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ABSTRACT

In this work, we present estimates of the predictions of global horizontal irradiance, as well as of the profiles of air
temperature and relative humidity in the interval of 10-40 m under the clear-sky summer conditions near Tomsk. The
numerical experiments are carried out for three different configurations of the WRF-Solar model. Data of measurements
are obtained using the measurement complex, located on the territory of “Fonovaya” observatory (IAO SB RAS). The
statistical analysis of the calculation errors showed that the mean absolute errors and the root-mean-square errors are: 30
W/m2 and 40 W/m2 for GHI, 1.2°C and 1.5°C for air temperature, as well as 10% and 15% for the relative air humidity,
averaged over the altitude interval of 10-40 m. Preliminary results showed that the chosen sets of parameterizations make
it possible to simulate these characteristics with the accuracy no worse than that of similar calculations by other authors
under the analogous conditions.
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1. INTRODUCTION

Solar radiation is one of the key factors determining the state of the “atmosphere — underlying surface” system. However,
the numerical weather prediction and climate models still calculate its distribution from the top of the atmosphere (TOA)
to the surface with a considerable scale-dependent uncertainty fraction®. This stimulates the studies, related to
investigating how the parameterizations of different physical (and, in particular, radiation) processes influence the
quality of simulating the transfer of shortwave radiation (SW) as a function of the characteristics of the atmosphere and
underlying surface, season, geographic area, etc. The interest in the SW calculations traditionally focuses on simulating
the fluxes of global horizontal irradiance GHI; however, addressing its individual components, i.e., direct DIR and
diffuse DIF irradiance, is of interest in studying some (and, in particular, chemical) processes in the atmosphere?.

One of the most widespread models, designed for modeling weather prediction and more detailed studying the
atmospheric processes, is the Weather Research and Forecasting (WRF) model. At present, a software complex,
comprising the WRF v4.3.3 model and WPS preprocessing system, is deployed at the computing server of Institute of
Atmospheric Optics, Siberian Branch, Russian Academy of Sciences (IAO SB RAS, Tomsk). In this work we present
first results from simulating GHI, as well as the profiles of air temperature and relative humidity, obtained using a
special branch of the WRF-Solar of the WRF model® (see also https://ral.ucar.edu/solutions/products/wrf-solar), and
compare them with measurements at the “Fonovaya” observatory, IAO SB RAS (60 km from Tomsk) in clear-sky
conditions. The WRF-Solar modification was chosen because it calculates not only the global surface irradiance but also
the direct and diffuse components. This will make it possible to study more carefully the dependence of SW fluxes on
the optical characteristics of aerosol and clouds, as well as the surface albedo at next stages of the work.
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2. MODEL SETUP

The simulation domain was constructed according to the technology of nested regions: out of the three, the largest (D1)
region encompasses the entire Tomsk region; and the most detailed (D3) region covers the territory of Tomsk and its
nearest surroundings, including the “Fonovaya” observatory. The number (n,,n,) and sizes (d,d,) of the cells had been
respectively: D1={n,=n,=99, d=d,=9 km}, D2={n,=n,=99, d,=d,=3 km}, D3={n,=n,=120, dy=d,=1 km}. The vertical
model grid was specified as 42 levels, spaced closer toward the surface, 20 of which were at the altitudes up to 2 km.

The WRF model offers numerous physical options such as radiation, microphysics and cumulus parameterizations,
planetary boundary layer and surface physics. The WRF-Solar was operated with three different configurations defined
as WRF_RRTMG, WRF_Goddard and WRF_CONUS. The physical parameterizations and scheme choices used in this
study are presented in Table 1. A brief description of the parameterizations with the corresponding bibliography is
available at website of NCAR Mesoscale and Microscale Meteorology
laboratory (https://www2.mmm.ucar.edu/wrf/users/physics/phys_references.html,
https://www2.mmm.ucar.edu/wrf/users/docs/user_guide_v4/v4.3/users_guide_chap5.html#Namelist).

Table 1. Model configurations of the WRF model.

