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Abstract 

Climate change is expected to produce increasing impacts on training and 
infrastructure on Army installations in the coming decades. Planning to 
enable Army installations to adapt to the changing climate can be support-
ed by suitable estimates of climate impacts over timeframes suitable for 
strategic plans. This work computed the impacts of future climate change 
on available training days for seven sample Army installations using pro-
jections of temperature and precipitation from global climate models. The 
number of days with heat-related training restrictions and fire risk from 
live-fire training were calculated using observed weather station data and 
climate model projections for several future climate scenarios. For these 
installations, increased temperatures in time periods centered on 2030, 
2050, and 2090 result in a greater number of days with heat categories 
above 84 and 90 °F (28.9 and 32.2 °C) and with high fire risk. The climate 
impact on heat-affected training days is greater in the U.S. Southeast, 
where high humidity also contributes most to the heat index. The impact 
on the fire risk for training is greater in the U.S. Southwest, where the low 
precipitation and high temperatures contribute to the high drought index. 
Future work will include additional installations and climate variables. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

Although different climate models make a wide range of climate projec-
tions, all climate models reflect a global average warming trend in temper-
atures over both land and oceans. Moreover, since the CO2 concentration 
currently in the earth’s atmosphere has an expected lifetime of 50 years or 
more, regardless of future emissions, much of this warming trend (and as-
sociated global sea level rise) is considered to be “locked in” to continue for 
the next 100 years. Global warming trends have the potential to negatively 
affect Army installations and their abilities to cost effectively complete 
their missions in the areas of stationing, operations, training, mainte-
nance, and resource management. While the impacts of climate change on 
the Army’ military mission may not yet be measurably significant, it is an-
ticipated that, over the coming decades, the effects of climate change and 
their associated costs will increase.  

This project was undertaken to analyze projections of future climate 
change derived from scenarios of greenhouse gas (GHG) emissions (car-
bon dioxide, methane, etc.), based on expected trends involving the expan-
sion or reduction of fossil-fuel use. This report focuses specifically on the 
climate change projections to summarize emission scenarios and global 
and regional models, and to explain how climate projections for specific 
Army installations are used to generate specific projections of impacts on 
Army installation ranges and training activities. 

1.2 Objectives 

The overall objective of this project was to generate projections of future 
climate change based on expected growth or reduction trends in fossil-fuel 
use. The specific objective of this work was to describe those climate 
change projections and how those projections will impact the ranges and 
training activities at seven Army installations. 
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1.3 Approach 

The objectives of this work were accomplished in the following steps: 

1. A review of well-documented and reviewed Global Climate Model 
(GCM) and Resource Capability Model (RCM) projections was done to 
establish inputs to be used to generate local climate impacts for the ex-
ample installations. 

2. Statistical downscaling based on GCM projections was applied to make 
projections of future climate impacts. 

3. Climate and emission scenarios used by the scientific community were 
reviewed and three scenarios were selected for use in calculating pro-
jections. 

4. Calculations were done to determine specific projected climate impacts 
on each of seen selected Army installations for two climate-related in-
dices (heat and fire risk/drought) that are indicators of restrictions on 
training. 

1.4 Mode of technology transfer 

It is anticipated that the results of this work will be used to expand the ob-
served data analysis from pointwise weather station data to use of the Con-
tinental United States (CONUS) wide data that will allow for the analysis of 
the CONUS-wide thresholds of temperature and precipitation events and 
include the impact of climate projections on a more comprehensive scope. 
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2 Climate Models Overview 

This work uses three spatial scales of climate models and projections: 
(1) global climate models (GCMs), (2) regional climate models (RCMs), 
and (3) local climate models (LCMs). The following sections briefly de-
scribe each model type, how the data are used in developing projections of 
the risks, potential impacts of climate change on Army installations, and 
the uncertainty in climate projections associated with each model.  

This study generally drew its inputs from well-documented and reviewed 
GCM and RCM projections published by climate research institutions ex-
ternal to this project such as the National Oceanic and Atmospheric Ad-
ministration (NOAA) and the National Aeronautics and Space Administra-
tion (NASA). These inputs were used to generate local climate impacts for 
the example installations.  

