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Abstract

Atmospheric reanalyses are widely used for understanding the past and pre-

sent climate. They have become increasingly used within the renewable energy

sector for assessing wind and solar resources for different regions of the globe

in conjunction with observations. Mexico is a country with considerable poten-

tial for wind energy production, especially around coastal sites and therefore

the characterization of wind resource in these areas of the country is impera-

tive for the most beneficial use of these resources. In this study, we assess how

well three global reanalyses, namely ERA-Interim, ERA5 and MERRA-2, can

reproduce wind observations at a number of key sites across the country. We

find that the reanalyses' ability to reproduce these observations is highly vari-

able between different regions in Mexico. Correlation coefficients are around

0.9 in the south of the country where the winds are strongest, but much lower

(around 0.5) in Baja California Sur due to the complex coastal topography of

the region. ERA5 outperforms ERA-Interim and MERRA-2 consistently across

the vast majority of sites and so this reanalysis is recommended for local wind

power studies. The consistently improved performance compared with

ERA-Interim shows the value of the increased spatial resolution of ERA5.

However, in the south and east of Mexico, despite having the highest correla-

tions, ERA5 also has the largest bias, meaning that it underestimates winds

consistently across most of the country. Poor correlations between ERA5 and

the observations in Veracruz are considered as a case study to understand

potential drivers of low wind biases.

KEYWORD S

atmospheric reanalysis, climate change impacts, energy, Mexico, remote sensing,
renewable energy, skill, verification, wind observations, wind power

Received: 14 December 2020 Revised: 3 May 2021 Accepted: 26 July 2021

DOI: 10.1002/met.2023

Meteorological Applications
Science and Technology for Weather and Climate

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Meteorological Applications published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.

Meteorol Appl. 2021;28:e2023. wileyonlinelibrary.com/journal/met 1 of 13

https://doi.org/10.1002/met.2023

https://orcid.org/0000-0001-7119-9545
https://orcid.org/0000-0002-5616-1503
mailto:sthomas@irap.omp.eu
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/met
https://doi.org/10.1002/met.2023


1 | INTRODUCTION

Atmospheric reanalyses are an important tool to investi-
gate the past and present climate, particularly when
interested in regions where meteorological observations
are sparse. They consist of a combination of comprehen-
sive observations (e.g., satellites, in situ weather stations,
radiosondes) assimilated into a state-of-the-art numerical
weather model (Fujiwara et al., 2017). In this study, we
investigate how well atmospheric reanalyses can repro-
duce the wind speeds observed across a variety of sites
in Mexico, and the consequences of the results for the
wind power industry. The three we investigate in this
study are ERA5 (Copernicus Climate Change Service,
2017; Hersbach et al., 2020) and ERA-Interim from the
European Centre for Medium-range Weather Forecasts
(ECMWF; Dee et al., 2011), and MERRA-2 (Molod et al.,
2015) from NASA. For the purpose of this study, we uti-
lize the observations collected during a field campaign
that took place between 2005 and 2007, funded by the
United Nations Development Programme Global Envi-
ronmental Finance (UNDP-GEF) Unit and implemented
by Mexico's Instituto de Investigaciones Eléctricas (now
Instituto Nacional de Electricidad y Energías Limpias)
(UNDP, 2012).

Reanalyses are frequently used for studies of potential
wind power generation, and its associated weather condi-
tions due to their global coverage and the length of time
they cover, and thus it is important to investigate how
well they are able to reproduce localized wind observa-
tions. The wind energy sector is one of the biggest users
of reanalyses (Gregow et al., 2015). This is because it is
hugely important for the wind energy sector to under-
stand the impacts of hourly to inter-annual variability on
potential and existing wind power generation for the
country of interest (Brower et al., 2013). Examples of
the use of reanalyses for wind energy purposes are there-
fore growing rapidly. In the United Kingdom, Kubik
et al. (2013) and Cannon et al. (2015) used the MERRA
reanalysis to investigate 33 years of wind power genera-
tion. Cannon et al. (2015) noted a high correlation with
observations but the reanalysis systematically produced
lower winds than those observed across the country. Fur-
thermore, the performance of the reanalyses was statisti-
cally weaker over high orography.

