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Abstract

The performance of the WRF-Solar® mesoscale model is evaluated in the desert environment of Kuwait’s Shagaya
Park, where various solar technologies are being deployed. WRF-Solar is configured with one large domain (D1)
covering the Arabian Peninsula and a nested domain (D2) centered on Kuwait. The daily simulations focus on the
day-ahead forecast, and span the whole year of 2017. The initial and boundary conditions are provided by the GFS
analysis, and the aerosol information is imported from NASA’s GEOS-5 analysis. WRF-Solar predicts an absence
of cloudiness 80% of the time. During such periods, the aerosol optical depth (AOD) predicted by GEOS-5 is
found biased compared to local AERONET observations, which negatively impacts the performance of irradiance
predictions, particularly for direct irradiance and under high-AOD situations. The impact of the horizontal grid
spacing is evaluated. During cloudless conditions, the forecasts obtained for D1 and D2 are found practically iden-
tical. During cloudy conditions, however, mixed results are obtained. D2’s results do offer improvement over those
from D1 in some cases (depending on type of cloudiness), but not in general. By comparison with high-quality
local irradiance observations, it is found that many situations evaluated as cloudless by WRF-Solar are actually
cloudy, or vice versa. The performance of the Fast All-sky Radiation model for Solar applications (FARMS), now
incorporated into WRF-Solar, is evaluated here in a desert environment for the first time and compared to that of
the more established Rapid Radiative Transfer Model for GCMs (RRTMG). The two models satisfactorily agree
under cloudless conditions, but not always under cloudy conditions. Depending on cloud conditions, one or the
other might be closer to observations. In general, neither model is able to forecast the variations of direct irradiance
with acceptable accuracy under clouds, which can be a concern for concentrating solar applications.
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1. Introduction

The Kuwait Institute for Scientific Research (KISR) oversees the development of various sources of renewable
energy in Shagaya, Kuwait, a remote desert site. This is part of a national initiative to develop alternative energy
sources and limit the internal consumption of oil for electricity production. Current installations in service or in
construction at Shagaya amount to 70 MW, including solar photovoltaics (PV), concentrating solar power (CSP),
and wind turbines. More installations (1.5 GW) are scheduled in the near future, so that a significant fraction of the
electricity production in Kuwait will soon be provided by variable sources. To avoid problems due to grid instabil-
ity or brownouts, KISR is now cooperating with the National Center for Atmospheric Research (NCAR) and Solar
Consulting Services (SCS) to develop the necessary capabilities to obtain forecasts of the power production. For
that purpose, NCAR is developing new forecasting tools based on previous experience (Haupt and Kosovic, 2016;
Haupt et al., 2018). These forecasting tools incorporate a number of components to efficiently forecast the resource
(solar or wind) itself, and the power production. The forecast horizon is typically 15 min to 7 days.

In the case of solar applications, the main components are a mesoscale numerical weather prediction (NWP) mod-
el, an advanced machine-learning toolkit, and a powerful blending integrator, with external information about the
power plant’s physical characteristics (Haupt et al., 2018). The present contribution proposes a preliminary investi-
gation into the accuracy of irradiance predictions using a solar-enhanced version of the Weather Research and
Forecasting (WRF—Solar©) mesoscale model (Jimenez et al., 2016a, 2016b; Powers et al., 2017) over Kuwait.
WREF, and more recently WRF-Solar, have been used in a considerable number of studies related to the solar (or
wind) forecasts in the context of renewable energy applications (Diagne et al., 2014; Eissa et al., 2018; Lara-
Fanego et al., 2012a; Lee et al. 2017; Liu et al., 2016; Mukkavilli et al., 2018; Pierro et al., 2015), and to the as-
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sessment of the solar resource (Almeida et al., 2015; Fountoukis et al., 2018; Ruiz-Arias et al., 2013; 2015). Here,
some new features of WRF-Solar are investigated. Additionally, the performance of the model is assessed by com-
paring its predictions to actual high-quality irradiance measurements, while testing the role of the spatial resolution
assigned to the study domain. The latter issue is important in general because NWP simulations require a lot of
computer resources, which increase as an inverse quadratic function of the grid cell size. Hence, one objective of
this study is to investigate whether a fine spatial resolution (such as 3 km) is necessary to improve irradiance fore-
casts, compared to a cruder resolution (such as 9 km).