Parameterizations WRF RRTMG WRF_Goddard WRF_CONUS

Shortwave and Longwave Radiation | RRTMG Scheme | Goddard Scheme | RRTMG Scheme

Micro Physics Aerosol-aware Thompson Scheme Thompson Scheme

Planetary Boundary Layer Mellor—Yamada Nakanishi Niino Mellor—Yamada-Janjic Scheme

(PBL) Physics (MYNN) Level 2.5 Scheme

Land Surface Unified Noah LSM Unified Noah LSM

Surface Layer Options Revised MM5 Scheme Eta Similarity Scheme

Cumulus Parameterization No parametrization Tiedtke cumulus scheme (for D1 domain)
No parametrization (for D2 and D3
domains)

Shallow Cumulus Options Deng Scheme Deng Scheme

Urban No parametrization No parametrization

The first two configurations refer to the branch WRF-Solar and differ only by the radiation schemes. The RRTMG SW solar
radiation model is a faster version of the RRTM SW solar radiation model. The former has been specially conceived to
match the particular requirements of regional and global models. RRTMG accounts for extinction by water vapor, carbon
dioxide, ozone, methane, oxygen, nitrogen, aerosols, Rayleigh scattering, and clouds. Fluxes are calculated over 14
spectral bands spanning from 0.2 to 12.2 um. It shares basic physics and absorption coefficients with RRTM. The main
differences between RRTM and RRTMG concern the multiple scattering calculations and the parameterization of
subgrid-scale cloud variability. Whereas RRTM computes multiple scattering with the discrete ordinates algorithm
DISORT*, RRTMG uses a two-stream algorithm®. Subgrid-scale cloud variability is not considered in RRTM. However,
to this aim RRTMG incorporates the Monte-Carlo independent column approximation (McICA) method °’. In clear
skies, the expected accuracy of RRTMG with respect to RRTM is about 3 W/m? (0.3%) for flux at all levels (the
accuracy of RRTM relative to line-by-line calculations is about 1 W/m? for direct flux and 2 W/m? for diffuse flux). The
expected agreement in heating rates is within 0.1 K/day in the troposphere and 0.35 K/ day (about 1%) in the
stratosphere®.

The Goddard SW solar radiation model has been developed at the NASA Goddard Space Flight Center® to be used in
climate models. It includes extinction by water vapor, ozone, oxygen, carbon dioxide, aerosols, Rayleigh scattering, and
clouds. Fluxes are calculated over 11 spectral bands using the two-stream adding approximation, spanning from 0.175 to
10 um. Layer reflections and transmissions are computed using the 3-Eddington approximation. Its accuracy is expected
to be within a few W/m? whereas the atmospheric heating rate between 0.01 hPa and the surface is accurate to within 5%
relative to line-by-line calculations®. A few recent improvements were made to the implementation of this model in
WRF™, involving changes in optical depth for condensates and updates in the two-stream adding algorithm, the &-
Eddington approximation, and the molecular absorption coefficients.

The third configuration WRF_CONUS differs from the first two sets by the planetary boundary layer (PBL), surface
layer and microphysics parameterization and cumulus parameterizations for the domain DO1. The “CONUS” set,
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described at https://www?2.mmm.ucar.edu/wrf/users/physics/ncar_convection_suite.php, uses the Mellor—Yamada—Janjic
scheme as a PBL parameterization; while the WRF_RRTMG and WRF_Goddard sets use Mellor—Yamada Nakanishi
Niino (MYNN) Level 2.5 Scheme. In addition, the "CONUS" set uses an earlier version of Thompson's microphysics
parameterization, which does not take into account the aerosol. The RRTMG scheme is used for the radiation
calculations.

The numerical experiments were performed for the period from 00:00 LT on September 2 to 24:00 LT on September 5, 2016. The joint
analysis of the model and experimental results was carried out for September 3 and 4, because the first day was considered as the model
“spin-up”, and on September 5 the clouds were present in the sky. The NCEP GFS ds084.1 dataset was used as initial data™.

3. DATA OF MEASUREMENTS

In this study, we used the measurements of the solar radiative fluxes near the underlying surface, as well as the
temperature and relative humidity profiles, obtained using the measurement complex, located on the territory of
“Fonovaya” observatory™. The air temperature T(z) and relative humidity RH(z) profiles were measured using Vaisala
HMP155 with the accuracy no less than +£0.12°C (at 20°C) and +1% respectively. Meteorological sensors are mounted
on a 44 m mast at the altitudes of 10, 19.7, 29.8, and 39.7 m. The global horizontal irradiance (GHI) measurements in the
range of 0.305-2.8 um were carried out using the Kipp&Zonen CM3 instrument, mounted at the altitude of 2 m; its
measurement error did not exceed 2%™3. This study was carried out using GHI, T(z), and RH(z) measurements, averaged
over first 10 minutes of each hour. For a number of technical reasons, no GHI, T(z), and RH(z) measurements were
carried out in certain time intervals, a consequence being smaller sizes of the corresponding samples.

In addition to these data, we also considered the data on the near-surface temperature T and relative humidity RH,
obtained at meteorological station in Kozhevnikivo village (no. 29532, https://rp5.ru), located ~20 km away from the
“Fonovaya” observatory.

