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ARTICLE INFO ABSTRACT

Keywords Canary Islands and other regions have been greatly damaged by weather events during the last decades. For this
WRF reason, the main duty of National Meteorological Services is to minimize socio-economic losses by forecasting
adverse weather episodes with enough time in advance. To achieve this goal, the use of numerical weather pre-
diction models is highly relevant. And, even more crucial, is to comprehend the model accuracy.In this paper,
PBL an exhaustive sensitivity analysis of the Weather Research and Forecasting (WRF) model over the Canary Islands
Microphysics has been carried out. The complex terrain of the archipelago makes the islands a test bench of high interest. Four
Canary Islands scores were used to assess the accuracy of the model configurations: Bias, mean absolute error (MAE), root of the
Mean Squared Error (RMSE), and the correlation coefficient (r). Initially, twenty-five WRF model configurations
were considered. However, a preliminary test discarded inadequate configurations, and reduced the number to
six. The variables of interest were air temperature at 2 m (T2m), maximum 1-h wind gust at 10 m and 3-h rainfall
accumulation. The results indicated a systematic wind speed underestimation. This underestimation is related to
the influence of the location and the complex orography. The most accurate wind forecasts were obtained us-
ing the Mellor-Yamada-Janjic Planetary Boudary Layer (PBL) scheme with the WSM6 microphysics (MP) scheme.
Another major conclusion is that, for precipitation, the PBL scheme has a greater impact than the MP scheme.
Finally, the results show that the Boulac — Thompson combination is the most accurate regarding T2m forecast.

Sensitivity analysis
Complex terrain

1. Introduction

Extreme weather events have negative impacts on transportations
and communications, consequently resulting in catastrophic effects on
distinct aspects of people's lives and economy. Despite the apparent cli-
matic mildness, the frequency and intensity of the severe weather events
have serious consequences on the Canary Islands (Dorta, 2007). To un-
derstand this impact, statistics show that severe weather events caused
74 fatalities between 1995 and Eiserloh, 2014 (Suarez-Molina et al.,
2018). According to the CCS (“Consorcio de Compensacién de Seguros”,
a public organization funded by the Ministry of Economy, Industry and
Competitiveness of the Spanish Government), between 1996 and 2018,
floods and windstorms in the Canary Islands produced more than 211
million Euros in losses (Sudrez-Molina et al., 2020).

The accuracy of Numerical Weather Prediction (NWP) models in
complex terrain is lower than over flat and homogeneous terrain. This
discrepancy is attributed to the fact that boundary-layer processes
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in complex terrain are not well represented by NWP models. Previous
studies have evaluated the performance of different planetary boundary
layer (PBL) parameterization schemes in locations known for complex
atmospheric situations (Pérez et al., 2006; Bossioli et al., 2009). Mi-
crophysics schemes in numerical models play a key role in simulating
the formation of cloud droplets, precipitation, and land surface temper-
ature. It also takes into account the interactions and energy fluxes be-
tween the atmosphere and the surface, which is considered a key para-
meter in many hydrological, meteorological and environmental studies
(Anderson et al., 2011).

In recent years, the use of the Weather Research and Forecast-
ing (WRF) model in operational mode has increased. For instance,
since 2017, the National Centers for Environmental Prediction (NCEP)
use in operational mode the Hurricane Weather Research and Forecast
(HWRF) system (Biswas et al., 2018). In addition, the WRF model
has been used by other authors in operational mode with different pur-
poses (Hsiao et al., 2012; Hamill, 2014; Sahoo et al., 2019). The
WRF model is also being used in ySREPS, an Ensemble Prediction Sys-
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tem developed by AEMET, the Spanish Meteorological Agency (Callado
et al., 2019).

Although other studies have used WRF in the Canary Islands for
particular phenomena (Marrero et al., 2008; Jorba et al., 2015;
Quitidn-Hernédndez et al., 2018), a comprehensive sensitivity analy-
sis has not been carried out before. Such study is essential to determine
the most convenient model setup for this geographical domain (Borge
et al., 2008). In addition, it should be taken into consideration that the
operational forecast of convective episodes is more problematic in sub-
tropical regions such as the Canary Islands (Zagar et al., 2005).

The purpose of this work is to evaluate the quality of WRF forecasts
in the Canary Islands. The fields analyzed-air temperature at 2 m (T2m),
maximum 1-h wind gust at 10 m and 3-h rainfall accumulation-are of
vital importance for issuing meteorological warnings (METEOALERTA,
2018). The period analyzed (15 days in February 2018) includes vari-
ous weather patterns; therefore, the sensitivity analysis will evaluate the
model performance under different atmospheric conditions.