In the particular case of Kuwait, cloudy periods are irregular and somewhat seasonal, but hazy situations caused by
episodes of high dust aerosol loads are frequent. Such situations result in significant attenuation of the solar re-
source, and ultimately on soiling of all solar systems, which decreases their efficiency. An objective of this study is
to investigate the impact of external sources of aerosol forecasts on the prediction of the irradiance incident on
solar systems. The related soiling issue is beyond the scope of this contribution, however.

2. Mesoscale modeling with WRF-Solar

Irradiance predictions for a whole year (2017) are performed with the WRF-Solar mesoscale model, version 3.9.1.1
(Jimenez et al., 2016a). The Fast All-sky Radiation model for Solar applications (FARMS) model (Xie et al., 2016)
was recently added to WRF-Solar as a new option. After a large number of tests, various issues (which will be
described in a separate report) were found with its implementation. Version 3.9.1.1 introduced appropriate fixes to
these issues, although a few small additional fixes can be expected in the near future, based on the results of the
present study in particular.

For solar forecasting using any version of WREF, it is usual to consider a number of nested domains. For instance,
Lara-Fanego et al. (2012b) and Kim et al. (2017) used four nested domains to simulate direct normal irradiance
(DNI) over southern Spain and South Korea, respectively. Similarly, Lara-Fanego et al. (2012a) used three nested
domains to simulate DNI and global horizontal irradiance (GHI) over the Andalusia region of Spain. Interestingly,
the results of Lara-Fanego et al. (2012b) showed that the forecasting performance improved only imperceptibly
between the third domain at 3-km resolution and the fourth (and innermost) domain at 1-km resolution. Partially
based on these results, the experiment conducted here has been simplified to the point of using only two domains:
An outer domain (D1) with 9-km spatial resolution, and an inner domain (D2) at 3-km resolution. Both domains
use 45 layers in the vertical with the model lid at 100 hPa.

A number of processes are parameterized. Cloud microphysics is based on Thompson et al. (2008), whereas the
cumulus parameterization (only active in D1) follows Grell and Freitas (2014). The Mellor—Yamada—Nakanishi—
Niino (MYNN) planetary boundary layer parameterization (Nakanishi and Niino, 2006) and the revised Fifth-
Generation Mesoscale Model (MMS5) surface layer formulation (Jimenez et al., 2012) are used in the two domains.
The unified National Centers for Environmental Prediction—Oregon State University—Air Force—Hydrologic Re-
search Laboratory (NOAH) land surface model is adopted (Tewari et al., 2004). The parameterization of the aero-
sol interactions with radiation follows Ruiz-Arias et al. (2014), whereas the longwave radiation is parameterized
using RRTM (Mlawer et al., 1997). Two shortwave radiation parameterizations, RRTMG and FARMS, are evalu-
ated and more details are provided below.

Fig. 1: Land mask of the region covered by the two domains. The inner domain, at 3-km resolution, covers Kuwait.
The red dot indicates the Shagaya Park.
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For the present investigation, separate forecasts are obtained over two separate domains. One large outer domain
(D1) covers the Arabian Peninsula with a 9-km resolution and a nested inner 3-km-resolution domain (D2) is cen-
tered on Kuwait (Fig. 1). Each day, the model is initialized at 00 UTC and is run for 48 hours to focus on the day-
ahead forecast. Hence, 365 daily simulations are performed here with WRF-Solar. Each domain provides inde-
pendent irradiance simulations, which are helpful to quantify sensitivities of the predictions to the grid spacing.
One important question being addressed here is how the 9-km and 3-km simulations compare over Kuwait. The
importance of this question stems from the fact that WRF simulations over an inner (high-resolution) domain are
computationally intensive. If this additional computational load were found not to yield significant performance
improvements in the forecasts, a faster, low-resolution single-domain simulation might become sufficient.