The information on the state of the sky (clear sky/clouds), required for analysis of results, was absent immediately at the
measurement site; therefore, the state of the sky was described using a) observations at the meteorological station in
Kozhevnikovo village and b) the “clearness index” k, defined as the ratio of the sum of the fluxes at the surface level
during the day, to the solar radiative flux incoming at TOA*. Meteorological observations on September 3 and 4
indicate that the state of the sky was classified as cloud-free, and the k value was equal to ~0.7, which by the
classification of sky states, corresponds to the clear sky conditions.

Scanning radiometer CIMEL, entering the AERONET (Tomsk_22, https://aeronet.gsfc.nasa.gov), operated throughout
the time interval at the observation site. Observations indicate that the daily average optical depths AOD(0.5 um) had
been about 0.076 (on September 3) and 0.042 (on September 4) respectively.

4. COMPARISON OF MEASUREMENTS AND MODEL CALCULATIONS

The statistics, used to estimate the prediction quality (mean error MBE; mean absolute error MAE; and root-mean-square
error RMSE) are calculated from formulas (1):

1" 1 1N,
MBE = —3Y ¢, MAE = —3 |¢,| RMSE = [ =Y &, 1)
N i=1 N i=1 N i=1

here, z; = X; noa = Xi.as + N iS the number of points in the sample, and x = {GHI, T, RH }. For comparison, the data
calculated for the region D3 were used.

4.1 Solar radiation

Table 2 presents the errors of predicting the global horizontal irradiance, as well as the near-surface temperature and the
relative humidity in Kozhevnikivo village.
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Table 2. Statistical errors of the GHI, T, and RH predictions (for September 3-4, 2016).

| MBE | MAE | RMSE
GHI, W/m®
WRF RRTMG 5.4 30.5 37.8
WRF_GODDARD 4.6 30.0 37.6
WRF_CONUS 0.3 28.5 36.3
Temperature, °C
WRF RRTMG 0.6 1.8 2.1
WRF_GODDARD 0.7 1.9 2.1
WRF_CONUS 0.6 1.8 2.2
Relative humidity, %
WRF RRTMG 2.1 10.8 12.1
WRF_GODDARD 3.0 10.4 12.1
WRF_CONUS 7.7 11.9 14.2

From these data it follows that the MAE and RMSE values, obtained for the global horizontal irradiance, are within 30
W/m2 and 40 W/m2 respectively, consistent with results obtained under the conditions of clear sky in other regions (see,
e.g.,’%). The average error MBE shows that GHI, on the average, slightly underestimates the measurements in the
configuration WRF_RRTMG (Figure 1a) and overestimates them in the configuration WRF_Goddard.

To identify the reasons for the existing discrepancies between the radiative characteristics, it is necessary to analyze the
obtained data, taking into consideration the variations in the characteristics of the atmosphere and underlying surface,
among which an important role is played by the aerosol characteristics: aerosol optical depth and albedo (SSA) and
asymmetry factor (AF) of the single scattering phase function. At this research step, the AOD, SSA, and AF were
unchanged throughout the simulation period; therefore, the differences identified are predominantly a consequence of
different parameterizations used. As an example, we will consider the direct solar radiation, which was calculated in
different WRF-Solar model configurations, and which is determined by the atmospheric turbidity degree, as well as by
the set of atmospheric gases and their concentrations (Figure 1b).

The DIR differences between the first and third configurations are about 30 W/m2 at noon time. Considering that DIR
was simulated using the same RRTMG radiation scheme, these discrepancies are most probably due to the different
parameterization sets. The difference in DIR is about the same (30 W/m2) when calculated in WRF_RRTMG and
WRF_Goddard; but this is a consequence of using different radiation schemes.
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Figure 1 — (a) Measurements and model calculations of GHI in the WRF_RRTMG configuration; and (b) model calculations
of GHI, DIR and DIF in the WRF_RRTMG, WRF_Goddard, and WRF_CONUS configurations.

As regards the near-surface temperature and relative humidity, from Table 2 it follows that the set of the
parameterizations chosen insures a high-quality prediction of T and RH'. (The T and RH comparisons with model

Proc. of SPIE Vol. 12341 1234164-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 08 Dec 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



calculations were used as one of the criteria of adequacy of reproducing the meteorological and radiative characteristics,
obtained using the WRF-Solar complex under summer conditions near Tomsk). We note that, in the WRF_CONUS
configuration, the MBE, MAE, and RMSE values for the relative humidity are a little larger than the characteristics
calculated using WRF_RRTMG and WRF_Goddard, possibly due to the inclusion of the aerosol-aware micro physics
scheme in WRF_RRTMG and WRF_Goddard.