Recent studies have also used atmospheric reanalyses
to establish the key weather patterns that drive winds and
wind power generation in the country and Europe (e.g.,
Bloomfield, Brayshaw, & Charlton-Perez, 2020a; Bloom-
field, Suitters, & Drew, 2020b; Collins et al., 2018; Grams
et al., 2017; van der Wiel et al., 2019) and are thus
dependent on the ability of the reanalysis to accurately
reproduce both large- and small-scale meteorological

patterns. To look at higher-resolution wind power pat-
terns, Gonz�alez-Aparicio et al. (2017) downscaled the
MERRA reanalysis over Europe. However, using reanalyses
for small-scale variability can have some limitations as
some important meteorological phenomena, such as meso-
scale convective systems, can be poorly represented by
reanalyses (Rivas & Stoffelen, 2019). Reanalyses have also
been used in areas with sparse observations, such as the
ocean surrounding Antarctica, to quantify bias in ship
anemometric observations (Landwehr et al., 2019).
Recently, reanalyses have begun to be used for studies of
wind power in Mexico. Thomas et al. (2020) investigated
the key wind drivers that drive wind power generation in
Mexico using ERA5, and Morales-Ruvalcaba et al. (2020)
used MERRA-2 to deduce capacity factors at different sites
across the country. As atmospheric reanalyses are not
designed for use on small scales, such studies for individual
wind farm locations are very sensitive to how well each
reanalysis is able to reproduce observations at these sites.

A number of studies have attempted to quantify which
atmospheric reanalysis has the ability to best simulate dif-
ferent meteorological variables in different regions of the
globe (e.g., Kaiser-Weiss et al., 2015; Kumar & Hu, 2012)
and some used interpolation to re-grid observations and
compare them to reanalyses' output for different variables
for the entire globe (e.g., Donat et al., 2014; Ramon et al.,
2019). For the United States, Rose et al. (2012) investigated
how several reanalyses performed at reproducing observed
winds and wind power metrics. They found spatial vari-
ability in the performance of the reanalyses, with some
areas much better represented than others. A few studies
have focused on investigating whether surface wind obser-
vations can be reproduced by reanalyses. Carvalho (2019)
compared surface winds for MERRA-2 with a number of
other global reanalyses including ERA-Interim and found
that each reanalysis had its own strengths and weaknesses
in different areas of the globe. MERRA-2 was found to
have less error nearer the poles, but its coarser resolution
at lower latitudes means that it may not be the most reli-
able for the sub-tropics. Rivas and Stoffelen (2019) investi-
gated how both ERA-Interim and ERA5 compared with
ASCAT satellite wind vector observations over the oceans,
finding that ERA5 was a much better match globally with
the observations.

Some studies have focused on how well wind speeds
are reproduced regionally. Olauson (2018) compared
winds at turbine height for MERRA-2 for Sweden with
ERA5 data, finding that for Sweden, ERA5 performed
better in all metrics. Alvarez et al. (2014) investigated the
performance of MERRA-2, ERA-Interim and NCEP
Reanalysis II in reproducing ocean-surface wind speeds
in the Southern Bay of Biscay. NCEP reanalyses were also
compared with observations in the United Kingdom by
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Sharp et al. (2015). A full description of how ERA5 and
MERRA-2, along with two high-resolution models, per-
formed at reproducing winds and wind power in France
was given by Jourdier (2020), who found ERA5 was very
highly skilled at reproducing observations in the country,
but with large negative biases over mountainous regions.
On a global scale, Ramon et al. (2019) explored how well
five different atmospheric reanalyses can reproduce wind
speeds observations at a large spread of sites (however with
none in Mexico). They concluded that ERA5 performs the
best for short-term wind events, but on longer time-scales,
no one reanalysis stood out. Furthermore, tropical cyclones
(Hodges et al., 2017; Malakar et al., 2020) and extra-
tropical cyclones (Wang & Isaac, 2016) have been assessed
in terms of how well they are represented in widespread
atmospheric reanalyses, finding good agreements in loca-
tions, but underestimates in intensities of the cyclones
depending upon the dataset used.

None of these comparisons have focused on long-
term wind observations in Mexico, except for a short
period covered by intense anemometric observations
between 2005 and 2007 (Morales-Ruvalcaba et al., 2020).
They used linear interpolation to map the reanalyses
data to the locations of their observations, and a loga-
rithmic profile to interpolate from the reanalysis output
heights to the height of the anemometers. Using this
method, they found that for most of Mexico, MERRA-2
is able to reproduce local observations well (after bias
correction), but this skill is not reproduced at all sites.
As a country characterized by a wide variety of geo-
graphical conditions, which has been recently investing
in the wind power industry, it is important to deduce
the feasibility of using reanalyses for long-term wind
studies. Furthermore, with new reanalyses being
released, such as ERA5 and MERRA-2, it is important
to include these newer datasets in these studies. In
this study, we expand this analysis, to include the
ERA-Interim and ERA5 reanalyses only for the period
between 2005 and 2007 when a wind energy focused

observation campaign took place in Mexico. We investi-
gate whether any of these reanalyses improve our ability
to reproduce observations at each of the sites across the
country.

The rest of the article is organized as follows: in Sec-
tion 2, we outline the methodology including the data
and reanalyses utilized in this study. In Section 3 we out-
line our results: the statistical correlations and mean-
square errors of the atmospheric reanalyses with respect
to the observations, how changing the temporal resolu-
tion influences these correlations and an investigation
into why the Veracruz observation site has very low sta-
tistical correlation. Finally, in Section 4, we summarize
our findings.