Solar irradiance predictions are known to be sensitive to the radiative transfer model being used. This is true in the
case of predictions related to the past (Fouquart et al., 1991), even when restricted to clear-sky situations (Guey-
mard and Ruiz-Arias, 2015). This is also true for DNI or GHI forecasts from NWP simulations (Montornés et al.,
2015; Ronzio et al., 2013; Zhong et al., 2016). For the present contribution, the performance of two radiative trans-
fer algorithms is examined. The first one is the Rapid Radiative Transfer Model for GCMs, better known as
RRTMG (Tacono et al., 2008; Mlawer et al., 2016), which is well established and has been a standard radiative
transfer parameterization in WRF and other NWP systems for many years. Its parameterization is computationally
demanding, however, and thus is not typically called every time step of the model. In the present WRF-Solar simu-
lations, RRTMG is called every 5 minutes. In between these calls, the irradiance is kept constant at all atmospheric
levels. The second radiative transfer algorithm is the Fast All-sky Radiation model for Solar applications (FARMS;
Xie et al., 2016). Contrary to RRTMG, FARMS only provides surface irradiances, which allows for their fast cal-
culation, and makes it possible to call FARMS at each time step of the WRF-Solar model. The time step is 30 s in
the 9-km domain (i.e., 10 times during a 5-min interval), and 3 times finer in the 3-km domain. This rapid cycle is
attractive for solar irradiance applications that demand high temporal resolution, such as short-term forecasting.
The performance of FARMS coupled with the WRF-Solar model has not been investigated before, and hence con-
stitutes one important goal here.

3. Sources of data

WRF-Solar being a regional NWP model, it requires the specification of initial and boundary conditions represent-
ing the atmospheric state. In the present case, these conditions are imposed from the Global Forecast System (GFS)
analyses run by NOAA. These are available every six hours at 0.25°x0.25° spatial resolution. In addition, the aero-
sol optical depth (AOD) at 550 nm is imposed every hour from the aerosol analysis performed with NASA’s God-
dard Earth Observing System version 5 (GEOS-5) model, initially at ~25-km resolution. GEOS-5 assimilates a
number of actual aerosol observations, from either satellite platforms (e.g., NASA’s Moderate Resolution Imaging
Spectroradiometer, MODIS, or Multi-angle Imaging SpectroRadiometer, MISR) or surface measurements from
NASA’s Aerosol Robotic Network (AERONET). To the authors’ knowledge, however, this assimilation does not
use data from the two AERONET sites that exist in Kuwait. Since the latter type of observations has much lower
uncertainty than those from satellites, it is possible that the aerosol information generated by GEOS-5 is biased
over Kuwait. This is investigated further in Section 4.

WRF-Solar’s predictions are compared here to irradiance measurements carried out at the Shagaya Park station in
Kuwait (lat. 29.21°N, long. 47.06°E, elev. 242 m), which is part of the KISR radiometric network (Al-Rasheedi et
al., 2014). Solar irradiance observations are done with a time resolution of 1 minute, and include separate meas-
urements of direct normal irradiance (DNI), global horizontal irradiance (GHI), and diffuse horizontal irradiance
(DIF) made with individual thermopile radiometers. Helpful redundancy is provided by a rotating shadowband
irradiometer (RSI). A stringent maintenance program, including daily cleaning of all instruments, results in a very
high quality of the whole dataset. In particular, the RSI and thermopile observations have been found in close
agreement (Al-Rasheedi et al., 2018). A time series of the best possible values of DNI, GHI and DIF has been
assembled since 2012, and is used here for validation purposes. Measurement uncertainty is estimated to be ~2%
for DNI and =4% for GHI under normal conditions, and somewhat higher during dust storm conditions due to rapid
soiling (Gueymard and Myers, 2008). A sunphotometer has been added to the station in 2015, and has joined the
AERONET network since then. This instrument provides the aerosol optical depth (AOD) at seven wavelengths,
the Angstrom exponent (AEX), and precipitable water (PW) approximately every 15 min whenever the sun is un-
obscured by clouds. If AOD, AEX and PW are known precisely (as with AERONET data), it is possible to evalu-
ate the clear-sky irradiances with good accuracy for that moment, even under the very hazy conditions that can
occur in Kuwait (Gueymard et al., 2017). Under cloudless conditions, AOD is the main atmospheric driver for



C. Gueymard et. al. / EuroSun 2018 / ISES Conference Proceedings (2018)

DNI, and has a lesser, but still significant, impact on GHI (Gueymard, 2012). To forecast these two quantities cor-
rectly, it is thus necessary to use appropriate AOD estimates. Three potential avenues are possible, but none is bias-
free: (i) Use an AOD climatology (i.e., a fixed pre-calculated monthly value representative of the long-term mean
aerosol conditions over the area); (ii) Use the AOD from the previous hour or day (assumed persistence); or (iii)
Use an AOD forecast for the appropriate time horizon. The latter option is used here, as provided by GEOS-5 on an
hourly basis.