This paper is structured as follows: Section 2 describes the study
area, the configuration of the WRF experiments and the observational
dataset used to evaluate the model performance. Section 3 presents the
results of the performance evaluation. Finally, Section 4 summarizes
the paper conclusions.

2. Methodology
2.1. Study area and dataset

This research is focused on the Canary Islands (Fig. 1). This archipel-
ago is in front of the west coast of North Africa in the subtropical zone
(27°37'-29°25'N and 18°10'-13°20'W). The archipelago is formed by
seven islands of volcanic origin that present a complex orography. The
highest point is Mount Teide (3718 m) on Tenerife (TF). With Tenerife
being by far the highest island, La Palma (LA), Gran Canaria (GC), La
Gomera (GO) and El Hierro (HI) constitute a medium cluster with high-
est heights of: 2423 m (Roque de los Muchachos, LA), 1948 m (Pico de
Las Nieves, GC), 1501 m (Pico de Malpaso, HI) and 1487 m (Garajonay,
GO). Lanzarote (LZ) and Fuerteventura (FV) are much flatter with max-
imum heights of 671 m and 807 m, respectively.

2.1.1. Episode selection
Analysis is conducted for two periods of February 2018: from Feb-
ruary 1st at 00 h UTC to February 11th at 12 h UTC, and from Febru-
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ary 23rd at 00 h UTC to February 28th at 12 h UTC. This approach al-
lows the evaluation of the meteorological model under different atmos-
pheric conditions. The synoptic situation during the different episodes
of the study period will be described below:

1-4 February 2018: High pressure system centered north of the Azores
Islands with central pressures exceeding 1038 hPa. Northeasterly winds
were predominant. During February 1st and 2nd, a cut-off low system
affected the Canary Islands.

5 February 2018: Low pressure system of 1008 hPa over Algeria gener-
ated weak pressure gradient across Canary archipelago

6-11 February 2018: Strong high pressure system centered near to
Azores Islands with central pressures about 1040 hPa. The Canary Is-
lands were located eastwards of the ridge.

23-28 February 2018: Different low pressure systems moving from
Azores to the Canary Islands with central pressures about
966-1000 hPa. A cold front affected the islands on February 24 and 25.
The prevailing winds were from the west.

2.2. WRF model configurations

The model used is the version 3.9.1 of the Advanced Research ver-
sion of WRF (ARW), a fully compressible and nonhydrostatic model.
Two different vertical coordinate systems are available: terrain-follow-
ing coordinate (TFC) and hybrid vertical coordinate (HVC) hydrostatic
pressure coordinate. The Arakawa C-grid staggering is used. The model
includes the Runge-Kutta 2nd and 3rd order time integration schemes,
and 2nd to 6th order advection schemes in both horizontal and vertical
directions. It also applies a time-split small step for acoustic and grav-
ity-wave modes. Dynamics conserves scalar variables. This model is de-
scribed in more detail in Skamarock et al. (2008).

Boundary conditions and initial starting conditions were derived
from the Operational Dataset HRES-IFS (High Resolution-Integrated
Forecasting System, from ECMWF) with 0.09° x 0.09° spatial resolu-
tion and temporal resolution of 3 h. Each of the 15 days analyzed
were run individually, following recommendations of similar sensitiv-
ity analysis (Evans et al., 2012; Johnson and Wang, 2012;
Ferndndez-Gonzélez et al., 2015, 2017; Garcia-Ortega et al.,
2017). The lead time of the simulations is 36 h, considering the first
12 h as spin-up time; hourly outputs were generated.

The simulations consist of three nested domains (Fig. 2) follow-
ing a two-way nesting strategy, with spatial resolutions of 9 (d01), 3
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Fig. 1. Location of Canary Islands in the Subtropical Eastern Atlantic. The zoom shows the study area in more detail.
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Fig. 2. Domains with spatial resolutions of 9 (d01), 3 (d02) and 1 km (d03).

(d02) and 1 km (d03), respectively. Forty sigma levels in the vertical
axis were selected.

The WRF model offers several options to configure physics schemes,
enabling optimization of the model for specific weather phenomenon
and study area. The parameterization schemes were selected based upon
previous works with similar conditions of complex terrains (Moya-Al-
varez et al., 2018; Gonzalez Rocha et al., 2017; Evans et al.,
2012).