2 | METHODOLOGY

2.1 | Observations

In this study, we utilize a set of anemometric observations
commissioned by the UNDP-GEF unit and implemented
by Mexico's Instituto de Investigaciones Eléctricas (now
Instituto Nacional de Electricidad y Energías Limpias),
which took place between 2005 and 2007 UNDP (2012).
The selected eight weather stations were those in continu-
ous operation at a high temporal resolution for the whole
of 2006, allowing for direct comparisons for the same time
period and hence meteorological conditions (see Morales-
Ruvalcaba et al., 2020; Thomas et al., 2020). They repre-
sent a reasonable spread of geographic locations across the
country, as shown in Figure 1. Most of the sites included
here are close to sea-level, meaning that they well repre-
sent the coastal regions of the country, but less well the
mountainous regions to the centre of the country. Table 1
gives further details about the stations shown in Figure 1,
as well as the stations codes used later in this study, and
the regions the stations sit within. The observations are
not assimilated by any of the reanalyses included in this

FIGURE 1 The altitude from the

ERA5 reanalysis across Mexico where

the darker colours representing high

altitude and light showing near sea-

level. The locations of anemometric

stations across Mexico used in this study

are also shown by the blue diamonds

and bold labels (see Table 1 for details

on stations)
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study, and therefore they are independent of the reanalysis
data sets.

The anemometric stations use cup anemometers that
take wind speed measurements every 10 min at either
one, two or three separate heights ranging between
10 and 50 m.a.g.l. At the same heights, wind vanes are
mounted to provide wind directions. Whilst the data
are not quality controlled for tower wake effects, the
measurements are tailored for the wind energy industry
and so each weather station is well clear of any obstruc-
tions, which could disrupt the fetch in any direction. Fur-
ther information regarding these weather stations and
associated data can be found in Morales-Ruvalcaba et al.
(2020) and references therein.

2.2 | Atmospheric reanalyses

In this study, we utilize the ERA-Interim and ERA5
atmospheric reanalyses from the ECMWF. ERA-Interim
makes use of the four-dimensional variational analysis
(4D-Var) assimilation system (Dee et al., 2011). More
recently, ERA5 has been released with higher spatial and
temporal resolution than ERA-Interim. It also uses the
4D-Var data assimilation scheme and goes back to 1979
(very recently extended back to 1950). Whilst ERA5 has
both a greater temporal and spatial resolution, ERA-
Interim has widely been used in the meteorology com-
munity and hence is included in this study. The compari-
son between these data sets also gives a good example of
the effect of the change in resolution, as the underlying
models have not been significantly updated between ver-
sions. The fields used in this study are the 10 and 100 m
wind vectors from ERA5 and the 10 m and closest
corresponding model level to 100 m wind vectors in
ERA-Interim. The height at the altitudes at the station

corresponds closely to 100 m to match with the analysis
of the ERA5 data.

The Modern-Era Retrospective analysis for Research
and Applications, Version 2 (MERRA-2) (Gelaro et al.,
2017) is the successor of the previous reanalysis from
NASA, MERRA. It is an improvement on version 1 as it
adds considerably more satellite data, an improved data
assimilation scheme for ozone and aerosol, improved rep-
resentation of each of the stratosphere and land surface,
as well as a reduction in the number of jumps associated
with the addition of local observations (Molod et al.,
2015). Most notably for this study, wind speeds in
MERRA-2 are much more in line with other reanalyses
and observations around the globe (Carvalho, 2019).
Therefore, in this study, we will only include the latest
version for comparison. MERRA-2 data run from 1980 to
near-present with an hourly temporal resolution, simi-
larly to ERA5, but with a coarser spatial resolution. It is
one of the few global reanalyses that assimilates data
from the entire constellation of NASA EOS satellites. The
fields used from MERRA-2 are the 10 and 50 m wind
vectors.

Table 2 shows that each of the three reanalyses run
over approximately the same period, but have different
spatial and temporal resolutions. ERA5 has the highest
spatial resolution of about 28 km at the latitudes spanned
by Mexico, which compares favourably to about 60 km
for MERRA-2 and about 70 km for ERA-Interim. It also
has an hourly temporal resolution, compared with
6-hourly for ERA-Interim. Furthermore, it has 137 ter-
rain-following heights compared with 72 for MERRA-2
and 60 for ERA-Interim, resulting in a higher vertical res-
olution (Ramon et al., 2019). Wind-component output at
100 m is also useful when interpolating parameters to the
height of the observations. The data assimilation scheme
used to construct each reanalysis differs too. MERRA-2

TABLE 1 A summary of the anemometric stations used in this study, including the codes used to reference the stations throughout this

paper

Station code Region Latitude (�) Longitude (�) Altitude (m)
Observation
height 1 (m)

Observation
height 2 (m)