4. Aerosol data accuracy

Considering the high frequency of cloudless conditions over Kuwait and the high impact of AOD on DNI and GHI,
it is important to quantify the error propagation effects from AOD to the predicted surface irradiance, which can
directly affect all forecasts. Figure 2 compares AOD values obtained from different sources during four clear or
essentially clear days with (i) exceptionally low AOD (2017-12-11); (ii) low AOD (017-03-07 and 2017-03-17);
and (iii) high AOD (2017-04-29). The AOD forecasts from GEOS-5 (which are used here as inputs to WRF-Solar)
are compared to modeled data from NASA’s MERRA-2—the reanalysis derived from GEOS-5—and to local
ground observations from the Shagaya AERONET station. The significant and systematic difference between these
results suggests that neither GEOS-5 nor MERRA-2 assimilates the observations from this AERONET station
specifically. The present results corroborate a previous analysis (Gueymard et al., 2017), which indicated signifi-
cant differences in AOD data between MERRA-2 predictions and the observations from two AERONET stations in
Kuwait. At Shagaya, the absolute difference, AAOD, between the GEOS-5 forecasts and the AERONET ground
truth is highly variable over time, but is rarely below 0.05. This bias can temporarily reach values larger than 1
when a dust event does reach the site but is not forecasted by GEOS-5, as in the 2017-04-29 case (Fig. 2, bottom
right). The induced error in DNI can be evaluated from AAOD and the tabulated results provided by Gueymard
(2012). For instance, for an air mass of ~1.5 (or a sun zenith angle of ~48°), it is found that the relative error in
DNI is =10% for AAOD = 0.1. It is thus expected that systematic errors in DNI forecasts will result from the inad-
equacies in the AOD input that are documented here. The impact on GHI, however, can be expected to be 3—4
times less (Gueymard, 2012), due to compensation effects between the direct and diffuse components.
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Fig. 2: Temporal variation of AOD at 550 nm at Shagaya during four cloudless (or nearly cloudless) days, as obtained from three
sources: local AERONET observations, GEOS-5 forecasts, and MERRA-2 reanalysis. Note the different scale of the Y-axis in the
high-AOD case (bottom right plot).

5. Simulation results

5.1. Cloudless conditions

Under cloudless conditions, the accuracy of WRF-Solar simulations is expected to depend mostly on that of the
AOD inputs, per the discussion above. In this section, “cloudless conditions” are defined from the standpoint of
WREF-Solar, i.e., whenever the forecasted total cloud liquid water path (CLW) is zero. During the daytime periods



C. Gueymard et. al. / EuroSun 2018 / ISES Conference Proceedings (2018)

of 2017, such conditions occurred 80.2% of the time. It is found that the irradiance forecasts for domains D1 and
D2 are almost identical (the relative deviations in either DNI or GHI are within 1% on average), as could be ex-
pected considering that the footprint of either domain is much smaller than the spatial resolution of the AOD data
from GEOS-5, and that the terrain is flat and homogenous around Shagaya.
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Fig. 3: Temporal variation of direct normal (DNI) and global horizontal (GHI) irradiance at Shagaya during the four cloudless
(or nearly cloudless) days depicted in Fig. 2, as obtained from two radiative transfer models in WRF-Solar: RRTMG and FARMS,
comparatively to local observations. The DNI observations that have been flagged during the quality control step are not shown.
Most deviations between the modeled and measured values are caused by biased AOD inputs to the models.

Figure 3 shows the WRF-Solar forecasts for the same four days as in Fig. 2, based on the results from D1 at 9-km
resolution. It can be observed that:

* DNI’s predictions from RRTMG and FARMS quite systematically differ by ~2%—a difference comparable to
the experimental uncertainty in magnitude, and apparently caused by algorithmic variations—whereas their
GHI predictions are almost identical, except under high-AOD circumstances.

* The DNI predictions tend to be too low compared to observations, as a direct consequence of GEOS-5’s AOD
being too high (Fig. 2).