For radiation, the RRTMG (lacono et al., 2008) longwave and
shortwave schemes were used. It is a new version of RRTM (added in
WRF Version 3.1) and includes the MCICA method of random cloud
overlap. Radiation was called every 10 min. The surface processes were
parameterized by the Noah Land Surface Model (NLSM), a four-layer
soil temperature and moisture scheme that provides data of sensible and
latent heat fluxes in the PBL (Chen and Dudhia, 2001).

The WRF Model determines surface heat, momentum, and moisture
fluxes mainly via the PBL scheme, which estimates wind shear and fric-
tion at the subgrid-scale (Ferndndez-Gonzélez et al., 2018). For this
reason, five PBL scheme are evaluated to determine which one achieves
the most realistic simulation for the variables of interest: the Yonsei Uni-
versity (YSU) (Hong et al., 2006), the Mellor-Yamada-Janjic (MYJ)
(Janjic, 1994), the Mellor-Yamada-Nakanishi-Niino (MYNN2) (Nakan-
ishi and Niino, 2006), The Asymmetric Convective Models (ACM2)
(Pleim, 2007), and the BouLac (Bougeault and Lacarrere, 1989).

The YSU scheme is a first-order scheme that calculates turbulent
fluxes using non-local eddy diffusivity coefficients. MYJ is an eta oper-
ational scheme with a one-dimensional prognostic turbulent kinetic en-
ergy scheme with local vertical mixing. MYNN2 predicts sub-grid TKE
terms (new in Version 3.1 with a significant update in V3.8). ACM2 is
the Asymmetric Convective Model with non-local upward mixing and
local downward mixing. The BouLac PBL scheme is a one-and-a-half or-
der, local closure scheme with a TKE prediction option designed for use
with the BEP (Building Environment Parameterization) multi-layer, ur-
ban canopy model (Martilli et al., 2002). BouLac diagnoses PBL height
as the height where the prognostic TKE reaches a sufficiently small value
(in the current version of WREF is 0.005 m?s~2).

All these PBL schemes require the Monin-Obukhov (MO) sur-
face-layer scheme, except MYJ that requires Eta similarity (MOJ). MO
(MMS5 similarity) is based on Monin-Obukhov with Carlson-Boland vis-
cous sub-layer and standard similarity functions from look-up tables. In
contrast, MOJ is based on Monin-Obukhov with Zilitinkevich thermal
roughness length and standard similarity functions from look-up tables.

In addition, five different microphysics (MP) schemes are evalu-
ated: Kessler (Kessler, 1969), WSM6 (Hong and Lim, 2006), God-

dard (Tao et al., 1989), Thompson (Thompson et al., 2008) and
Morrison (Morrison et al., 2009). Kessler is a warm-rain (i.e., no ice)
scheme. WSM6, Goddar and Thompson are schemes with ice, snow and
graupel processes suitable for high-resolution simulations. Morrison is a
double-moment ice, snow, rain and graupel scheme for cloud-resolving
simulations.

Cumulus parameterizations are not recommended for high hori-
zontal resolutions. Therefore, in domains d02 and d03, the convec-
tive processes were resolved explicitly. On the other hand, the new
Kain-Fritsch cumulus scheme (Kain, 2004) was applied to domain dO1.

2.2.1. Initial test

Five different PBL and five different microphysics schemes were eval-
uated (Table 1) in order to know its impact in the T2m, precipita-
tion and wind gust forecast. Twenty-five simulations (5 PBL X 5 MP_-
PHYSICS) were run for one day (these 25 experiments were called ini-
tial test). Initial test was chosen randomly. Then, according to bias
and root squared mean error (RMSE), the best configurations were se-
lected to run the remaining 14 days, avoiding increased computational
cost. The selected configurations showed in average better results for all
variables in initial test. The largest differences were obtained for wind
gust. Bias for the selected configurations were about —3 km/h, while for
the discarded configurations, the wind gust bias reached —7.50 km/h
(for the combination MYNN2-Thompson). The combinations YSU-WSM6
and MYNN2-Kessler presented the largest bias for temperature (1 °C),
whereas the selected configurations exhibited temperature bias closed
to —0.6 °C). The selected configurations presented precipitation bias
closed to 0 mm/h in initial test, while the largest bias was found for
ACM2-Goddard (-0.25 mm/h).

Table 1
Summary of schemes used in initial test simulations.