4.2 Temperature and relative humidity profiles

This subsection compares the air temperature T(z) and relative humidity RH(z) profiles, using simulations and
observations at the “Fonovaya” observatory at daylight and nighttime hours.

Table 3 presents the statistical errors of the air temperature and relative humidity calculations at the altitudes of 10, 20,
30, and 40 m, performed within different WRF-Solar configurations. The MAE and RMSE for both the temperature and
the relative humidity are close in value for all variants of the calculations, considered here. Mean bias errors for the
configurations WRF_RRTMG and WRF_Goddard are comparable throughout the altitude range, but differ from MBE
within WRF_CONUS. In the altitude range of 20-40 m, MBE increases by a factor of 2-3 (without sign reversal) as
compared to the first two configurations; while at the altitude of 10 m, a certain overestimation of the model RH values
within WRF_RRTMG and WRF_Goddard changed to RH underestimation when using WRF_CONUS, most probably
because they use different parameterization sets.

Table 3. Statistical errors of the T(z) and RH(z) predictions (September 3-4, 2016)

Air Temperature T(z)

10m 20m 30m 40m
MBE, °C -0.49/-0.54/0.05 0.21/0.17/0.69 0.32/0.28/0.86 0.36/0.31/1.02
MAE, °C 1.63/1.61/1.16 1.1/1.09/0.98 0.93/0.97/0.98 0.97/0.96/1.07
RMSE, °C 1.85/1.86/1.29 1.28/1.26/1.11 1.14/111/1.12 1.12/1.09/1.22

Relative humidity RH(2)

10m 20m 30m 40m
MBE, % 2.28/1.63/-3.87 -2.74/-3.39/-8.48 -3.81/-4.41/-9.57 -4.14/-4.66/-10.41
MAE, % 11.54/11.42/10.05 8.35/8.81/10.13 7.7/8.13/10.05 7.47/7.97/10.53
RMSE, % 12.86/12.87/11.41 9.61/10.1/11.65 8.86/9.33/11.74 8.69/9.17/12.15

Figure 2 presents the statistical errors of predicting the temperature and humidity, averaged over the altitude range of 10-
40 m. These data indicate that MAE and RMSE for the T and RH profiles, on the whole, differ insignificantly; while the
MBE values in the configuration WRF_CONUS somewhat exceed (in absolute value) the corresponding estimates in
WRF_RRTMG and WRF_Goddard.
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Figure 2. Statistical errors of predicting the temperature and humidity, averaged over the altitude interval of 10-40 m.
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5. CONCLUSIONS

In this work, we presented estimates of the prediction of global horizontal irradiance, as well as of the air temperature
T(z) and relative humidity RH(z) profiles in the interval of 10-40 m under the clear-sky summer conditions near Tomsk.
The numerical experiments were carried out using three different WRF-Solar model configurations, differing in the sets
of parameterizations of physical processes. Two configurations, WRF_RRTMG and WRF_Goddard, were compiled on
the basis of recommendations of WRF-Solar developers and differ in the radiation schemes (both variants are admitted);
while the WRF_CONUS set was presented as one of the most optimal sets for predictions in real time, suggested by
NCAR’s Mesoscale and Microscale Meteorology (MMM) Laboratory based on multiyear experience of model runs. The
measurements were carried out using the measurement complex, located on the territory of “Fonovaya” observatory
(IAO SB RAS).

The statistical analysis of the calculation errors showed that the chosen parameterization sets make it possible to simulate
these characteristics with accuracy no worse than the accuracy of analogous calculations by other authors under the
clear-sky conditions'®*". In particular, the mean absolute error and the root-mean-square error RMSE are: 30 W/m? and
40 W/m? for GHI; 1.2°C and 1.5°C for air temperatures, averaged over the interval of 10-40 m; as well as 10% and 15%
for relative air humidity, averaged over the interval of 10-40 m.

We stress that these results should be considered as preliminary because any justified conclusions are untimely to make
on a limited set of situations. As regards the quality of simulating the radiative characteristics, at this research stage there
is no analysis of how the variations in aerosol optical characteristics influence the global radiation and its components.
To continue this research, a more versatile radiation code should be used, in our opinion®. It should also be kept in mind
that such radiation schemes as RRTMG allow for the use of additional information on AOD, SSA, and AF, specifying
them within each layer and spectral band. Moreover, the consideration of the clear-sky situations is merely the first step
in the study of regional atmospheric processes with the use of the WRF model in Western Siberia, because the situations,
most typical for this region, are those when the sky is covered by clouds totally or partially.
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