* There are distinct discontinuities, or “steps”, in the DNI results, which are caused by abrupt change in AOD
data from one hour to the next (since no temporal interpolation is used).

* During the high-AOD event (2017-04-29), both DNI and GHI are considerably overestimated during most of
the day.
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* GHI predictions are only slightly higher than observations during the very low AOD event (top left) and the
first low AOD event (top right), but are in good agreement with the observations during the second low AOD
event (bottom left).

Based on these examples, it can be concluded that the slight DNI prediction difference between RRTMG and
FARMS is usually small in comparison to the systematic misprediction caused by the imperfect AOD inputs. Scat-
terplots comparing DNI and GHI forecasts from RRTMG simulations over D1 are compared to their measured
counterpart in Fig. 4. The plots are clearly not symmetric, with many points scattered on the left side of the diago-
nal. Those data points of lower-than-expected irradiance actually correspond to real-world cloudy situations that
are misdiagnosed as “cloudless” by WRF-Solar. This issue translates into a tendency to overestimate DNI and GHI
when the CLW forecast is zero. How this noise affects the relative performance of RRTMG and FARMS under
truly cloudless conditions is still unclear. Considering all points shown in Fig. 4 and the usual statistics (mean bias
deviation, MBD, and root mean square deviation, RMSD), the overall performance of FARMS appears slightly
better than that of RRTMG for DNI: MBD is 3.1% and 0.7% for RRTMG and FARMS, whereas RMSD is 19.4%
and 19.1%, respectively. For GHI, the opposite situation is found. MBD and RMSD are then 5.6% and 13.1% for
RRTMG, and 7.7% and 14.6% for FARMS, respectively. Almost identical results are found over D2.
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Fig. 4: Scatterplots of direct normal (DNI, left) and global horizontal (GHI, right) irradiance at Shagaya during 2017 as obtained with
RRTMG over D1 during periods diagnosed as cloudless by WRF-Solar, comparatively to local observations.
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Fig. 5: Scatterplots of direct normal (DNI, left) and global horizontal (GHI, right) irradiance at Shagaya during 2017 as obtained with
RRTMG over D1 during periods diagnosed as cloudy in either D1 or D2 by WRF-Solar, comparatively to local observations.
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5.2. Cloudy conditions

When WRF-Solar does forecast cloudy periods (CLW > 0), the predictions of GHI and DNI differ more or less
significantly from observations, depending on conditions and radiative model. Figure 5 shows scatterplots similar
to those in Fig. 4, but for those periods diagnosed as cloudy by WRF-Solar in either D1 or D2, which represent
19.8% of the whole dataset. Note that, in about one seventh of these cases, the conditions are diagnosed cloudless
by the D1 simulations and cloudy by D2, or vice versa. Compared to Fig. 4, the scatter is considerable here, partic-
ularly for DNI, as could be expected.

The large noise displayed in Fig. 5 can be explained by the misprediction of various characteristics of the cloud
field. Even more noise is generated by FARMS, which however is less biased than RRTMG overall. To gain in-
sight into the possible triggers of these circumstances, it is important to look into a number of cases with more
scrutiny. For this analysis, four days are selected, during which the forecasts by RRTMG and FARMS differ sub-
stantially, and/or the simulations for D1 and D2 are remarkably different.

Figure 6a represents the GHI forecasts for a slightly cloudy day (2017-11-04), considering both radiative models
and both domains. FARMS overestimates more than RRTMG until =10:30 UTC, then underestimates until 12:00
UTC. Between those two times, the average between RRTMG and FARMS would have provided the best estimate.
For this specific day, the response from the two domains is similar with each model.
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Fig. 6: Simulation of global horizontal irradiance at Shagaya during 2017-11-04 (a) and 2017-05-20 (b) as obtained with
RRTMG and FARMS over both D1 and D2, comparatively to local observations.

Figure 6b is similar to Fig. 6a, but for 2017-05-20. In this case, cloudiness is more pronounced after 11:00 UTC.
As before, the difference is small between the D1 and D2 results. Nevertheless, whereas RRTMG is closer to ob-
servations until 11:00 UTC, FARMS performs exceptionally well after that while RRTMG strongly overestimates.