BCS1 Baja California Sur (San Hilario) 110�3500800 W 24� 030 1100 N 271 15 N/A

BCS2 Baja California Sur (El Paso) 110�5905700 W 24�200600 N 142 15 50

SI01 Sinaloa 109�0602900 W 25�4401500 N 11 20 40

TM02 Tamaulipas 98�0501700 W 25�0101700 N 43 20 40

VZ02 Veracruz 96�2703700 W 19�5103200 N 17 20 40

CI01 Chiapas 93�5104400 W 16�1204900 N 50 20 40

OA01 Oaxaca 94�5701500 W 16�3204800 N 30 20 40

YC01 Yucatan 90�0204800 W 21�0905300 N 0 20 40
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uses a 3D-VAR-FGAT (First Guess at Appropriate Time)
scheme (Gelaro et al., 2017), whereas ERA-Interim and
ERA5 use a 4D-VAR scheme.

For most of the selected anemometric stations, wind
speed and direction measurements are taken every 10
min at two heights: 20 and 40 m. For direct comparison
with these observations, each atmospheric reanalysis has
to be interpolated from the nearest model grid points to
the observation location and then extrapolated to the
height of the observation. For the horizontal interpola-
tion to the station location, a bi-linear scheme is used
from the four closest grid points in each reanalysis. The
logarithmic profile given in Equations (1)–(3) is used to
extrapolate the wind speed data (U) to the height (z) of
the observation, where z1 is the height of the lower ane-
mometer and z2 is the height of the higher.

U zð Þ¼ aln zð Þþb, ð1Þ

a¼ U z1ð Þ�U z2ð Þ
ln z1ð Þ� ln z2ð Þ , ð2Þ

b¼U z1ð Þ�aln z1ð Þ: ð3Þ

For ERA5 and MERRA-2, two near-surface wind
components are available, at 10 and 100 m in ERA5 and
10 and 50 m in MERRA-2. These values are used to inter-
polate to the 40 m observation (or the single observation
at 15 m for BCS1 and BCS2) via Equation (1). However,
for the ERA-Interim case, there are only 10-m wind com-
ponents and then 60 model levels. We thus use model
level 57, whose nominal height is 100 m (Berrisford et al.,
2011) and convert from geopotential to geometric height,
which allows for the altitude of the anemometric station.
Whilst this interpolation method has limitations due to
turbulence in the wind induced from different land use
changes and upstream vegetation (Kent et al., 2018), the
observation sites were chosen to have long fetches clear
of obstruction and thus the logarithmic assumption is

reasonable in this case. An unavoidable consequence of
the different heights given between the atmospheric
reanalyses means that, depending on any errors that are
introduced on the logarithmic fit have the potential to
provide some small differences between the reanalysis.
For example, MERRA-2 has a model level at 50 m (but
not 100 m), meaning that the fit is constructed for
2 points, which are much closer than from the 100 m
values from ERA-5, which could provide a better fit when
reproducing 40 m wind values.

Once the values of the observed and modelled wind
speeds are established, a mean is then taken to gain
6-hourly, 12-hourly and daily averages for the observa-
tions for direct comparison with each of the reanalyses.
The same averaging is applied to the reanalyses to obtain
equivalent time series with these resolutions for each of
the three reanalyses as well as the observations.

2.3 | Satellite scatterometer data

The NASA Quik Scatterometer (QuikSCAT) mission will
be used in this study to investigate times when the inter-
polated reanalyses data diverged from the observations,
by having large-scale wind observations to compare the
reanalysis fields against. QuikSCAT was launched on
19 June 1999 and aimed to accurately detail surface wind
speeds over the oceans, which means that whilst the mis-
sion is not representative of the observation sites in this
study, the observations are coastal and so QuikSCAT
does provide evidence of winds near the observations.
QuikSCAT accurately observes wind speeds in all condi-
tions except for heavy rain (Hoffman & Leidner, 2004). It
also has a higher spatial resolution than ERA5, and
whilst its 1800 km wide swath allows for excellent global
coverage, there are some areas each day that are not cov-
ered by the swathes of the satellite. Previous work has
compared satellite observations of winds with ERA
reanalyses (e.g., Rivas & Stoffelen, 2019), but in this
study, we will instead use these data to investigate times

TABLE 2 A summary of the three reanalyses utilized in this study

Reanalysis MERRA-2 ERA-Interim ERA5

Source NASA (United States) ECMWF (Europe) ECMWF (Europe)

Grid spacing at 25� latitude 63 km 71 km 25 km

Coverage 1980–present 1979–present 1979–present

Minimum pressure level 1 Pa 10 Pa 1 Pa

Number of vertical levels 72 60 137

Temporal resolution 1-h 6-h 1-h

Data assimilation scheme 3D-VAR-EGAT 4D-VAR 4D-VAR
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when there is a disagreement between the observations
and the reanalyses.