Land PBL scheme
surface - Surface Microphysics
Radiation (shortwave/longwave) model layer scheme
RRTMG/RRTMG NLSM YSU-MO Kessler
MYJ-MOJ WSM6
MYNN2-MO  Goddard
ACM2-MO Thompson
BouLac-MO Morrison
2-Moment
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2.2.2. Better performing configurations

The initial test discarded inadequate combinations of parameteriza-
tions, keeping only six valid configurations for the sensitivity analysis.
These valid configurations are the combination of three PBL schemes
(MYJ, ACM2 and BouLac) with two microphysics schemes (WSM6 and
Thompson); see Table 2.

2.3. Sensitivity analysis methodology

In order to verify the model results, observational data have been
used. The observation data come from the AEMET observational net-
work. This network is composed of 68 automatic meteorological stations
(Fig. 3) across the Canary Islands. The data used in this paper are T2m,
maximum 1-h wind gust at 10 m and 3-h rainfall accumulation. To eval-
uate the accuracy of the six model configurations, forecast verification
of continuous predictands was carried out.

An hourly comparison between simulation results and observations
(at the 68 automatic meteorological stations) was performed, except for
precipitation where the 3-h rainfall accumulation was compared. For a
given observational site, the simulation result is the closest grid point to
the observational location. The validation was performed on D03, ensur-
ing that the distance between the observation site and the closest grid
point will always be less than 500 m. Although this can lead to repre-
sentativeness errors, such errors are systematic in all simulations and do
not play a significant role in the assessment of the relative model perfor-
mance across model configurations (Jiménez et al., 2010).

According to other researchers (Pereira et al., 2013; Zhao and
Zhang, 2018), a threshold for the 3-h rainfall accumulation validation
should be established because there is a minimum measurable precipi-

Table 2
Summary of combination of PBL and microphysics schemes selected.

Setting code PBL scheme - Surface layer Microphysics (MP) scheme
Configuration 1 MYJ-MOJ WSM6
Configuration 2 ACM2-MO WSM6
Configuration 3 BouLac-MO WSM6
Configuration 4 MYJ-MOJ Thompson
Configuration 5 ACM2-MO Thompson
Configuration 6 BouLac-MO Thompson
Terrain Height
29°N
28°30'N —
28°N —
27°30'N
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tation amount for the operational tipping bucket rain gauges. In this pa-
per, it has been set to 0.2 mm in 3 h.

In this research, the AFWA (the Air Force Weather Agency) diagnos-
tic variable has been used for the maximum 10-m wind speed (afwa_-
diag opt = 1). AFWA has made available to the WRF model a suite
of diagnostics used in its operational Mesoscale Ensemble Prediction
Suite (MEPS). The WSPD10MAX variable is used to parameterize sur-
face wind gust (https://www2.mmm.ucar.edu/wrf/users/docs/AFWA _
Diagnostics_in WRF.pdf) applying the Weibull distribution .

Four scores were used to assess the accuracy of the model config-
urations: Bias, mean absolute error (MAE), root of the Mean Squared
Error (RMSE), and the correlation coefficient (r). The model evaluation
in the complex terrain will be presented by means of summary tables
with overall results, scatter plots and through subsections lead time, ge-
ographical and vertical influence.

Bias represents the mean error and is the average of the difference
between the forecast and the observation in each station and instant
of time. The bias shows if the model overestimates the prediction (Bias
>0) or underestimates it (Bias <0). It is important to note that it is not
an accuracy measure, since it does not calculate the magnitude of indi-
vidual forecast errors. It is computed as,

L

T N
N (Fi,t - Oi,t)

t=1 i=1

bias =

where F; , corresponds to the forecast value and O; ; to the observed
value, both at the i station in time t. The term T is the total number of
hours and N the total number of stations.

Similarly, MAE is the arithmetic average of the absolute values of the
differences between the members of each pair. MAE is zero for a perfect
forecast and increases as discrepancies between the forecast and obser-
vations become larger. MAE can be interpreted as a typical magnitude
for the forecast error in a given verification data set. The MAE formula
is,

| Ly
MAE = ﬁ; ; |Fi,t - Oi,t|

RMSE is the square root of the Mean Squared Error (MSE). MSE
is the average squared difference between the forecast and observa-
tion pairs. Since the MSE is computed by squaring forecast errors, it
will be more sensitive to larger errors than the MAE, and, thus, to out-
liers. RMSE has the same physical dimensions as forecasts and observa-
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Fig. 3. Altitude within the domain 3 of the WRF model simulation. Automatic meteorological stations across the Canary Islands are marked by black dots.
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tions and can be considered a magnitude for forecast errors. The formula
for RMSE is,

1

N
RMSE = 4| (F,—0,,)

1 i=1

M~

Finally, r is a good measure of linear association or phase error. The
correlation measures the distance between the points of a scatter plot
and the diagonal. It does not take into account forecast bias; therefore, a
forecast with large errors may have a good correlation coefficient; how-
ever, the correlation coefficient is sensitive to outliers. It is computed as:

_ Z{:] Zfi] (Fi,t _F) (Oi,t _5 )
\/23;1 Zi\;l (Fi,t _F>2\/Ztr=1 Zi\;l (Oi,t _5>2

where F corresponds to the mean of forecasted values and O the mean
of observed values.

