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Abstract: One simple way to estimate the relationship between air temperature and the energy
needed for heating and cooling is to use the concept of degree day. Cooling degree days (CDD) and
heating degree days (HDD) are indicators of the energy required to reach comfort levels and are
related directly to energy demands. Therefore, using a novel approach, we examine the current
conditions and future projections in degree days over Mexico using observations (Livneh and CPC),
ERA5 reanalysis, and simulations from the Regional Climate Model (RegCM4). The RegCM4
experiments were driven by different General Circulation Models for two Representative
Concentration Pathways scenarios. We consider three 20-year periods as “present conditions”
(1995-2014), “near-future conditions” (2041-2060), and “far-future conditions” (2080-2099). The
results suggest that in the future, under the lowest radiative forcing scenario there will be a smaller
increase (decrease) in CDD (HDD) for the far-future, as compared to the near-future. This could
represent the model’s response to the peak of radiative forcing at mid-century and its subsequent
decline. For the highest radiative forcing scenario, we found a greater increase (decrease) in CDD
(HDD) for the far-future, which could be explained by the response of the RegCM4 to the warming
increase projected for 2100.

Keywords: CDD; HDD; Mexico; Regional Climate Model; climate change; RegCM4;
CORDEX-CAM

1. Introduction

The warming of the global climate system is unequivocal, its air surface temperature
presents an increase of 0.85 °C over the 1880 to 2012 period, and the continued emissions
of greenhouse gases (GHG) might cause further warming (with a projected increase of 0.3
to 4.8 °C by the end of the century (2081-2100) relative to (1986-2005); and long-lasting
changes in all components of the climate system increase the likelihood of severe,
pervasive, and irreversible impacts for people and ecosystems [1].

The Mexico-Central America region is considered one of the most responsive tropical
regions to climate change, or Hot Spots [2]. Changes in temperature strongly affect
agriculture, water resources, power generation, and especially energy for the heating and
cooling of buildings [3-6]. Increasing demands for energy globally have become a matter
of concern to the scientific community because of the adverse effect on climatic conditions
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[5]. To avoid a vicious cycle when procuring human comfort, i.e., increasing energy
demands, more adverse climatic conditions, further increase in energy demand, etc., we
must rely on renewable energies. The simplest way to express the relationship between
temperature and energy for heating and cooling of buildings for human comfort is the
concept of degree days (DD) [5-7]. Cooling degree days (CDD) and heating degree days
(HDD) are indicators of the energy required to reach comfort levels related to energy
demands; that is to say, they reflect the energy needed to cool and heat a building,
respectively [8]. Degree-days may be defined as the monthly or annual sum of the
difference between a threshold temperature (Tr) and a daily mean air temperature (T),
whenever T is higher (lower) than CDD (HDD) [9].

Several works have used the concept of DD to analyze energy consumption
requirements in different parts of the world. For example, [7] determined heating and
cooling degree-days with variable-base temperatures for Turkey using instrumental data.
They found that DD have high variability throughout Turkey, but some regions in the
northeastern part require comparatively more heating energy and need less or no cooling.
In another work, [10], using observations and global climate models, the authors
estimated heating and cooling degree-days for the present-day and future climates over
Switzerland. They showed that HDD decrease, whereas CDD continue to increase in
future climates. Also, [6] used the RegCM4 to investigate changes in DD in the 21st
century over China under different GHG forcing scenarios. They found a substantial
decrease in HDD and an increase in CDD in the future under the RCP8.5 scenario, in
particular during the second half of the 21st century. A conclusion of this work was that
the issue of future energy demand due to changes in DD is complex, with a strong
dependence on the spatial variability of climate change. Finally, they concluded that
China could expect a large increase in energy demand. Additionally, [11] used the
RegCM4.4 to investigate changes in DD in the 21st century for four warming thresholds,
with and without considering the population factor. Their results showed a significant
decrease of HDD over China when population is not considered, while population-
weighted HDD increased in areas where population will increase. Similarly, the CDD
projections with and without the population factor were largely different. A conclusion
was that the changes in DD considering and disregarding effects of population show that
population distribution also plays an important role in energy consumption. More
recently, [12] analyzed several climate hazard indices in a global study using a set of
observational datasets, global and regional climate simulations ensembles; they found a
general increase (decrease) in CDD (HDD) under global warming conditions at the late of
the 21st century in several regions of the world, including the Mexico-Central America
region.

In Mexico, there are many sites with high solar and wind energetic complementarity
where renewable energy generation systems can be developed for the generation of
electricity, which is currently mainly based on oil derivatives [13,14]. Because the country
has a great potential to generate electricity from renewable sources, the government has
set a goal of maximum participation of 65 (50) percent of fossil fuels in the generation of
electric power by 2025 (2050) [14,15]. Despite this, studies of indices of energy
consumption are scarce for Mexico, specifically changes caused by global warming. To
examine these changes in indices of energy consumption, such as DD, we will use a
Regional Climate Model (RCM) for Mexico driven by different General Circulation
Models (GCMs) for different Representative Concentration Pathways (RCP). As far as we
know, this is the first work in which cooling and heating degree days are analyzed that
are focused on Mexico using observational, reanalysis, and regional climate-simulation
datasets for “present” and “future” climate conditions. Therefore, the main purpose of
this work is to assess future changes in DD, contributing to energy strategies for Mexico
during the 21st century.
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2. Materials and Methods
2.1. Model

The Abdus Salam International Centre for Theoretical Physics (ICTP) Regional
Climate Model (RegCM4, v4.7.0) is a hydrostatic, compressible, and 3-dimensional model.
It runs on the Arakawa B-grid for the Coordinated Regional Climate Downscaling
Experiment (CORDEX), Central America and Mexico (CAM) domain (Figure 1) at 25 km
spatial resolution [16-20]. The CORDEX-CAM domain covers completely Mexico (Figure
1a). The RegCM4 model has been used in many climate studies over CAM domain (e.g.,
[19,21-23]).
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Figure 1. (a) Model domain, topography (m) and study area (in black line). (b) The states of Mexico and their IDs used in

this work (see text).