In contrast with Fig. 6b, Fig. 7a shows results for D2 during 2017-04-16, during which scattered cloudiness condi-
tions prevailed. The GHI predictions from FARMS then become unrealistically low, practically zero at times. The
same kind of extreme FARMS underprediction occurs on 2017-05-05, for instance. The results for that day are
shown in Fig, 7b, but only for RRTMG, which behaves much better. The contrast between the D1 and D2 simula-
tions is obvious here, with the latter having a much more dynamic response to rapidly changing cloudiness. Note
also the frequent cloud enhancement situations, which cannot currently be modeled by WRF-Solar. In particular,
the observed GHI reached 1333 W/m” at 08:44 UTC, representing a 33% enhancement compared to the corre-
sponding clear-sky value and 2% enhancement compared to the extraterrestrial value. Such circumstances are not
unusual, and would be important to forecast because of the induced large ramps in power production and risks for
the power electronics, such as inverters. More details on this issue are described in, e.g., Gueymard (2017). Alt-
hough WRF-Solar may not be able to forecast the exact moments when these ramps occur, the fact that a highly
variable GHI can be predicted using the D2 forecasts is in itself very valuable because it represents a clear alert of
the risk of such ramps and/or cloud enhancement situations, based on which the solar system operator grid regula-
tor can take appropriate decisions.
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Fig. 7: Simulation of global horizontal irradiance at Shagaya during 2017-04-16 (a) and 2017-05-20 (b) as obtained with
RRTMG and FARMS over both D1 and D2, comparatively to local observations.

5.3. Discussion

It is clear from the present results that RRTMG and FARMS tend to produce widely different predictions under
various types of cloud conditions. It is anticipated that, in the near future, this can be exploited favorably through
optimal combination of their results, thus leading to improved forecasts. Before this can be done, however, the
FARMS implementation would first have to be corrected to eliminate its current shortcomings of, e.g. forecasting
excessively low GHI under specific cloud conditions.

Tab. 1: Overall irradiance performance statistics for WRF-Solar forecasts at Shagaya, 2017 for domains D1 and D2,
evaluated against observations (Obs.) of DNI and GHI. Clear conditions are selected based on WRF-Solar’s diagnostic.

DNI GHI
Statistic Obs. RRTMG-D1  FARMS-D1  RRTMG-D2  FARMS-D2 Obs.  RRTMG-D1 FARMS-D1 RRTMG-D2 FARMS-D2
CLEAR
Mean (W/m?) 593.8 612.1 597.8 613.5 597.7 510.9 539.5 550.1 541.2 549.9
MBD (W/m?) 18.3 4.0 19.7 4.0 28.6 39.2 30.3 39.0
RMSD (W/m2) 1154 137 1155 1138 67.1 74.4 68.1 74.4
MBD (%) 3.1 0.7 33 0.7 5.6 7.7 5.9 76
RMSD (%) 19.4 19.1 19.5 19.2 131 14.6 133 14.6
cLouby
Mean (W/m?) 395.0 428.7 456.7 448.9 473.9 3571 418.6 361.6 425.8 370.8
MBD (W/m?) 33.7 61.7 53.9 78.9 61.5 45 68.7 13.8
RMSD (W/m2) 273.0 284.0 259.2 2724 187.0 207.0 189.4 204.0
MBD (%) 8.5 15.6 13.6 20.0 17.2 1.3 19.2 3.9
RMSD (%) 69.1 71.9 65.6 69.0 52.4 58.0 53.0 57.1
ALL
Mean (W/m?) 576.0 595.7 585.2 598.8 586.7 481.5 516.3 514.0 519.1 515.7
MBD (W/m?) 19.7 9.2 22.7 10.7 34.9 32.5 37.7 34.2
RMSD (W/m2) 1371 137.7 1347 135.7 101.6 1126 103.0 115
MBD (%) 34 1.6 3.9 1.8 7.2 6.8 78 7.1
RMSD (%) 23.8 23.9 234 23.6 211 234 214 23.2