3. Results and discussion

The results section is structured as follows; in Section 3.1 we will
present the results of the sensitivity analysis where we discuss the differ-
ent scores for the six configurations; then, we will study the dependency
to the lead time (Section 3.2), to the location (Section 3.3), and alti-
tude (Section 3.4).

3.1. Sensitivity analysis

The main objective of this study is to characterize model errors and
to know the forecast accuracy in complex terrain. For these reasons, an
overall evaluation has been carried out. Tables 3, 4 and 5 summarize
estimated average values of the sensitivity analysis for all model config-
urations. The best values by score are highlighted in gray.

3.1.1. Precipitation

The recorded mean (maximum) precipitation during the period stud-
ied oscillated from 1 to 10 (110) mm/day across the archipelago.

The different scores show some differences (Table 3). Configura-
tion 1 was practically unbiased, while configuration 3 overestimated
(bias >0), and the rest underestimated (bias <0). The best correla-

Table 3
Average values of Bias, MAE, RMSE and correlation for 3-h rainfall accumulation.

BIAS MAE RMSE r
configuration 1 0.062831 3.895269 6.589668 0.587587
configuration 2 —0.504090 4.243970 7.298406 0.495282
configuration 3 0.181209 4.206904 7.073962 0.500969
configuration 4 —-0.754269 3.666305 6.137176 0.557184
configuration 5 —-1.666448 3.812989 6.456754 0.557064
configuration 6 —0.374882 4.131263 7.041159 0.453620

Table 4
Average values of Bias, MAE, RMSE and correlation for T2m.

BIAS MAE RMSE r
configuration 1 —-1.108372 1.905499 2.45724 0.869723
configuration 2 -1.103388 1.841778 2.387194 0.878208
configuration 3 —1.042808 1.802495 2.340985 0.879837
configuration 4 -1.107951 1.901527 2.45491 0.869747
configuration 5 -1.092369 1.831298 2.378982 0.87844
configuration 6 —1.038473 1.795847 2.332715 0.880667
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Table 5
Average values of Bias, MAE, RMSE and correlation for wind gust.

BIAS MAE RMSE T
configuration 1 —4.827238 10.802053 14.748979 0.684739
configuration 2 —8.289803 12.124696 16.130221 0.67946
Configuration 3 —5.571593 11.338342 15.244262 0.673237
configuration 4 —4.886065 10.808923 14.791971 0.68299
configuration 5 —8.262815 12.149721 16.18515 0.675455
configuration 6 —5.601049 11.349421 15.268025 0.671952

tion between forecast and observation was also found in configuration
1. The lowest MAE and RMSE values were obtained in configuration
4. However, there are no large differences between all configurations
(the differences are less than 1 mm in 3 h). Configurations 1 and 4
showed the best scores overall. Both have in common the PBL scheme
(MYJ-MOJ) but differ in the MP scheme: WSM6 (configuration 1) and
Thompson (configuration 4). All model configurations presented flow
dependence and therefore the model skill depends on synoptic forc-
ing. In general, the different model configurations overestimated the
precipitation during weak synoptic forcing or under trade winds influ-
ence while underestimation occurred under strong synoptic forcing. In
fact, the worse model performance was found under intense cold front
event. According to other authors, the precipitation forecast accuracy
depends on the intensity of the precipitation events (Moya-Alvarez et
al., 2018).

The scatter plot (Fig. 4) shows the correspondence between forecast
and observations. An accurate forecast will have points on or near the
diagonal. For 3-h rainfall accumulation, most values are below 10 mm/
3 h. The plot shows more missed events with forecast values lower than
10 mm/3 h, while observed precipitation was higher than 20 mm/3 h.
It is interesting to remark that no model configuration was able to fore-
cast the 50 mm/3 h rainfall accumulation event. The predictability on
the precipitation over complex terrain is limited (Hohenegger et al.,
2006). This low predictability is due the role of the interactions of
the moist flow with orography and the uncertainties in microphysics
(Garvert et al., 2005; Colle et al., 2005). The impact of orography
on precipitation will be discussed in Section 3.3.