Simulations

Following the IPCC recommendation for AR6, and similar to [12,19,20], we defined
the 1995-2014 period as the reference for “present-day conditions” and the 2041-2060 and
2080-2099 periods for “near- and far- future conditions,” respectively. For the reference
period, we analyzed a simulation (MO) driven by ERA-Interim [24] reanalysis of the
European  Centre  for =~ Medium-Range =~ Weather =~ Forecast =~ (ECMWEF,
http://apps.ecmwf.int/datasets/, date of access: 1 April 2020) as an evaluation of the model.
We also analyzed simulations driven by three GCMs from the Climate Model
Intercomparison Project 5 (CMIP5; [25]):

1. Met Office Hadley Centre, Exeter, United Kingdom, MOHC-HadGEM2-ES, (M1),

2. Max Planck Institute for Meteorology, Hamburg, Germany, MPI-M; M-MPI-ESM-LR,
(M2),

3. NOAA-Geophysical Fluid Dynamics Laboratory, Princeton University Forrestal
Campus, USA, NOAA-GFDL-ESM2M, (M3).

Simulations M1, M2, and M3 were performed for the reference, near, and far future
periods under two RCPs: (i) the lowest radiative forcing level scenario, RCP2.6, which is
a peak-and-decline scenario; its radiative forcing level first reaches a value of around 3.1
W/m? by mid-century and returns to 2.6 W/m? by 2100. The RCP2.6 represents the
literature on mitigation scenarios aiming to limit the increase of global mean temperature
to 2 °C [26-28], and (ii) the highest radiative forcing level scenario, RCP8.5. The GHG
emissions and concentrations in this scenario increase considerably over time, leading to
a radiative forcing of 8.5 W/m? at the end of the century. The RCP8.5 is representative of
the high range of non-climate policy scenarios [26,27,29]. The RCP2.6 and the RCP8.5 were
chosen in the CORDEX-CORE protocol because they cover the full IPCC range. Especially,
the RCP2.6 produces mean global warming of about 2 °C compared to preindustrial
temperatures and can be considered representative of conditions under the target of the
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2015 Paris agreement [19]. We did not make a bias correction. The RegCM4 model was
assessed over Mexico, yielding acceptable results (see [21,22]).

We define temperature ensembles for the reference (Eref) and near- and far- future
periods (Ercp2.6 and Ercp8.5) by averaging the daily fields of simulations M1 to M3. From
the temperature ensembles, we calculated CDD and HDD.

2.2. Data

Mexico is characterized by having a varied climate due to its geographic distribution
and complex topography. In the north and part of central Mexico, the climate is arid to
semi-arid. In these regions, the climate is extreme, with very high temperatures in summer
and very low in winter. Northwestern Mexico is the most prone to extreme temperatures,
and therefore heat waves, frost, etc. On the other hand, some southern regions and coastal
areas of Mexico are very wet due to the complex topography, proximity to the
Intertropical Convergence Zone, cold fronts, and tropical cyclones (from the Atlantic and
the Pacific), among others [30].

In this work, we used three datasets for daily mean temperature:

(i) Livneh observational data-set gridded to a 1/16° (~6 km) resolution, that spans the
entire country of Mexico, USA, and southern Canada for the period 1950-2013 ([31],
ftp://192.12.137.7/pub/dcp/archive/OBS/livneh2014.1_16deg/ ,date of access: 1 June
2020),

(if) CPC Global Temperature data with 0.50° resolution for 1 January 1979 to present
provided by the NOAA/OAR/ESRL PSL, Boulder, CO, USA, from their Web site at
https://psl.noaa.gov/, date of access: 15 June 2020, and

(iif) ERAS reanalysis (spanning 1979 onwards) of the European Centre for Medium-Range
Weather Forecast (ECMWF) at a horizontal resolution of 31 km ([32,33],
https://cds.climate.copernicus.eu/cdsapp#!/home ,date of access: 15 May 2020).

We used each dataset in their original resolution, but in order to compute the biases,
the datasets were interpolated to the spatial resolution of the RegCM4.

2.3. Cooling and Heating Degree Days
We computed CDD and HDD [5,9,11] for a threshold temperature of 18 °C, as
follows:

n

CDD, = Z cl (Tl - ;) )
i=1
n

HDD, = Z hf (T, — TF) @)
i=1

where CDD and HDD are the cooling and heating degree days in the year k, respectively,
i=1,2, ..., nis the Julian day in the year k, ci=1forT; > T, orci=0for T; < T;,, hi =1 for
T; < T, or hi=0 for T; = T,, Tiis the daily mean temperature for the day i, and Tr=18 °C is
the reference temperature. Formulas (1) and (2) give yearly values of CDD and HDD,
respectively. From them, we calculate the mean by averaging yearly values over the 20-yr
periods (during the reference, near- and far- future).

We computed the time series for the spatial average of CDD« (CDD), and HDDk (HDD)
for the 31 states of Mexico and Mexico City (MC) (Figure 1b). From the resulting time
series, we calculated the temporal mean and standard deviation for the reference and near
and far future periods.
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3. Results
3.1. Reference Period

We assessed the model performance by comparing M0 with Livneh, CPC, and ERAS5.
We found that, despite the warm/cold bias in several regions of Mexico, the model has
similar characteristics to the observations (Livneh).

