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December, January, and February 2019-20 winter season. (Note the time series for the

2018-19 winter season and 2019 summer season can be seen in Appendix II.)

HRRR vs Camera Cloud Fraction Comparison:DJF 2019-20
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Figure 4.1.1 Time Series HRRR Analysis (f00) vs. Camera Observations Winter 2019-20

Figure 4.1.2 Time Series HRRR 3-hr Forecast (f03) vs. Camera Observations Winter

2019-20
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This example time series reveals characteristics of the HRRR forecasts. First, note
there are three clusters of the forecasts (red dots) and camera observations (green dots).
These clusters can be described as clear skies/ no clouds (0% cloud cover), transitional,
and cloudy skies (100% cloud cover). There are more HRRR forecasts (red dots) at 0%
cloud cover than camera observations (green dots). This shows a tendency for the HRRR
to have a bias to over-forecast clear skies. Comparatively there are more camera
observations at 100% cloud cover than HRRR forecasts. Thus revealing the HRRR has a
tendency to under-forecast cloudy skies. The blue line in the figures represents the error
between the HRRR and the camera observations. Note the magnitude fluctuation of errors
as well as the negatively oriented nature of the line. This negative nature also shows the
tendency of the HRRR forecast to have a negative bias, meaning the HRRR over-forecasts
clear skies or under-forecasts clouds compared to the truth (camera observations). The 3-
hr forecast shows a few more positive errors but is still largely negatively biased.

Evaluations of the HRRR forecasts (f00-f18) are done using ME, MAE, RMSE and
RMSE with bias/systematic-error removed (denoted as RMSE SBR). Table 4.1.1 shows
the results of the evaluations for each sample meteorological season. Figure 4.1.3 shows
the RMSE and RMSE SBR evolution over forecast lead-time for the two winter
meteorological seasons and one summer season. The winter figure shows the individual
seasons 2018-19 (green) & 2019-20 (red) as well as the combined (blue). This figure
shows some interesting characteristics and seasonal differences of the HRRR. First, note
the difference in the RMSE and RMSE SBR. Once the systematic bias/error is removed,
the RMSE SBR shows an overall more smoother (less fluctuating) increasing error trend

with lead-time than the RMSE (which contains random and systematic errors). The
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RMSE SBR line follows a more expected increasing trend compared to RMSE, which
fluctuates. The RMSE SBR magnitude is less than the RMSE. Also note the RMSE SBR
is less in the summer than winter. The regular RMSE however is not less in the summer
than winter. In fact, it is greater. This can be contributed to the large Mean Error (ME) for
the summer season, which can be seen in Table 4.1.1. The magnitude of ME and MAE is
greater in the summer season than the winter season. Therefore, once the ME is removed

from the HRRR, the RMSE SBR is much less than the RMSE for the summer season.

DJF 2018-19 f00 f03 f06 f09 f12 f15 f18

RMSE 37.37 38.53 39.11 40.64 41.52 41.42 41.22
RMSE_SBR 33.90 34.66 35.98 37.29 38.28 38.17 37.69
ME -15.74 -16.82 -15.35 -16.15 -16.08 -16.08 -16.69
MAE 21.87 23.78 24.80 26.19 26.81 26.74 26.30
DJF 2019-20 00 f03 f06 f09 f12 f15 f18

RMSE 38.90 36.64 38.01 38.64 37.81 41.09 42.81
RMSE_SBR 31.58 32.70 34.80 35.12 34.19 37.08 38.08
ME -22.71 -16.53 -15.29 -16.09 -16.14 -17.70 -19.55
MAE 25.29 23.61 24.68 25.56 24.83 27.13 28.26
JJA 2019 00 f03 f06 f09 f12 f15 f18

RMSE 43.19 38.22 38.46 41.29 42.96 42.08 42.82
RMSE_SBR 29.09 29.07 30.42 33.04 35.46 34.59 35.71
ME -31.93 -24.81 -23.54 -24.76 -24.26 -23.96 -23.63
MAE 32.77 28.70 28.57 30.83 32.01 31.23 32.07