2.1 GCMs 

GCMs (also known as “general circulation models”) have been developed by 
research institutions and agencies from multiple nations, including the 
United States (NOAA, National Centre for Atmospheric Research [NCAR,] 
NASA), United Kingdom (UK Met Office/Hadley Center), the European 
Center, and Australia (Commonwealth Scientific and Industrial Research 
Organization [CSIRO]). These models share some common features, such 
as equations for heat, moisture, and winds in the atmosphere, ocean tem-
perature, salinity, and currents. These models can produce simulations of 
present-day or recent climate conditions (e.g., through the 20th century) 
with varying degrees of accuracy. These models each have representations 
of different regional phenomena such as tropical precipitation, arctic ice 
cover, or snow cover that also vary in accuracy to observed climate. The U.S. 
Department of Energy’s Coupled Model Intercomparison Project (CMIP) 
created an archive of international GCM results to facilitate the validation 
and comparison of these models. The CMIP-3 and CMIP-5 model archives 
contain the climate model projections for the scenarios used in this project. 

GCMs represent the effects of GHG concentrations in the atmosphere 
mostly through their effect on the infrared radiation absorption. Water va-
por is the most abundant GHG, and its concentration in the atmosphere 
depends strongly on air temperature and the hydrologic cycle. The models 
usually account for the concentrations of carbon dioxide, water vapor, me-
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thane, ozone, nitrogen oxides, and some chlorofluorocarbons (CFCs). 
Since observations of these gases show that these gases have increased 
over the 20th Century and that they are expected to continue increasing, 
the models include these increasing trends under the future emission sce-
narios described below.  

In general, GCMs have horizontal spatial grids at a resolution of 1 to 4 de-
grees in longitude and latitude (approximately 100 to 500 km [62.1 to 
310.7 mi]). The time scale of the climate averages from the GCMs is usual-
ly 1 month or longer. Since this GCM scale is considerably larger that the 
installations of interest, there are methods of “downscaling” the climate 
simulations from GCMs to create data on regional and local scales.  

2.2 RCMs and downscaling  

The climate simulations from GCMs are also used create climate projec-
tions on a finer spatial scale through two downscaling methods: RCMs and 
statistical downscaling. Regional models are similar to GCMs in that they 
produce simulations of regional weather on a finer scale than GCMs, but 
usually for periods shorter than the 100 years of changing climate. They 
are also subject to the same types of uncertainties and model-related bias-
es as GCMs so there is a wide range of RCM simulations that produce a 
range of possible future climate changes. The North American Regional 
Climate Change Assessment Project (NARCCAP) produced RCM simula-
tions from the GCMs with regional climate models at a 50 km (31.1 mi) 
resolution for the A2 emission scenario only. This work did not directly 
use RCM simulation results.  

However, this work did use statistical downscaling based on GCM projec-
tions, but corrected by the baseline of recorded observed climate data from 
weather stations and other locations. This method of bias-corrected statis-
tical downscaling (BCSD) for these GCM projections was developed by 
Maurer et al. (2007) using CONUS- wide data for average temperature and 
for precipitation over the period from 1950 through the future scenarios to 
2099. It is much faster to use this method than to calculate complex 
RCMs, and statistical downscaled data have been produced from GCM da-
ta for most of the scenarios under the CMIP-3 and CMIP-5 archives. This 
work used the changes in the long-term averages from the BCSD data, and 
added them to the daily observed temperature and precipitation data from 
specific installations to make projections of future climate impacts. Future 
work is planned to develop the climate impacts for the entire CONUS-wide 
downscaled BCSD data.  
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2.3 LCMs and installation-specific models 

LCMs have been developed to address the needs and specific impacts for 
individual locations such as the Army installations used in this study. The 
LCMs use a range of site-specific climate data from local observations, as 
well as statistically-downscaled climate projections (like the BCSD projec-
tions described above) to assess the climate changes on the scale appropri-
ate to the installation. In addition, these LCMs are used as “impact mod-
els” to calculate specific climate-related indices such as heating-degree 
days (HDD), cooling-degree days (CDD), a precipitation-based drought 
index, and the impacts of future climate changes on these indices. This 
work illustrates the impacts of climate change on future heat-related train-
ing restrictions by calculating a heat index and a drought index for the ex-
ample installations. These LCMs are also being used in related projects to 
calculate other specific impacts on operations and infrastructure, such as 
the energy costs associated with the climate data and the availability of wa-
ter resources to these installations.  