Cooling and Heating Degree Days

We constructed maps by calculating (1) for every grid point in each dataset (Figure
2). Low values of CDD imply less energy for cooling. Low CDD in Livneh (Figure 2a),
CPC (Figure 2b), and ERA5 (Figure 2c) are found over Baja California (BN), northern
Mexico (500 < CDD <1500 °C days), north-central Mexico (CDD <750 °C days), and central
Mexico (CDD < 250 °C days). The simulations M0, M1, M2, M3, and the ensemble Eref
reproduce well this general pattern (not shown). Note that observations show large
differences in the values over southern Mexico (Yucatan Peninsula), with the largest
values in the CPC.

However, all simulations and Eref have a positive bias over northwestern Mexico
(Baja California (BN), Baja California Sur (BS), and Sonora (SO); Figure 2d-r), and the
largest negative biases of simulations and Eref are found in high and coastal regions. By
definition of (1), a positive bias in CDD means that the model is warm. On the contrary, a
negative bias in CDD means that the model is cold consistent with other RegCM4 works
in the CAM domain [21,23]. The model bias in percent can be found in Supplementary
Materials Figure S1. In general, the largest biases between simulations and Eref with
respect to observations were found for CPC (Table 1).
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Figure 2. The 20-yr average of CDD (°C days) for the reference period for (a) Livneh, (b) CPC, and
(c) ERAS. Difference in CDD (°C days) between RegCM4 and observations for (d) M0 minus Livneh,
(e) MO minus CPC, (f) MO minus ERA5. (g—i) similar to (d—f) but for M1. (j-1) similar to (g-i) but for
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M2. (m—o) similar to (j-1) but for M3. (p-r) similar to (m-o) but for Eref. Period 19952014, with the
exception of Livneh, which is for 1994-2013.

Table 1. Model bias of CDD area-averaged for Mexico (see Figure 2) with respect to Livneh, CPC,
and ERAS for the period 1995-2014, with the exception of Livneh, which is for 1994-2013. Bias is
expressed in degree-days and percent (°C days (%)).

Simulations Observations
Livneh CPC ERA5
MO 191.7 (13.8) -177.0 (-10.0) 65.3 (4.3)
M1 -42.0 (-3.0) -410.7 (-23.3) -168.4 (-11.1)
M2 75.5 (5.4) -293.2 (-16.6) -50.9 (-3.4)
M3 -125.4 (-9.0) -494.1 (-28.1) -251.8 (-16.6)
Eref -76.3 (-5.5) -445.0 (-25.3) -202.7 (-13.3)

In Table 2, we present the mean (1) and the standard deviation (std) of the time series
of CDD (not shown) for each state of Mexico. We observe that Livneh and CPC have the
maximum m value in Tabasco (TB) (~3203 + 141 and ~3419 + 124 °C days, respectively),
whereas ERA5 has the maximum m value in Campeche (CM) (~3258 + 101 °C days). MO
(~3136 + 148 °C days), M1 (~3014 + 142 °C days), M2 (~3116 + 208 °C days), M3 (~2643 +
168 °C days), and Eref (~2909 + 127 °C days) have the maximum m value in Tabasco (TB);
the maxima values occur in Tabasco (TB) and Campeche (CM), as they are two of the
warmest states in Mexico [34]. Simulations M0 to M3 have comparable values with Livneh
and CPC.

On the other hand, we observed that Livneh has the minimum m value in Tlaxcala
(TL) (~11 = 13), whereas CPC and ERA5 have it in Mexico City (MC) (~44 + 31 and ~8 +9
°C days, respectively). The MO and M1 have the minima value in Tlaxcala (TL) (~7 + 17
and 0.4 £ 0.8 °C days, respectively), and we realized that the minima m value in
simulations M2 (1.7 £ 5.5 °C days) and M3 (2.5 + 4.9 °C days) is in the Mexico City (MC);
Eref shows the m minima of ~0.0 = 0.0 °C days in two locations, Mexico City (MC) and
Tlaxcala (TL). The observations show different locations and values of the minima m
value. Only the MO shows similar values compared with Livneh.

Also, we constructed maps by calculating (2) for every grid point in each dataset
(Figure 3). The high values of HDD imply more energetic requirements for heating. We
observed HDD values between 1750 and 3000 °C days in Baja California (BN), and in the
highlands of northwestern and central Mexico (1750 < HDD < 3000 °C days) for Livneh
(Figure 3a); in the same regions CPC (Figure 3b) and ERA5 (Figure 3c) show the maxima
values, from 1250 to 2000 °C days. Similar to the CDD (Figure 2), the simulations M0, M1,
M2, M3, and Eref reproduce well this pattern (not shown).

However, all simulations and Eref have a negative bias over northwestern Mexico
(Figure 3d-r), and the largest positive biases of simulations and Eref are found in high
regions. By definition of (2), a positive bias in HDD means that the model is cold; in
contrast, a negative bias in HDD means that the model is warm, consistent with what we
found for CDD (see Figure 2). The model bias in percent can be found in Supplementary
Materials Figure S2. Moreover, the largest HDD biases between simulations and Eref
relative to observations were found for CPC (Table 3).
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Table 2. Mean (), and the standard deviation (std) of CDD from several datasets for the reference period.