3.1.2. Temperature at 2 m

In contrast with 3-h rainfall accumulation, results obtained for T2m
show that configuration 6 obtains the best score. All model configura-
tions underestimate the temperature by 1 °C approximately (bias ~ —1)
and show great correlation with r values higher than 0.86. Temperature
underestimation can be justified partly by the method of the soil temper-
ature initialization in the WRF Surface Land Model (SLM) (Cheng and
Steenburgh, 2005).

The values obtained in the current work are similar to those obtained
by Banks et al. (2016), where the BouLac scheme shows the best per-
formance for T2m.

The scatter plot (Fig. 5) shows, in general, a strong correlation be-
tween forecast and observations. The worse correspondences are found
when the observed T2m is higher than 15 °C or lower than 0 °C. In the
first case (T2m > 15 °C), the model underestimates T2m while in the
other case (T2m < 0 °C), the model overestimates it.

3.1.3. Maximum 1-h wind gust

Maximum 1-h wind gust shows the worst verification score. The
bias presents significant differences that point to two groups: configu-
rations 2 and 5, and the rest. Configuration 2 and 5 show the largest
negative bias; this may be due to the PBL scheme used in both: ACM2.
The ACM2 scheme is a hybrid scheme that combines non-local up-
ward closure with local downward closure techniques. Its poor perfor-
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Fig. 4. Scatter plot panel for 3-h rainfall accumulation.

mance suggests that some eddies, present on the days tested, were not
large enough to be considered non-local, presenting conditions that
could be better resolved by the local schemes used in the rest of config-
urations (MYJ and BouLac).

The MAE and RMSE are higher than 10 km/h. These significant er-
rors can have important consequences in the decision-making process,
for instance, in the weather warnings issuance process. Nevertheless,
r values are higher than 0.67. Configurations 1 and 4 present the
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best overall results. Both configurations use the MYJ PBL scheme (with
MOJ surface layer), confirming the importance of the PBL scheme in

wind forecast.
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Fig. 5. Scatter plot panel for T2m.

The scatter plot (Fig. 6) shows a systematic model negative bias
and remarks the model inability to forecast wind gust >100 km/h. This

error can be explained by the inability of the PBL schemes to accu-
rately predict the wind field due to the difficulty to represent the vari-
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ability of the observations (Dandou et al., 2017). This difficulty is par-
ticularly relevant in the Canary Islands, given the orographic conditions
of the inland stations (Cana et al., 2020).

(5] an 10l
Dhservations (k)

14 140 160

3.2. Lead time dependence

Figs. 7 to 9 show how the different scores vary with time. In gen-
eral, all scores change similarly with time and the most relevant differ-
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ence between all model configurations have been found in wind gust
bias. As mentioned before, configuration 2 and 5 present the largest neg-
ative bias, due to the impact of the PBL scheme used.

In general, the different scores present better results between lead
times 18 and 33 h. This suggests that the lead time should be selected
carefully when optimizing a WRF configuration in high-resolution mod-
els (Jee and Kim, 2017).

a) Precipitation (Fig. 7)

The precipitation correlation increased for all model configuration
with time from 0.2 (configuration 2) to higher than 0.8 (configuration
4). The best correlations between observations and forecasts were found
during night time and early morning. The precipitation MAE exhibited
maxima (close or higher than 5 mm/3 h) during afternoon time (lead
time 12-18 h). After, the precipitation MAE decreased from 21 to 33 h
of lead time and showed the minima (close to 2 mm/3 h for the con-
figurations 4 and 6) from 21 to 24 h of lead time. The best results
were obtained during night time by the fact that the most intense rain-
fall took place during 12-18 h. As it was seen in the Fig. 4, the fore-
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cast of extreme precipitation is still a challenge. The Boulac-Thompson
combination (configuration 6) predicted the lowest precipitation quan-
tities for all lead time.

b) Temperature (Fig. 8)

Fig. 8 shows that all model configurations presented cold temper-
ature bias values around —0.5 °C and — 1.4 °C. The temperature MAE
showed three clusters with similar behaviors (configuration 1 and 4,
configuration 3 and 6 and configuration 2 and 5) conditioned by the PBL
scheme selected. Initially, the temperature MAE was close to 2 °C for
all configurations and decreased until 1.5 °C at 33 h. The temperature
scores displayed influence of the transition from night to day. All con-
figurations showed more realistic forecast during early morning (33 to
35 h of lead time), while during night time worst results were obtained.
It could be related to surface energy fluxes, cloud cover and boundary
layer height. As other authors point out (Jousse et al., 2016) inaccu-
rate representation of boundary layer height has a significant implica-
tion in the realism of WRF in a stratocumulus region.