3 | RESULTS

3.1 | Correlations between observations
and reanalyses

We now compare the daily mean interpolated atmo-
spheric reanalyses and observations for the whole of
2006. Figure 2 shows time series of each of these for each
of the eight anemometric stations, with the observations
shown in black, ERA-Interim in blue, ERA5 in red and
MERRA-2 in yellow. Histograms are shown to the right
of each panel to display the relative wind speeds from
each dataset.

Figure 2 shows a tendency for the reanalyses to
underestimate the wind speeds at most stations, particu-
larly in the case of ERA5 (red), an observation also noted
in Thomas et al. (2020). This is particularly clear for Chi-
apas, Oaxaca and Veracruz, as shown by the histograms
on the right-hand side. ERA5 consistently underestimates
wind speeds at the majority of sites. This is most striking
in the histogram of wind speeds at OA01, where a second

peak at higher wind speeds is seen in the observations
but not for any of the reanalyses. The second peak is cau-
sed by the strong, northerly Tehaunos winds that pass
through the Isthmus of Tehuantepec, particularly during
the winter. The fact that the reanalyses do not reproduce
this peak is likely due to the poor representation of these
winds through the mountains due to their relatively low
spatial resolution. This also explains the underestimates
of wind speeds at VZ02 and CI01 situated in that same
region. Underestimation of the wind speed is seen at
most sites across Mexico with the exception of YC01,
which has a clear ordering that sustains throughout the
year, where ERA-Interim overestimates wind speeds,
MERRA-2 underestimates them and ERA5 is rather accu-
rate with the wind speeds. At some sites, there are wind
speed events that are either picked up by some reanalyses
but not all (e.g., around day 210 at San Hilario, where a
brief period of stronger wind is only seen in MERRA-2,
but is overestimated), or seen by no reanalyses (e.g., early
autumn in Veracruz, where observed sustained stronger
winds are not reproduced by any reanalysis).

To quantitatively investigate how well each reanalysis
reproduces the observations, we first compute Pearson
correlation coefficients (R) between each reanalysis and
the observations for each of the anemometric stations.

FIGURE 2 Time series (left) and histograms (right) of wind speeds for the eight anemometric stations across Mexico. The black lines

show the observations, whereas the blue, red and orange show the ERA-Interim, ERA5 and MERRA-2 reanalyses, respectively, interpolated

to the location and height of the observations
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The results of this are shown in Table 3. For most of the
stations, there is a good correlation between each of
the reanalyses and the observations with most having
R > 0.8. Chiapas has the largest correlation coefficient
for each of the three reanalyses. ERA5 has the strongest
correlation with the observations in comparison with
ERA-Interim and MERRA-2, for all stations apart from
Chiapas, where it is only slightly less good than
ERA-Interim. In some cases, the improvement with using
ERA5 is as much as a 0.25 increase in the correlation
coefficient (Baja California Sur sites). This is likely to be
because of the increased spatial resolution of ERA5 com-
pared with the other reanalyses. The coastal locations of
these sites mean that reanalyses with a coarser resolution
may have a large error on where the coastline lies and
may treat the site as being either over ocean or further
inland than it is, increasing the error.

The two Baja California Sur stations have the smallest
correlation coefficients between reanalyses and observa-
tions. This is likely due to the complex geography of the
peninsula. The peninsula itself is only between 40 and
240 km wide, and so in parts may not even be resolved
by ERA-Interim or MERRA-2. Furthermore, the centre of
the peninsula has somewhat complex orography with a
mountain range running down the length of the region,
as can be seen in Figure 1. Thus, it is unsurprising that
reanalyses might have some difficulty in reproducing
winds in this region.

These stations are the only two that contain a period
where a tropical cyclone was present in the region. The
first on 24 July 2006 was caused by tropical storm Emilia
whose track took in close to the west coast of Baja Cali-
fornia Sur. The second on 3 September was Hurricane
John, which made landfall as a category 2 hurricane at
the Southern tip of Baja California before moving north-
wards towards BCS1 and BCS2 and weakening (Pasch
et al., 2009). Whilst tropical cyclone locations are

generally well represented by reanalyses (Hodges et al.,
2017), the intensities are often underestimated
(Schenkel & Hart, 2012) and thus we remove these events
from the data series before computing correlations. When
removing these two tropical cyclones from the data, the
correlation does not increase and so the representation of
tropical storms by the reanalysis plays little or no role in
the low correlation with the observation in this region for
these particular storms. However, the improvement of
the correlation coefficients for ERA5 is evidence that
improving the resolution of reanalyses is going a long
way to improving the representation of meteorological
variables in this region.