Table 4.1.1 Evaluation Metrics for HRRR Forecasts and Camera Observations
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Winter HRRR vs Camera
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Figure 4.1.3 HRRR Forecasts’ RMSE & RMSE SBR Evolution

29



4.2 HRRR Categorical Forecasts Evaluation

Figure 4.2.1 1s a histogram showing the spread of frequency by cloud cover
percentage (in categories of 10%) for the HRRR Analysis (f00) during winter 2018-19.
Note the large differences between the HRRR and camera observations on either end
(<10% & >90% cloud cover). This histogram shows the tendency for the HRRR to over-
forecast extreme clear skies and under-forecast extreme cloudy skies. In between the

extremes (10-90%) the HRRR and camera observation frequencies are more equal.

DJF 2018-19 HRRR f00 vs Camera
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Figure 4.2.1 Winter 2018-19 HRRR vs. Camera Histogram of Cloud Cover Frequency
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Figure 4.2.2 is a histogram showing the spread of frequency by cloud cover
percentage (in clusters of 10%) for the HRRR Analysis (f00) during summer 2019. Note
the very large discrepancy for extreme clear skies (<10%). The HRRR significantly over-
forecasts clear skies when compared to the camera observations. At all other cloud cover
percentages the HRRR forecasts are less than the camera observations. Similar to the
winter season, the HRRR tends to under-forecast extreme cloudy skies as well. The
frequency in between the extremes (10-90%) is less than the extremes (<10% & >90%)

but is greater when compared to the in between categories in the winter season.
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Figure 4.2.2 Summer 2019 HRRR vs. Camera Histogram of Cloud Cover Frequency
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Figure 4.2.3 is a histogram showing the spread of frequency by cloud cover

percentage (in five categories) for the HRRR Analysis (f00) during winter 2018-19. The

five categories are based upon Figure 3.1.

450 DJF 2018-19 Five Categories HRRR f00 vs Camera
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Figure 4.2.3 Winter 2018-19 HRRR vs. Camera Five Category Histogram of Cloud
Cover Frequency
Figure 4.2.4 is a histogram showing the spread of frequency by cloud cover
percentage (in five categories) for the HRRR Analysis (f00) during summer 2019. The

five categories are based upon Figure 3.1.
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500 JJA 2019 Five Categories HRRR f00 vs Camera
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Figure 4.2.4 Summer 2019 HRRR vs. Camera Five Category Histogram of Cloud Cover
Frequency
Figures 4.2.3 & 4.2.4 show the tendency for the HRRR to over-forecast extreme
clear skies and under-forecast extreme cloudy skies. In the in-between categories (5 to
<25%, 25 to <50%, and 50 to <75%) during the winter season (Figure 4.2.3), the HRRR
and camera observations are more similar to one another. Comparatively, in the summer
(Figure 4.2.4) the HRRR and camera observation differences are much greater. The

HRRR also under-forecasts cloud cover at all categories in the summer season.
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Figures 4.2.5 and 4.2.6 are a five-category (5 x 5) contingency table for the HRRR

analysis during the winter season of 2018-19 and summer season of 2019. The categories

for the contingency table also follow Figure 3.1 where Category 1 = <5% cloud cover,

Category 2 = 5 to <25% cloud cover, Category 3 = 25 to <50% cloud cover, Category 4 =

50 to <75% cloud cover and Category 5 =>75%. The five-category contingency table

shows the HRRR performance and ability to accurately forecast cloud cover based upon

the five defined cloud cover categories as measured by the camera observations. Figures

4.2.7 and 4.2.8 are the same five-category contingency table but with added marginal

distributions.