State

Livneh

CPC

ERA5

MO

M1

M2

M3

Eref

m

std

m

std

m

Std

m

std

m

std

m std

m

std m

std

AG
BN
BS
cM
CP
CH
CA
CL
MC
DU
GJ
GR
HI
JA
MX
MI
MR
NA
NL
OA
PU
QE
OR
SL
SI
SO
TB
™
TL
VE
YU
ZA

377.3
946.1
1463.8
2788.9
1933.2
740.1
1285.9
2299.5
67.6
522.1
403.9
1917.2
585.8
1013.0
349.2
1356.9
1382.8
1818.3
1529.3
1601.1
794.8
490.4
2733.8
953.2
2172.3
1705.7
3203.3
2104.7
11.7
2429.2
2900.8
343.7

57.2
154.4
223.6
110.7

78.1

62.3
110.9

86.1

38.3

54.8

53.0

91.2

85.6

72.0

38.7

87.2
132.8

72.0
147.3
107.5

73.2

79.8
129.9
120.2
114.9

65.9
141.5
119.1

13.1
229.1
118.8

63.1

640.6
1490.9
1926.7
3254.7
2476.7
1081.2
1766.9
3004.5

439

920.8
1069.3
2729.5

564.4
1417.6

520.4
2082.0
1844.9
1830.4
1712.1
2072.1
1105.8

801.0
3303.0
1069.8
2519.2
2097.9
3419.0
2291.3

65.0
2548.2
3278.6

416.8

139.7
165.9
156.7
83.5
97.5
75.7
142.0
129.9
30.8
82.5
111.2
99.4
45.7
98.3
59.9
103.0
171.1
132.9
126.2
96.5
64.5
87.7
84.4
87.3
107.0
120.0
124.5
129.0
39.2
84.7
95.4
67.4

471.5
1280.3
1725.5
3258.2
1741.9
1027.3
1644.3
2373.7

7.9

684.0

488.0
2014.6

536.3

979.1

279.2
1424.1
1406.8
1629.4
1691.9
1372.8

787.7

493.7
2965.8

888.8
2115.2
1918.3
3124.0
2115.3

11.5
2304.7
3036.8

555.5

87.2
81.9
118.7
101.8
92.0
94.2
156.2
92.0
8.9
79.9
84.6
67.4
54.2
70.4
30.0
56.8
76.9
93.8
141.0
59.3
53.6
77.7
106.1
85.5
92.1
100.2
96.2
116.2
17.9
86.5
114.3
86.0

309.0
1937.7
2401.9
2859.4
1689.6
1139.1
1814.5
1910.4

7.5

663.0

302.1
1595.1

444.4

916.5

256.3
1209.0

820.5
1480.3
1912.7
1198.6

562.8

382.6
2368.7

769.6
2278.3
2454.9
3136.2
2146.3

7.4
2227.1
2763.7

421.4

81.6
151.8
128.6
109.2
99.7
133.6
197.7
83.5
15.5
96.8
77.3
66.7
77.0
74.3
31.5
66.5
96.8
68.1
185.0
64.2
69.9
86.6
74.8
110.1
86.2
112.5
148.7
131.9
16.9
92.1
87.0
98.0

150.8
1897.7
2420.8
2660.3
1501.0

829.7
1393.8
1841.8

0.4

445.5

150.6
1362.2

293.1

739.9

174.8

999.8

538.6
1416.7
1529.8
1021.1

385.3

205.7
2136.5

519.1
2195.5
2160.3
3014.9
1795.4

0.4
1962.6
2528.3

230.3

51.1
105.3
114.5
105.0
100.9
107.9
158.8

83.0

1.2

63.9

53.0

97.7

46.0

61.2

25.4

76.3

95.3

57.6
136.9

82.4

56.3

58.4

93.3

71.7

78.2
107.5
142.7
104.9

0.8
102.6
99.9
63.2

2151 81.8
2049.5 168.6
2800.3 152.3
2877.8 183.1
1611.2 172.0
859.6 110.6
1556.0 172.0
1832.9 115.5
1.7 55
539.5 794
2133 918
1393.4 138.8
380.0 884
7973  95.0
202.3 40.2
1049.4 104.0
6342 136.3
14529 915
17285 177.3
1091.0 1245
468.8 94.6
301.7 101.6
2390.0 126.4
673.5 129.8
2297.2 103.1
2228.8 137.2
3116.7 208.6
2026.8 154.4
1.9 4.9
21141 1789
2823.6 153.2
3233 963

155.4
1815.3
2359.0
2603.7
1425.7

701.7
1327.3
1618.6

2.5

452.1

168.1
1375.7

320.2

697.1

194.3

994.2

589.9
1292.9
1483.6

974.0

399.9

2419
2114.9

578.8
1947.3
1889.6
2643.2
1756.8

2.7
1725.4
2482.5

258.7

60.8 133.7
134.6 1860.9
122.4 2482.1
134.0 2699.1
138.7 14744
105.0 750.9
174.8 13499
1219 1741.0

49 0.0

76.3  438.7

594 1333
149.2 1356.2

60.0 286.4

835 717.2

31.7 179.5

97.1  992.7
105.7 555.9
104.0 1353.6
158.9 1497.8
1109 990.3

63.8 378.4

66.6 1952

97.0 2199.3

88.9 5272
117.3 2105.1
131.9 2040.2
168.0 2909.8
135.5 1785.5

6.3 0.0
137.4 1889.4
1272 2597.4

67.7 2259

49.8
77.2
79.6
109.8
105.6
81.0
115.7
89.4
0.0
54.7
49.4
99.1
36.8
64.5
229
69.9
88.1
72.6
98.2
75.8
47.3
49.6
86.7
70.1
82.0
85.1
127.7
84.8
0.0
95.6
104.9
57.2

Table 3. Model bias of HDD area-averaged for Mexico (see Figure 3) with respect to Livneh, CPC,
and ERAS for the period 1995-2014, with the exception of Livneh, which is for 1994-2013. Bias is

expressed in degree-days and percent (°C days (%)).