We next investigate how the performance of each
atmospheric reanalysis changes with firstly the temporal
resolution used and secondly with the time period inves-
tigated. Table 3 shows how the period over which the
data are averaged over influences the Pearson correlation
coefficient between each reanalysis and the observations.
For each anemometric station and reanalysis, the correla-
tion becomes greater with lower temporal resolutions.
There is much less of a difference in the correlation coef-
ficients between ERA5 and the observations between the
different time resolutions than there are for the other two
reanalyses. ERA-Interim shows the biggest improvement
from the 6-hourly resolution to the daily, which is most
obvious for the Sinaloa (SI01) station where R changes
from approximately 0.4–0.8. Indeed, for the 6-hourly res-
olution, ERA-Interim has R < 0.6 for all but Chiapas
and Oaxaca, situated in the Isthmus of Tehuantepec,
which is known for experiencing sustained wind patterns
(Thomas et al., 2020) due to the Tehuanos winds that
blow from the north through the gap in the mountains
(Hurd, 1929; Pr�osper et al., 2019; Steenburgh et al., 1998).
This is likely due to the fact that ERA-Interim data have
a 6-h resolution and so there is only a one-time instance,
rather than a mean of several, being compared with the

TABLE 3 Pearson correlation coefficients, R, between the observations and of ERA-Interim (left), ERA5 (centre), and MERRA-2 (right)

for data in the time resolutions given in the subscripts of the column headers

R6 h R12 h Rdaily

Station code ERA-I ERA5 MERRA-2 ERA-I ERA5 MERRA-2 ERA-I ERA5 MERRA-2

BCS1 0.407 0.692 0.428 0.489 0.695 0.483 0.532 0.722 0.558

BCS2 0.262 0.588 0.448 0.477 0.691 0.585 0.578 0.770 0.710

SI01 0.390 0.734 0.584 0.607 0.792 0.678 0.816 0.871 0.785

TM02 0.577 0.846 0.807 0.676 0.878 0.846 0.883 0.922 0.873

VZ02 0.582 0.744 0.674 0.645 0.782 0.711 0.720 0.780 0.720

CI01 0.858 0.874 0.846 0.891 0.903 0.875 0.922 0.914 0.894

OA01 0.757 0.869 0.807 0.793 0.892 0.837 0.833 0.906 0.856

YC01 0.377 0.743 0.708 0.610 0.740 0.749 0.859 0.892 0.883
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mean of the observations over that period. The increase
in correlation also suggests that there is so much of a
diurnal cycle in the reanalyses at the sites. Being able to
accurately model the diurnal cycle in reanalyses would
be useful for observing how wind power generation could
vary on sub-daily time-scales.

Table 4 shows the mean-squared error (MSE; in per-
cent) between each of the reanalyses and the observations
for each of the eight anemometric stations. For five of the
eight stations, the MSE is below 1 for all reanalyses. No
reanalysis has consistently lower MSEs than any other.
However, for the sites to the north or west of the country
(BCS1, BCS2, TM02, SI01), ERA5 does has a tendency to
have lower errors than ERA-Interim or MERRA-2. The
highest MSEs are generally found in the Isthmus of
Tehuantepec (CI01 and OA01). The OA01 station has

MSEs greater than 1 for all three of the reanalyses, with
the highest error between ERA-Interim and the observa-
tions. For CI01, only ERA5 has a high MSE, whereas
ERA-Interim and MERRA-2 perform much better in this
metric. In this region, ERA5 has a very large negative bias
in wind speed (not shown), which is likely to be the cause
of this. This bias is observed across most of the country,
but is much smaller across the majority of the sites.

3.2 | Seasonal dependence of correlation

As wind patterns across Mexico can vary by time of year,
given the source of winds (e.g., trade winds, tropical
cyclones or cold surges from the north; Maldonado et al.,
2018), it is important to look at how the correlation
between each reanalysis and the observations varies with
season. Figure 3 shows the variation in R with each sea-
son for each anemometric station. Each station has a
section of nine coloured blocks representing the correla-
tion between the data shown on the vertical axis against
that shown on the horizontal axis. The bottom-left three
blocks in each section are black as the data would be
repeated from the blocks to the right of them. The colour
gives a visual representation of the value of the correla-
tion coefficient, where white or pale yellow is a high cor-
relation coefficient of R > 0.85, whereas red is a low
coefficient of R < 0.35, as shown on the colour bar at the
bottom of the figure.