DJF 201-19 Five Categories Contingency Table HRRR f00 vs Camera
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Figure 4.2.5 Five-Category DJF 2018-19 HRRR Analysis vs. Camera Contingency Table
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JJA 2019 Five Categories Contingency Table HRRR f00 vs Camera
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Figure 4.2.6 Five-Category DJF 2018-19 HRRR Analysis vs. Camera Contingency Table
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DJF 2018-19 Five Categories Contingency Table w/ Marginal HRRR f00 vs Camera
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Figure 4.2.7 Five-Category DJF 2018-19 HRRR Analysis vs. Camera Contingency Table

with Marginal Distribution

JJA 2019 Five Categories Contingency Table w/ Marginal HRRR f00 vs Camera
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Figure 4.2.8 Five-Category JJA 2019 HRRR Analysis vs. Camera Contingency Table

with Marginal Distribution
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The five category contingency tables give another visual, as well as quantitative,
representation of forecast vs. observation spatial distribution. The contingency tables
reveal seasonal differences in the HRRR performance. In the summer the HRRR is more
likely, compared to winter, to under-forecast the cloudy conditions that are actually
observed by the camera. This is true for all forecast-observation pairs, as can be seen by
column five of the summer 2019 5x5 contingency table.

A concerning signature in the contingency tables is the fact that the HRRR is often
not “missing” the truth (observed value) by a magnitude of just one category of cloud
cover. For instance, in summer 2019, when the HRRR forecasts for category 1 cloud
cover it verifies 111 times, 339 times it actually is observed as category 2 cloud cover.
This is not as concerning because the forecast is off by one category. Which in this case
category 1 is <5% cloud cover and category 2 is 5 to <25% cloud cover. This is not too
significant of a miss by the /RRR. A more severe miss is the fact that category 3 cloud
cover is observed 212 times, category 4 is observed 85 times and category 5 cloud cover
is observed 108 times when the HRRR forecasts only category 1 cloud cover. This pattern
is constant through the summer performance of the HRRR as the largest value in each
row is often the farthest right cell or values in the category 5 column. In the winter this
concerning pattern is not as strong but is still present.

This study is primarily interested in evaluating the HRRR’s ability to predict cloud
cover amounts that are significant for PV power forecasting. That is cloud cover amounts
that would significantly impact PV power generation. According to a previous study by

Matuszko 2012, the threshold for cloud cover to make a significant impact on radiation

37



intensity is 4 Oktas. Therefore, this study defines 0-3 Oktas as clear skies and 4-8 Oktas
as cloudy skies.

Using Matuszko’s 2012 study there are now two categories of interest: Category
1: cloud cover < 37.5% (clear skies) and Category 2: cloud cover > 37.5% (cloudy skies).
Figures 4.2.9 and 4.2.10 are a two-category histogram for the winter season 2018-19 and
summer season 2019. In both cases, it is further shown the tendency for the HRRR to
over-forecast clear skies (< 37.5%) and under-forecast cloudy skies (> 37.5%) compared
to the camera observations. In the winter season 2018-19, the discrepancy magnitude
between the HRRR and camera observations is less compared to the summer season 2019.
In the summer season, the discrepancy between the HRRR and camera observations is

more significant for the two categories of cloud cover.
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Figure 4.2.9 Two-Category Cloud Cover DJF 2018-19 Histogram HRRR vs. Camera
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Figure 4.2.10 Two-Category Cloud Cover JJA 2019 Histogram HRRR vs

Now that cloud cover is based on two categories, a dichotomous (2x2)
contingency table can be utilized to evaluate the HRRR forecasts’ ability to predict

significant amounts of cloud (as defined by Matuszko 2012). Figures 4.2.11 and 4.2.12

JJA 2019 Two Categories HRRR f00 vs Camera
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are examples of 2x2 contingency tables for the winter 2018-19 season and summer 2019

season. (Note the 2x2 contingency, and all other figures/tables, for the other season(s) not

shown in the paper can be found in Appendix II).
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