Simulations Observations
Livneh CPC ERA5
MO -171.8 (-26.7) 38.6 (8.9) -23.9 (-4.8)
M1 -17.7 (-2.8) 192.7 (44.6) 130.2 (26.3)
M2 -64.7 (-10.1) 145.7 (33.7) 83.2 (16.8)
M3 195.8 (30.5) 406.2 (94.0) 343.7 (69.5)
Eref -26.3 (-4.1) 184.1 (42.6) 121.6 (24.6)
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Figure 3. The 20-yr average of HDD (°C days) for the reference period for (a) Livneh, (b) CPC, and
(c) ERAS. Difference in HDD (°C days) between RegCM4 and observations for (d) MO minus Livneh,
(e) MO minus CPC, (f) MO minus ERAS. (g-i) similar to (d-f) but for M1. (j-1) similar to (g—i) but for
M2. (m-o) similar to (j-1) but for M3. (p-r) similar to (m—o) but for Eref. Period 1995-2014, with the
exception of Livneh, which is for 1994-2013.

In Table 4, we present the mean (m) and the standard deviation (std) of the time series
(not shown) of HDD from each state of Mexico. We observe that Livneh has the maximum
m value in Tlaxcala (TL) (~1708 +229 °C days), whereas CPC and ERA5 have the maximum
m value in Mexico City (MC) (~1214 + 163 and ~1672 + 131 °C days, respectively). In turn,
MO (~1656 + 107 °C days), M1 (~1931 + 123 °C days), M2 (~1957 + 186 °C days), M3 (~2180
+153 °C days), and Eref (~1990 + 112 °C days) have the maximum m value in Tlaxcala (TL),
which is the coolest state in Mexico [34]. Simulations M0, M1, M2, and Eref have values
comparable to Livneh. We observed that Livneh and ERA5 have the minima m value in
Tabasco (TB) (0.8 +1 and 0.4 + 0.7, respectively), whereas CPC has it in Quintana Roo (QR)
(0.5 £ 1.1 °C days). The minima m value in simulations MO (0.7 + 0.8 °C days), M1 (0.4 +
0.5 °C days), M2 (0.5 £ 0.7 °C days), M3 (3.6 + 2.4 °C days), and Eref (0.0 + 0.0 °C days) was
in Yucatan (YU). Over Tabasco (TB) the evaluation (M0), simulations M1 to M3 and the
ensemble (Eref) could not reproduce the minima observed in Livneh and ERAS5.
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Table 4. Mean (m) and standard deviation (std) of HDD from several datasets for the reference period.
State Livneh CPC ERA5 MO M1 M2 M3 Eref
m std m std m Std m std m std m std m std m std
AG 7276 887 5074 974 5876 81.1 7132 949 943.0 957 9155 1299 11085 1229 9225 825
BN 960.1 940 6088 118.1 7025 100.1 5084 895 6014 883 5543 1160 790.0 819 567.1 62.8
BS 291.7 516 1694 582 1722 49.6 96.3 40.2 82.6 324 29.2 140 1549 350 44.2 10.5
M 2.3 2.1 1.1 1.8 0.5 1.0 1.3 1.5 0.6 0.9 1.4 1.5 6.7 3.9 0.0 0.0
CcP 1117 169 137 6.2 605 144 706 189 725 149 935 282 1695 337 735 132
CH 1456.8 1125 1154.8 113.2 1181.8 107.6 10852 126.9 1431.7 1155 1304.9 167.2 18423 1654 14373 934
CA 8626 129.1 621.7 87.6 6365 833 490.1 769 751.1 1225 639.8 1339 11583 1544 742.6 89.1
CL 47.9 12.3 1.2 3.0 0.7 0.9 13.5 11.5 19.3 12.0 15.5 6.7 65.2 235 12.5 5.2
MC 1586.5 154.7 1214.7 163.6 1672.7 131.4 14458 104.7 1735.0 114.0 17355 168.4 19055 138.9 1760.4 109.5
DU 12514 1072 723.1 959 9780 100.6 947.6 107.6 1230.2 914 1111.3 1159 14413 146.9 11875 75.0
GJ 600.1 758 2451 61.8 4999 680 6816 727 890.8 937 923.1 140.0 1123.2 1152 9109 81.7
GR 79.6 148 49 3.8 18.6 5.4 385 140 557 162 748 226 1029 212 571 123
HI 8043 822 6352 781 7380 71.3 926.8 69.6 1124.8 89.6 1173.4 1454 14489 126.0 11772 875
JA 3569 48.8 188.7 61.8 2056 429 2824 504 3842 495 3685 680 4842 612 3721 40.8
MX 13957 69.1 7623 964 1087.6 82.1 11071 79.0 1328.3 923 1339.7 136.8 14764 113.1 1346.3 89.3
MI 3666 363 131.6 271 2278 260 271.1 349 3595 363 3567 50.6 4385 430 355.1 320
MR 1560 53.7 189 182 1484 249 2047 459 2988 554 3146 659 4136 519 2998 413
NA 1228 272 63.7 31.1 76.4 28.7 128.0 383 1678 353 1444 39.0 2532 552 1481 26.6
NL 6594 122.7 4589 779 5494 708 4147 50.0 621.8 922 5551 88.7 9546 1284 6034 66.6
OA 2576 414 799 305 1886 28.0 293.0 308 3477 388 3884 629 5409 590 3789 384
PU 8004 959 3827 470 541.0 51.1 7197 595 883.8 763 901.7 1135 11458 939 916.7 69.4
QE 588.1 792 3776 887 5183 715 7627 63.0 9452 904 1016.5 138.9 1286.5 124.1 1001.1 79.7
QR 2.6 2.3 0.5 1.1 0.5 0.8 2.0 2.2 1.0 1.0 1.5 1.8 7.0 4.1 0.0 0.1
SL 5476 722 4545 60.1 5278 66.6 590.0 65.0 8069 822 7720 1173 11005 122.6 804.1 65.6
SI 1282 31.8 844 309 995 365 1268 405 1382 323 1082 312 2446 468 1166 199
SO 6765 70.1 513.6 902 540.1 91.1 413.0 882 5628 721 5004 1082 7849 734 5426 56.6
TB 0.8 1.0 0.7 1.2 0.4 0.7 1.0 0.9 0.6 0.6 1.4 1.5 11.7 55 0.1 0.1
™ 298.7 659 271.8 576 263.0 555 1539 282 2553 592 2246 464 5023 1009 2393 431
TL 1708.6 229.5 986.2 120.6 1430.2 109.8 1656.1 107.2 1931.6 1234 19572 186.8 2180.5 153.3 1990.1 112.7
VE 1252 257 619 160 889 167 777 151 100.7 16.0 1075 199 2383 41.0 1013 143
YU 3.0 3.3 0.8 1.7 0.8 1.6 0.7 0.8 0.4 0.5 0.5 0.7 3.6 2.4 0.0 0.0
ZA 963.7 1072 822.0 95.7 6965 91.7 7459 103.6 1020.2 979 9349 128.7 11815 144.8 9721 81.1

