucson site 225 km away.
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Based on the results of the retrospective forecast period, we incorporated GEOS-5 AOD
forecasts into an operational forecast system at the University of Arizona. We evaluated the
existing operational configuration (1: Climo Fx) against this new configuration (3: GEOS-5
Fx). In clear-sky conditions, using GEOS-5 forecast AOD reduced DNI forecast RMSE by at
least 27%. This reduction in error is comparable to the value reported in Jiménez et al. (2016)
of 38%, where they use GEOS-5 analysis AOD. We recalculate the Jiménez et al. (2016) skill
score to a more appropriate one, that uses RMSE from DNI forecasts using the Tegen
climatology as the benchmark. The remaining DNI forecast error, 27 Wm™2, approaches the
limits of the combined radiation scheme error and observational error, 24 Wm™2. No
significant differences were found during all-sky conditions as the relatively poor performance

during cloudy conditions outweighs the improvements made in clear-sky conditions.
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Supplementary Material

We include an animation of approximately 30 days of 2D gridded GEOS-5 AOD data,
from which two snapshots are presented in Figure 3.

A sea-level pressure map for September 6, 2017 (Storm Prediction Center, 2019) is
included to give some synoptic context to the retrospective forecast period during the smoke
events. NASA’s EOSDIS world view has archived satellite detections of fire, available at
https://worldview.earthdata.nasa.gov/.

A different version of Figure 5 shows the minimal differences in DNI forecasts when
the Angstrdm exponent is held at a climatological value (a=1.3) versus using GEOS-5 gridded
forecasts of Angstr('jm exponent.

Finally, we show a bootstrap randomization analysis examine the statistical
significance of the difference between the NAM 00Z (Climo Fx) DNI and the NAM 18Z

(GEOS-5 Fx) DNI forecasts.
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