Firstly, examining the first row of each section of
Figure 4, we observe how the observations compare to
ERA-Interim (left), ERA5 (centre) and MERRA-2 (right)

TABLE 4 The mean-squared error (MSE) between daily

averages of the observations and of ERA-Interim (left), ERA5

(centre) and MERRA-2 (right)

Mean-squared error (%)

Station code ERA-interim ERA-5 MERRA-2

BCS1 2.036 2.060 2.114

BCS2 1.634 1.197 2.584

SI01 1.100 0.524 0.932

TM02 1.620 0.844 2.169

VZ02 4.560 6.061 5.908

CI01 2.136 7.403 2.969

OA01 7.015 11.059 13.822

YC01 2.545 0.840 1.131

FIGURE 3 The progression of

Pearson correlation coefficients for each

station (y-axis) through each season

(x-axis). High correlations are shown in

white, whereas low correlations are

shown in red. Each rectangle represents

the correlation coefficient during the

season given at the top of the plot

between the observations on the y-axis

and the reanalysis on the x-axis
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for each season. The correlation coefficient for most sta-
tions and seasons are relatively high (most blocks are yel-
low, indicating correlation coefficients of 0.8–0.9), and a
seasonal dependence on the correlation coefficients at
each station is observed. There are also times when the
correlation falls away for some stations during seasons.
BCS1, which displayed the lowest correlation coefficients
in general, has a much stronger correlation with the
reanalyses during summer and autumn (0.6–0.8) than
during the winter or spring (0.2–0.5). This difference is
most apparent with MERRA-2 but is less pronounced in
ERA5, which, from Figure 2d, appears to be due to some
strong wind events in the time series that are seen in the
observations but are poorly represented by the reanalyses.
BCS2 located less than 100 km from BCS1 exhibits much
higher correlation coefficients for spring, suggesting that
the source of the differences between the reanalyses and
the observations here is more local in nature.

The greatest difference in correlation with season is
seen from the VZ02 anemometric station. In winter and
spring, the correlation coefficients are found to be rather
high (0.8–0.9). However, this correlation decreases sub-
stantially in the summer and autumn down to approxi-
mately 0.1–0.3. Figure 2b shows that the observations
clearly have higher wind speeds for this site through the
autumn than any of the reanalyses. In the next section we
investigate this difference further.

3.3 | Why have reanalyses
underestimated winds at Veracruz?

The clear degradation of the correlation between
reanalyses and observation during autumn at the Punta

Delgado site in Veracruz (VZ02) requires further explana-
tion when investigating the representation of in situ
observations by reanalyses data sets. Figure 4 shows time
series of both the observations and each reanalysis for
autumn 2006. Figure 4b shows the difference in wind
speed. Throughout the period, the wind speed is higher
in the observations than in any of the reanalyses. How-
ever, there are several events where strong winds were
recorded at the observations site but were not reproduced
by ERA5, centred around 22 August, 6 September and
21 September, respectively.

Figure 4c shows the wind direction through the same
period. Generally, the wind direction gives a much better
match between the time series. Both the observed and
ERA5 wind directions turn northerly at the same time for
each of the high wind speed events. For the second and
third of these events, the wind direction moves away
from the north 1–2 days earlier in ERA5 than the obser-
vations but this does not correspond to any major
changes in the ERA5 wind speed at these times. With this
in consideration, and the fact that the VZ02 anemometric
station has a long fetch in the northerly direction, means
that local effects on the observations are unlikely to be a
cause of this inconsistency in wind speed.

To investigate the cause of this difference, and how
widespread this area of disparity is, we make use of satel-
lite data of wind speed from the QuikSCAT mission. As
described in Section 2, QuikSCAT provides wind compo-
nents globally across the oceans. Thus, as VZ02 is a
coastal observation site, we are able to compare ERA5 to
the satellite observations in the locality of the weather
station. We interpolate the QuikSCAT observations to the
spatial resolution of ERA5 using linear interpolation.
The interpolated QuikSCAT winds for 4 September 2006

FIGURE 4 Comparison of ERA5

(red), ERA-Interim (blue), MERRA-2

(orange) and anemometric weather

station observations (black) time

series of wind speed (a) and wind

direction (c) for the Punta Delgado

site in Veracruz, VZ02. (b) and

(d) show the differences between the

observations and the reanalyses for

the wind speed and direction,

respectively. Green highlighted

regions display times when there is a

large discrepancy between the

reanalyses and observations
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are shown in the top-left panel of Figure 5, with the
ERA5 wind speeds shown in the top-right panel. This
date was chosen as it has the largest difference between
the observations and the reanalyses, which are displayed
in Figure 4b. We then subtract the QuikSCAT data from
the ERA5 data to produce the difference plot shown in
the bottom panel in Figure 5, where blue regions repre-
sent where ERA5 is overestimating the wind speeds, and
red shows the reverse. Areas in grey are those not
covered by QuikSCAT.

The difference image at the bottom of Figure 5 shows
regions of much stronger observed winds than those
modelled by ERA5 that match with the regions of strong
winds in Figure 4. The difference in wind speed between
the datasets is greater than 5 m/s in the Gulf of Mexico
nearby to VZ02. By investigating how these regions
change with time over the 5-day period surrounding
4 September, we find that the location and size of the dif-
ferences vary with time. During 5 September, the differ-
ence is still present close to VZ02, but the spatial extent is
much smaller and limited to within 50 km of the coast-
line. One possibility for the cause of these differences is
gust fronts generated by mesoscale convective systems
that develop on the day and are not well represented by
ERA5, as has previously been suggested by Rivas and
Stoffelen (2019). Satellite imagery from GOES-12 (not
shown) reveals organized convective cells in the regions
where the largest wind differences between the observa-
tions and ERA5 are found. Whilst it is unclear whether

this discrepancy is due to bias in ERA5 or error in the sat-
ellite surface wind observations below high clouds, the in
situ observations from VZ02 match well with the local
QuikSCAT wind speed in the region.