3.2. Future Period
3.2.1. Near-Future (2041-2060)

In this section, we present the results for the near-future (2041-2060) for simulations
M1, M2, and M3 under RCP2.6 and RCP8.5 scenarios, and the corresponding ensemble
(Ercp26 and Ercp85).

Cooling and Heating Degree Days

In Figure 4, we show the CDD change (ACDD = CDDhrear-future = CDDreference), and the
HDD change (AHDD = HDDnear-future = HDDreference) following both RCP2.6 and RCP8.5
scenarios.

The simulations reveal that the Yucatan Peninsula shows the highest values (between
200 and 400 °C days) of ACDD (Figure 4a—c), also in northwestern Mexico (Figure 4a,c),
and both Pacific and Gulf coast regions of Mexico (Figure 4a,b). Ercp26 (Figure 4d) shows
that in some regions in simulations M1 to M3 under the RCP2.6 scenario, there are no
expected major changes; but a shift towards increased CDD over the Yucatan’'s Peninsula,
northwestern Mexico, and coastal regions of the Pacific and the Gulf of Mexico. On the
other hand, under the RCP8.5, all simulations (Figure 4e-g) and Ercp8.5 (Figure 4h) show
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an increase in CDD over the whole country with exceptions for Central Mexico and
mountains regions over Oaxaca (OA), Durango (DU), and Chihuahua (CH).

For the HDD change, simulations project small changes in northwestern (Figure 4Kk),
north-central, and central Mexico (Figure 4i). Ercp26 (Figure 4l) shows a consistent
decrease of HDD under the RCP2.6 scenario over some regions in northwestern, the north-
central, and central areas of Mexico. In turn, under the RCP8.5, all simulations (Figure
4m-o) and Ercp8.5 (Figure 4p) reveal a decrease in HDD (=600 °C days < AHDD <-200 °C
days) over central, north-central, and northwestern Mexico. The decrease in HDD in both
RCPs is due to increased mean daily temperature (see equation 2), more noticeable for the
RCP8.5, consistent with the warming projected by mid-century [35].

The boxplots (Figure 5) show the change in n (A = Hincarfuture — Mireference) of CDD
(Figure 5a,b) and HDD (Figure 5c,d) for both RCP2.6 (boxplots in black) and RCP8.5
(boxplots in red). Figure 5a shows the Anz of CDD computed for the 32 states of Mexico for
M1, M2, M3, and Ercp. The highest Am values in the simulations M1 to M3 and Ercp are
expected under the RCP8.5 (boxplots in red). Figure 5b shows the Am of CDD for each
state of Mexico from simulations M1 to M3 and Ercp. Positive Am values are expected
under both RCP scenarios. For the RCP8.5, Am could be higher in the 32 states than in
Mexico City (MC). Figure 5c shows the Am of HDD. The lowest Am values of HDD in the
simulations M1, M3, and Ercp are expected under the RCP8.5 (boxplots in red). Figure 5d
shows the Am of HDD for each state of Mexico from simulations M1 to M3 and Ercp.
Negative Am values are expected in both RCP scenarios for nearly all 32 states in Mexico,
but for periods in the more extreme scenario, the change Am could be large. The increase
(decrease) in CDD (HDD) is consistent with the warming expected by mid-century [35].
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Figure 4. Change in CDD (°C days) during 20412060 for (a) M1, (b) M2, (c) M3, and (d) Ercp26 following the RCP2.6. (e—
h) similar to (a-d) but for RCP8.5. Change in HDD (°C days) during 2041-2060 for (i) M1, (j) M2, (k) M3, and (1) Ercp26
following the RCP2.6. (m-p) similar to (i-1) but for RCP8.5. Hatched lines mean non-significant change at the 95%
confidence interval.
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Figure 5. Change in CDD (°C days) during 2041-2060 for (a) M1, M2, M3, and Ercp for the 32 states of Mexico, and (b) in
each state of Mexico for M1, M2, M3 and Ercp. (¢,d) same as (a,b), respectively, but for the change in HDD. The cross (x)
in (b,d) indicates the Am for Ercp.

3.2.2. Far-Future (2080-2099)

In this section, we present the results for the far future period (2080-2099) for
simulations M1, M2, and M3 under the RCP2.6 and RCP8.5 scenarios, and the
corresponding ensemble (Ercp26 and Ercp85).

Cooling and Heating Degree Days

In Figure 6, we show the CDD change (ACDD = CDD#ar-future = CDDireference) under both
RCP2.6 (Figure 6a—d) and RCP8.5 (Figure 6e-h) scenarios; and the HDD change (AHDD =
HDD+tar-future = HDDrreference) for RCP2.6 (Figure 6i-1), and RCP8.5 (Figure 6m-—p) scenarios.