Overall performance statistics are presented in Table 1, separately for the two irradiance components (DNI and
GHI), the two domains (D1 and D2), the two radiative models (RRTMG and FARMS), and the three sky condi-
tions as diagnosed by WRF-Solar (cloudless, cloudy in either D1 or D2, and all-sky conditions). Based on these
simple statistics, and for the mostly cloudless conditions of Shagaya, the additional complexity of considering a
high-resolution inner domain (D2) does not appear justified. This appears to be related to the “double penalty”
issue, whereby the combination of observed-but-not-forecast and forecast-but-not-observed cases is more prevalent
at high resolution than at low resolution (Ebert, 2008). Under clear (or nearly clear) conditions, the results for D2
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are similar (but not better) than those for D1, since they are partly driven by inaccuracies in large-scale AOD data.
Under cloudy situations, either the bias or variability (or both) in DNI and GHI tends to increase when considering
D2 rather than D1, which seems counterproductive. Still, as mentioned in the previous section, a potentially useful
(but currently unaccounted for) value of the D2 simulations might be the additional information about the expected
rate of change of GHI and DNI. Further studies will look into a way to translate this qualitative information into a
tangible performance indicator from a system operation perspective.

6. Conclusion

In this contribution, the WRF-Solar mesoscale model has been used to forecast the day-ahead surface solar irradi-
ance at Shagaya, Kuwait. In this arid environment, cloudless conditions are predominant, while the aerosol optical
depth (AOD) is highly variable and modulates the direct normal irradiance (DNI) and, to a lesser extent, the global
horizontal irradiance (GHI).

To obtain simulations for the whole year 2017 with WRF-Solar, two nested domains are defined: An outer domain
(D1) at 9-km resolution and an inner domain (D2) at 3-km resolution. The latter covers Kuwait entirely. The
boundary conditions are provided by 6-hourly GFS forecasts. The aerosol field in D1 and D2 is determined by the
hourly AOD analysis from NASA’s GEOS-5 global model. By comparison with high-quality ground observations
of AOD at the Shagaya AERONET station, it is found that the GEOS-5 AOD is most often biased, severely at
times. A specific assessment of the forecasts obtained during those periods diagnosed as “cloudless” by WRF-Solar
(representing ~80% of all daytime periods) showed that the impact on the DNI forecasts is significant overall, and
less significant on GHI. It can be inferred that the error propagation from the AOD inputs to the irradiance fore-
casts will affect concentrating solar thermal technologies more significantly than fixed-flat-plate photovoltaic (PV)
generators, with intermediate effects on tracking PV systems. In parallel, it was found that a small, albeit sizeable,
fraction of those periods that are found “cloudless” by WRF-Solar are actually cloudy, which tends to bias the
performance results.

Under cloudless or nearly cloudless conditions, the performance of the D1 and D2 forecasts is very similar. For
periods diagnosed as “cloudy” (representing ~20% of all daytime situations overall), the D2 performance appears
to degrade in comparison with that for D1. This counterintuitive result may have various causes, which are still
being explored, but appear directly related to the “double penalty” issue. One apparent and possibly major cause is
that, under rapidly changing scattered cloudiness, the D2 forecasts do correctly predict more temporal variability
than the D1 forecasts—but with imprecise timing, which tends to increase the error in the forecast. Although the
(costly) D2 forecasts for both DNI and GHI might appear unnecessary because of their lower performance, their
main value might reside in the day-ahead prediction of rapidly variable irradiance. This ultimately could help sys-
tem operators to prepare for strong ramps, cloud-enhancement effects, need for storage, or additional generation to
avoid grid instability, etc.

The two radiative transfer, RRTMG vs. FARMS, used in parallel to evaluate the surface irradiance components
returned similar predictions under cloudless conditions. Their ~2% difference in DNI predictions is comparable to
the experimental uncertainty. Under cloudy conditions, RRTMG performed somewhat better overall. Under some
types of cloudiness situations, FARMS predicted unrealistically low GHI. This might be related to the current set
of acceptable limits in cloud optical depth imposed on FARMS, which would need to be corrected in a future re-
lease of WRF-Solar. Under other cloud situations, though, FARMS performed better than RRTMG. Provided that
any FARMS shortcoming in the model itself or its implementation can be addressed, it appears desirable to explore
the development of an optimal combination of the two models’ predictions. It is also anticipated that further post-
processing, using soft-computing techniques applied to both RRTMG and FARMS results, will help improve fore-
casting accuracy for both GHI and DNI. Additionally, more research is needed to improve or appropriately correct
the gridded AOD analyses that are required to obtain accurate DNI forecasts.
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