4 | CONCLUSIONS

In this study, we have compared for the first time, interpo-
lated atmospheric reanalyses with observations from
coastal anemometric sites across Mexico through 2006
when detailed wind observations were available. Despite
this not being the designed use for reanalyses, we have
found that they reproduce observations remarkably well
in the majority of sites, with correlation coefficients of
greater than 0.8 found for five of the eight sites for daily
observations. The main exceptions are the two observation
sites in Baja California Sur (BCS1 and BCS2), which have
lower correlation coefficients of 0.5–0.8 and Veracruz
(VZ02), where the correlation coefficient varies hugely
throughout the year from 0.9 in the spring to 0.2 in the
autumn. The difference in BCS1 and BCS2 is considered
to be due to the complex topography of the region, which
is much better represented by the higher spatial resolution
of ERA5. High correlations at sites infer that the
reanalyses are largely reproducing the general highs and
lows in wind speeds, which means that the general wind
patterns are being well represented. CI01 and OA01
(in the Isthmus of Tehuantepec) have relatively high mean

FIGURE 5 Wind fields of (a) QuikSCAT wind observations, and (b) ERA5 wind observations on 4 September 2006, when large

differences are observed between in situ observations and reanalyses. Blue is low wind speeds and white is high. Regions with no data are

coloured grey. Panel (c) shows the ERA5 minus QuikSCAT wind speeds, where red represents areas of stronger winds in QuikSCAT and

blue vice versa. The green star shows the location of the anemometric station, VZ02
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percentage errors compared with other stations, due to a
bias in the wind speeds in the reanalyses. Low errors are
preferable to provide wind energy users with exact power
generation at a particular site for long-term resource
assessment. VZ02 is somewhat more complicated. By ana-
lysing the time series, this was found to be due to several
strong wind events in the autumn at VZ02 that were not
observed at all in ERA5. By analysis of QuikSCAT data, it
is hypothesized that this is likely due to a mesoscale con-
vective system that hit the area during those times but was
not at all well reproduced in any reanalysis.

ERA5 consistently outperforms ERA-Interim and
MERRA-2 across the vast majority of the coastal sites in
this study, regardless of resolution and metric used. On
average, the improvement in correlation coefficient was
found to be around 0.1 compared with either MERRA-2
or ERA-Interim. One interesting exception was Chiapas
(CI01) where ERA-Interim out-performed ERA5. At this
site, ERA5 also had a very large negative bias with
respect to the observations, which was not reproduced in
either of the other reanalyses. When reducing the tempo-
ral resolution of the data investigated, ERA-Interim
shows the largest improvement from very low correlation
coefficients across all sites on its 6-h resolution, up to
more comparable values on daily resolutions. All
reanalyses show sufficiently high correlation with obser-
vations at a daily resolution to be useful tools for wind
energy studies, although for modelling on sub-daily time-
scales, ERA5 is recommended as the best reanalysis tool
to use. Generally, this infers that the improved resolution
between ERA-Interim and ERA5 results in a better
match to in situ observations, although this is not the
case in every location.

This study of course only covers a short period as we
utilize the specialist anemometric stations in place for a
study of wind speeds for wind power applications. It is pos-
sible to extend this work to use Mexico's weather service
stations, which would give more sites across the country
and a longer period of study. However, these sites are often
located in urban areas with wind observations only at the
standard height for wind observations at 10 m.a.g.l. An
investigation into utilizing more of these observations (not
shown) yielded very low observed winds and hence large
biases. The AEOLUS satellite, launched in 2018, will also
give a direct comparison for Mexico, which could also give
useful comparisons for the country (although some inde-
pendence between the reanalyses and the observations
might be lost).

Generally, we conclude that for most of the coastal
regions of Mexico, atmospheric reanalyses can well repli-
cate observations. The consequences are such for wind
power applications: we recommend the use of ERA5 for
wind resource assessments in Mexico over ERA-Interim
or MERRA-2. Reanalyses should be used with caution for

these purposes. Care should be taken in areas with more
complex topography, such as Baja California Sur, as even
the higher resolution of ERA-5 is unable to accurately
reproduce local observations. For all other coastal loca-
tions in the study, the correlation coefficients between
ERA-5 and the observations are very high, meaning that
ERA5 could be an adequate substitute for investigating
local wind variability over time for current and future
wind farms.
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