The simulations revealed an increase of CDD (200 °C days < ACDD <400 °C days) in
the northwestern, south, and pacific coast regions of Mexico for Ercp26 (Figure 6d). Ercp26
shows fewer regions with an increase in CDD compared to the near future (Figure 4d)
under the RCP2.6 scenario, consequently less energy requirements for cooling; the latter
is consistent with an emission-reduction scenario, that is to say, in this scenario, a decrease
in CO: emissions at the middle of the 21st century is achieved by a considerable
improvement of energy efficiency, replacement of unabated use of fossil fuels by
renewable energy, nuclear power, etc. [28]. Meanwhile, under the RCP8.5, the Ercp85
(Figure 6h) shows an increase in CDD (ACDD > 600 °C days) over the whole country,
which means more energy requirements for cooling. The change in CDD for Ercp85
(Figure 6h) is also greater compared to the near-future (Figure 4h), which is consistent
with an emission-increase scenario; in this scenario the emissions grow thus by about a
factor of three over the course of the 21st century, mainly as a result of both high demand
and high fossil-intensity of the energy sector [29].

In turn, we only found a slight decrease of HDD (-400 °C days < AHDD < -200 °C
days) in Central Mexico, and over mountain regions in Durango (DU) and Chihuahua
(CH) for Ercp26 (Figure 6l). Similar to CDD, Ercp26 shows fewer regions with a decrease
in HDD compared to the near future (Figure 41) under the emission reduction scenario,
RCP2.6. Also under this scenario, in the far-future, Mexico could have several regions with
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less warm conditions [36] than in the near-future. On the other hand, under the RCP8.5,
the ensemble (Figure 6p) shows a substantial decrease in HDD (1200 °C days < AHDD <
-600 °C days) over the Northwestern, North, and Central Mexico; the latter implies hotter
regions, and less energy requirements for heating [37,38]. The change in HDD for Ercp85
(Figure 6p) is greater compared to the near-future (Figure 4p), which is consistent with
the RCP8.5 extreme emission-increase scenario [29].

In Figure 7, we show the change in m (Am = Mfar-future — Mireference) Of CDD (Figure 7a,b)
and HDD (Figure 7c,d) for both RCP2.6 (boxplots in black) and RCP8.5 (boxplots in red).
Figure 7a shows that the highest Am values for simulations M1 to M3 and Ercp will be
under the RCP8.5. Figure 7b shows that positive values of Am for each state are expected
in both RCP scenarios, yet under the RCP8.5 Am, could be higher in all states of Mexico,
with exceptions in Mexico City (MC) and Tlaxcala (TL), which are non-typical values of
Am. Meanwhile, Figure 7c shows that the lowest Am values of HDD for simulations M1 to
M3 and Ercp will be under the RCP8.5. Figure 7d shows that negative values of Am of
HDD for each state are expected in both RCP scenarios but under the RCP8.5 Am, could
be lower in almost all states in Mexico.
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Figure 6. Change in CDD (°C days) during 20802099 for (a) M1, (b) M2, (c) M3, and (d) Ercp26 following the RCP2.6. (e—
h) similar to (a—d) but for RCP8.5. Change in HDD (°C days) during 2080-2099 for (i) M1, (j) M2, (k) M3, and (1) Ercp26
following the RCP2.6. (m-p) similar to (i-1) but for RCP8.5. Hatched lines mean non-significant change at the 95%
confidence interval.
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Figure 7. Change in CDD (°C days) during 2080-2099 for (a) M1, M2, M3, and Ercp for the 32 states of Mexico. The open
circle (o) denotes atypical values of Am, and (b) in each of the 32 states of Mexico for M1, M2, M3 and Ercp. (c,d) same as
(a,b), respectively, but for the change in HDD. The cross (x) in (b,d) indicates the Am for Ercp.

4. Discussion

Our results suggest that CDD will increase in the near- (Figures 4a-h and 5a,b) and
far- (Figures 6a-h and 7a,b) future periods compared to the reference period. In contrast
to CDD, we found that the HDD will decrease for both near- (Figures 4i-p and 5c,d) and
far- (Figures 6i—p and 7c,d) future periods with respect to the reference period, which is
consistent with previous works [6,10,11]. The average change in CDD for the whole
country for RCP 8.5 at the end of the century (Table 5) is smaller by an order of magnitude
compared to that in Christenson et al. (2006) for Switzerland; and about one fourth
compared to that in [6] for China. However, the average change in HDD (Table 5) is
comparable to that found in [6] for China.

Table 5. The average change over Mexico in CDD, and HDD during near- (2041-2060) and far- (2080—
2099) future relative to the reference (1995-2014) period in the ensembles Ercp26 and Ercp85.
Changes are expressed in degree-days and percent (°C days (%)) for CDD and HDD.

RCP 2.6 RCP 8.5

Near-Ref Far-Ref Near-Ref Far-Ref
CDD 187 (16) 145 (12) 408 (34) 1016 (86)
HDD -106 (-18) -81 (-14) -216 (-36) -410 (-69)

We computed the difference between the 2080-2099 and 2041-2060 periods for both
DD the CDD and the HDD (Figure 8). Under the lowest forcing level, simulations show
less increase in CDD for the far-future (Figure 8a—d) compared to the near-future; this
suggests that the immediate change in people’s idiosyncrasy regarding natural-resource
uses may have a direct impact on future energy requirements for getting thermal comfort.
Similarly, for the HDD the models show less decrease for the far future (Figure 8e-h)
compared to the near future. We believe this can be explained in terms of the warming
decreases projected in the RCP2.6 scenario from a 0.4-1.1 °C, peak in 2050, to 0.2-1.0 °C
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by 2100, reflecting the expected high radiative forcing at the middle of the century and its
subsequent decline [35]. Nevertheless, to achieve a decrease in warming by 2100, and
consequently less increase in CDD compared to the near-future, several vital conditions
need to be met immediately; for example, broad participation of countries and sectors in
GHG emissions reduction [28].