c) Wind (Fig. 9)

Fig. 9 shows the behavior of the different model configurations for
wind gust throughout the day. Observed mean wind gust displays di-
urnal variations, with lower speeds during night. All model configura-
tions follow the trends of daily evolution, but configurations 1 and 4
are more realistic. Unlike mean wind gust, the observed maximum wind
gust presents higher values during night time with differences between
day and night of 20-30 km/h and no model configuration was able to
forecast the nocturnal low level jet that forms at night above a temper-
ature inversion. The wind gust correlation was quite similar for all con-
figurations at around 0.67. The lower bias was found for configurations
1 and 4, while configurations 2 and 5 presented larger bias during all
period. Configurations 3 and 6 exhibited better result during night time
and early morning (from 21 to 33 h).
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3.3. Location influence

Figs. 10, 11 and 12 show RMSE in observation stations for all
model configurations and fields. The main goal of these plots is to find
the influence of the location on the forecast accuracy.

Regarding precipitation (Fig. 10), the lowest RMSEs have been ob-
tained in Fuerteventura, Lanzarote and north coasts of Gran Canaria and
Tenerife. All configurations present the larger RMSEs in the south and
southeast of Tenerife, and in one location of La Gomera. Also, large RM-
SEs are found in the center of Gran Canaria. The large RMSEs in these
locations are due to orographic enhancement of precipitation on the
windward slope during extratropical cyclone and cold front events. De-
spite the convection is explicitly resolved, the orographic precipitation
is underestimated; this result is in line with other studies (Hong and
Lee, 2009; Eiserloh, 2014; Moya-[\lvarez et al., 2019). The fore-
cast of orographic precipitation is a challenge for NWP models as a con-
sequence of the complexity of thermodynamic, cloud microphysics, and
dynamic processes in complex terrain (Chow et al., 2013).

In contrast with precipitation, the larger RMSEs for T2m (Fig. 11)
are obtained in the east of Fuerteventura, at La Palma airport (east of the
island), and at El Hierro airport (northeast of the island). All of them are
very close to the sea (less than 500 m) and all of them are located at an
altitude lower than 33 m. For these locations, decomposition of RMSE
into systematic and unsystematic components evidenced the model's lin-
ear (or systematic) error. The cold temperature bias (and the tempera-
ture RMSE) oscillated with time between —2.5 °C and — 7.8 °C (and from
3°C to 8 °C for RMSE) depending on location. However, the worst re-
sults were found during days with prevailing intense SW to S winds,
with peaks above 100 km/h. Specifically, the largest temperature RMSE
was observed at Fuerteventura airport. Under these conditions (strong
coast parallel southerly winds), the sea surface temperature (SST) de-
creases as a reaction to the Coast Low Level Jet (CLLJ) due to upwelling
(Fig. 12). The cold current of Portugal-Canary is a potential area of oc-
currence of CLLJ (Winant et al., 1988). The increase of the temper-
ature RMSE during CLLJ activity enables the unsystematic component
and may imply the model impossibility/inability to resolve the phenom-
enon properly.
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Fig. 10. Map of RMSE for 3-h rainfall accumulation by location.

In the case of wind gust (Fig. 13), there are two stations with re-
markable large RMSE: Izana (Tenerife) and Vallehermoso (La Gomera).
These errors are related to the intense wind gusts observed in these loca-
tions, and the model inability to forecast wind gusts over 100 km/h (as
described in Section 3.1.3). The cause of this inability, and the result-
ing large RMSE, may be related to the complex orography. In these lo-
cations, synoptic winds are channeled and terrain-forced flows are pro-
duced. Low accuracy wind gust forecast in complex areas is partially jus-
tified by the mismatch between real and model topography.

3.4. Altitude dependence

In order to find out the altitude dependence, heatmaps exposing the
RMSE as a function of altitude (y-axis) and model configurations (x-axis)
are shown in Fig. 14 (rainfall), 15 (T2m) and 16 (wind gust). Each row
represents one station except at 0 m, where there are 5 stations. In this
case, heatmap shows the average RMSE. For precipitation, 60 out of 68
stations (4 stations at 0 m) were used to make heatmap. The discarded
stations did not reach the threshold of 0.2 mm. Red color shows high
RMSE, whereas blue color shows low RMSE.