For the highest radiative forcing scenario in all simulations, we found larger values
in CDD for the far-future (Figure 8i-1) compared to the near-future. In contrast to CDD,
the simulations revealed smaller values in HDD for the far- future (Figure 8m-p)
compared with the near-future. The latter could be because the warming increase
projected in the RCP8.5 scenario approaches 3.7 °C by 2100 [35]; since the RCP8.5 scenario
combines assumptions about high population and energy use that lead in the long-term
to high energy demand and GHG emissions (in the absence of climate-change policies;
[29]).

The different behavior in the change of DD between the end-of-century and mid-
century (Figure 8) for the RCP2.6/RCP8.5 seems to be the response of the regional climate
model, RegCM4, to the radiative forcing trend ([39], and references therein).

The implications of the increase in CDD in Northern Mexico are related to a higher
energy requirement to satisfy artificial cooling needs through air conditioning systems.
This fact is particularly important in most of the Mexican territory since, according to [40],
the government subsidy is for fossil-fuel energy production, which negatively affects the
well-being of Mexican families. This is a vital sign that under a scenario without emission
control, societies will depend even more on electricity. Therefore, we believe that at this
time it is compulsory to work hard to search for and validate energy resources that are
renewable and friendly to the environment.

(i) M1

()

g e \_7' w ]
110°wW 100°W o0°"wW 110°w 100°wW 90°W 110°W 100°W o0°"wW 110°wW 100°W 90°wW

Figure 8. The difference of CDD (°C days) between the 2080-2099 and 2041-2060 period for (a) M1, (b) M2, (c) M3, and (d)
Ercp26 following the RCP2.6. (e-h) similar to (a-d) but for HDD. The difference of CDD (°C days) between the 2080-2099
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and 2041-2060 period for (i) M1, (j) M2, (k) M3, and (1) Ercp85 following the RCP8.5. (m-p) similar to (i-1) but for HDD.
Hatched lines mean non-significant change at the 95% confidence interval.

5. Conclusions

We used the RegCM4 model driven by different GCMs and RCP scenarios to analyze
future changes in CDD and HDD over Mexico. This was done after assessing the model
performance in reproducing the present-day conditions. The assessment revealed that the
model evaluation run (simulations M1 to M3, and the reference ensemble) reproduced the
values and spatial patterns of CDD and HDD realistically. However, all simulations and
the reference ensemble (Eref) have a warm bias, mainly over northwestern Mexico and a
cold bias in the high and coastal regions, consistent with previous RegCM4 results in the
CAM domain [21,23]. We found that CDD (HDD) might be increased (decreased) in the
future compared to the reference period for both RCP2.6 and RCP8.5. The results
indicated that under the RCP2.6 scenario, simulations show less increase (decrease) in
CDD (HDD) for the far-future compared to the near-future. This behavior might be
explained as a response to the expected peak in radiative forcing at mid-century and its
subsequent decline. However, to achieve the radiative forcing decline, several vital
conditions would need to be met.

In contrast to the lowest forcing level scenario, for the RCP8.5 we found—for all
simulations—a raising (down) in CDD (HDD) for the far future compared to the near
future. This greater increase (decrease) could be explained by the response of RegCM4 to
the warming increase projected for 2100; in the absence of climate change policies in an
extreme scenario, high population and energy-intensity increases could lead in the long
term to higher energy demand and GHG emissions. Our results are an important sign
that, in the future, under a scenario without emission control, society could depend even
more on electricity; therefore, at this time, we must work hard and fast in the search and
validation of energy sources that are renewable and friendly to the environment. Work is
required to investigate future energy consumption in Mexico in terms of DD for different
temperature thresholds in a climate change context. That is, more research on DD over
Mexico is needed, as it is required to generate information and models about energy
consumption under different periods and climate change scenarios. We think the
information generated in this work for the different states of Mexico is important since it
could contribute to the implementation of public policies on energy depending on the
particular situation of each state of Mexico. Collaborations between research institutions,
authorities, and companies in charge of energy supply will be vital for this. In this way,
models can be generated that project energy consumption and price behavior under such
scenarios. We believe this will help in designing strategies on energy administration and

supply.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/atmos12091130/s1. Figure S1: The 20-yr average of CDD (°C days)
for the reference period for a) Livneh, b) CPC, and c) ERAS5. Difference in CDD as percentage (%)
between RegCM4 and observations for (d) MO minus Livneh, (¢) MO minus CPC, (f) MO minus
ERADS. (g) - (i) similar to (d) - (f) but for M1. (j) - (1) similar to (g) - (i) but for M2. (m) - (o) similar to
(§) - (1) but for M3. (p) - (r) similar to (m) - (o) but for Eref. Period 1995-2014, with the exception of
Livneh, which is for 1994-2013. Figure S2: The 20-yr average of HDD (°C days) for the reference
period for a) Livneh, b) CPC, and c) ERA5. Difference in HDD as percentage (%) between RegCM4
and observations for (d) MO minus Livneh, (€) MO minus CPC, (f) MO minus ERA5. (g) - (i) similar
to (d) - (f) but for M1. (j) - (1) similar to (g) - (i) but for M2. (m) - (o) similar to (j) - (1) but for M3. (p) -
(r) similar to (m) - (0) but for Eref. Period 1995-2014, with the exception of Livneh, which is for 1994-
2013.
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