The precipitation RMSE increased with the altitude from 0 to
12 mm/3 h (Fig. 14). However, the largest precipitation RMSE (be-
tween 15 and 24 mm/3 h) were found below 170 m. These high values
of precipitation RMSE at low altitude were due to a singular maximum
peak (44.6 mm/3 h accumulated in an hour) at Tenerife Sur airport un-
der low pressure system and cold front conditions. Although the config-
uration model 5 reproduced better the peak, the difference between ob-
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servation and forecast was 20 mm/3 h. Finally, we must consider that,
in locations characterized by shallow cumulus regimes, such as the Ca-
nary Islands, the existing PBL parametrizations in the WRF model are
unable to produce fully accurate results (Huang et al., 2013; Carrillo
et al., 2016; Jousse et al., 2016; Gunwani and Mohan, 2017; Cana
et al., 2020).

T2m does not show a direct relationship between altitude and RMSE.
However, the worst results, as explained before (Fig. 15), are found
at low altitudes. Analyzing different strata, in average the highest T2m
RMSE (from 2 to 4.2 °C) was found at 0-50 m, highly influenced by the
larger RMSE due to location influence. The strata at 50-500, 500-1000,
and 1000-1500 m presented similar T2m RMSE (in average between
1.5 and 2.5 °C). Nevertheless, station at higher than 1500 m presented
great variability of T2m RMSE. In high mountain areas (altitude above
1500 m) larger T2m RMSE were obtained during days with great ther-
mal oscillation with minimal temperatures of —5 °C and maximum tem-
peratures of 12 °C.

Regarding wind gust, RMSE increase with altitude in all cases (Fig.
16). The increase of RMSE with altitude is related to sub-grid terrain
features and its impact on the wind gust (see Section 3.3).

4. Conclusions

Sensitivity analysis can be used to determine optimum WRF model
configurations. However, the best configuration depends on location
and meteorological conditions. In this research, a comprehensive sen-
sitivity analysis has been carried out in the Canary Islands. Due to
the impact on the socio-economic activities, the analysis has been fo-
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Fig. 12. Sea Surface Temperature around Fuerteventura from the Group for High Resolution Sea Surface Temperature (GHRSST). Under upwelling conditions (February 26 and 27, center
and right image) SST is lower (blue color) on the east coast than under trade wind conditions (green color) (February 16, left image) (https://worldview.earthdata.nasa.gov/ SST). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

cused on T2m, wind gust and 3-h rainfall accumulation. Subsequently,
the most relevant conclusions are summarized:

e This research allowed discarding inappropriate WRF model configu-
rations. The discarded configurations were the combinations of YSU,
MYNN2 PBL schemes with Kessler, Goddard and Morrison 2-Moment

MP schemes.

® Regarding the 3-h rainfall accumulation on the Canary Islands, the

PBL scheme selected had a greater impact than the MP scheme used.
The MYJ PBL scheme reached the best performance for precipitation.

T2m.

12

The ability of the model configurations to forecast precipitation was
influenced by the daytime.
e The BouLac-Thompson combination presented the best results for
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Fig. 13. Map of RMSE for maximum 1-h wind gust by location.

The combination of MYJ-WSM6 showed the best results for the max-
imum 1-h wind gust. All model configurations followed the trends of
daily evolution for mean wind gust. However, none was able to fore-
cast nocturnal low level jet. Although the MYJ PBL scheme presented
more stable results for wind gust with time, the Boulac PBL scheme
exhibited better results during night time and early morning.

All fields presented better results between lead time 18 and 33 h.

e The influence of the location was proved. The worst overall results
were obtained in complex terrain areas. Worst T2m results arose in
the land-sea transition zones on the eastern coasts of the islands. Also,
for 3-h rainfall accumulation and maximum 1-h wind gust, the fore-
cast error increased with altitude.

There was a systematic wind speed underestimation in all configu-
rations. This underestimation suggests that, to obtain better results, ei-
ther other configurations should be tested, or post processing techniques
should be explored. The results obtained in this article show the diffi-
culty to obtain accurate forecasts in complex orography areas. There-
fore, in these areas, resources must be invested to test the models and
achieve an optimal configuration. The results reached in this study can
be taken as the basis for future WRF configurations in operational mode
within AEMET for the Canary Islands domain.
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Fig. 14. Heatmap of RMSE for 3-h rainfall by altitude and configuration.

SAFEFLIGHT (CGL2016-78702-C2-1-R and CGL2016-78702-C2-2-R)
and UE ERA-NET Plus NEWA (PCIN2016-080) projects.
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Fig. 16. Heatmap of RMSE for wind gust by altitude and configuration.
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