2.4 Climate and emission scenarios 

GHG emission scenarios created by the scientific community and used by 
the GCMs use different possible timelines of future GHG emissions and 
their resulting concentrations in the atmosphere through the year 2100. 
The scenarios each follow a different “story line” of fossil-fuel and nonfos-
sil-fuel use, population growth, industrial aerosols, and other factors in the 
scenarios’ emissions. The creators of the scenarios used in the Intergov-
ernmental Panel on Climate Change (IPCC) Fourth Assessment Report 
(IPCC, 2007) and in the CMIP -3 GCMs (Nakicenvoic et al. 2000) consider 
each timeline to be equally plausible and possible. The scenarios from the 
CMIP-3 include these two frequently-used examples: 

• A2: High-Emission Scenario. This scenario considers increases in CO2 
emissions (or equivalent CO2 amounts) from 350 to 870 ppmv by year 
2100 based on fossil-fuel growth. This has been called the “business-as-
usual” scenario since it most closely describes recent emissions trends. 

• A1B: Medium-Emission Scenario: This scenario considers increases in 
CO2 emissions from 350 to 720 ppmv, with some reductions in CO2 
emissions beginning around 2050. 

• B1: Lower-Emission Scenario. This scenario considers increases in 
CO2 emissions from 350 to 550 ppmv by 2100, with significant reduc-
tions in CO2 emissions beginning around 2050 from nonfossil-fuel en-
ergy sources. Figure 2-1 shows these emissions paths. 
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More recently, the scenarios used in the projections for the IPCC Fifth As-
sessment Report (in progress) have been defined differently from those in 
CMIP-3. These scenarios have been labeled according to the Representa-
tive Concentration Path (RCP) leading to the equivalent increase in infra-
red radiative forcing at the surface, such as:  

• RCP 4.5: Emission path leading to 4.5 W m-2 radiative forcing (similar 
to the B1 low-emission scenario) 

• RCP 6.0: Emission path leading to 6.0 W m-2 radiative forcing (similar 
to the A1B medium-emission scenario) 

• RCP 8.5: Emission path leading to 8.5 W m-2 radiative forcing (similar 
to the previous A2 high-emission scenario).  

2.5 Climate projections from emission scenarios 

Climate modelers develop climate projections for each scenario for the 
20th and 21st Centuries by incorporating the trends in GHG concentrations 
into their GCMs. These long simulations are usually first initialized from a 
“pre-industrial” state with CO2 concentrations starting at about 180 ppmv 
in the year 1870, and then simulate forward to the present-day (c. 2000) 
with observed CO2 concentration trends (and other effects such as volcanic 
and industrial sulfate aerosols and solar variability). This present-day 
model state is then used to initiate the future GHG emission scenarios.  

Because the GCMs from different institutions vary widely in their numeri-
cal approaches to modeling phenomena such as clouds, ocean circulation, 
snow and ice cover, the results of the climate projections vary considera-
bly. Figure 2-1 shows that, for the A2 scenario, the global average tempera-
ture change ranges between GCMs from 2 °C (3.6 °F) to over 5 °C (9 °F) in 
2100, and the B1 scenario ranges from 1 to 3 °C (1.8 to 5.4 °F) in 2100.  

These results vary even more widely on the local scale, considering that the 
range of local variability that can affect the climate on scales is smaller 
than the GCM grid size. This assessment of the impacts of climate change 
on the local scale considers:  

1. The range of climate model results from multiple GCMs for a single 
emission scenario 

2. The multiple emission scenarios with possible future trends  
3. The range of variability in local climate as compared to the larger-scale 

average climate. 
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Figure 2-1.  Sequence (top to bottom) of the creation of climate projections. Scenarios of GHG 
emissions (top) are created by scientific committees based on fossil-fuel use and other trends. 
GCMs (center) are used to simulate climate change under increasing GHGs, and create global-

scale projections (bottom) of temperature change, sea level rise and other variables. 

 
a. 

 
b. 

 
c. 

Adapted from the IPCC (2007) 
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2.6 Uncertainties and agreement in climate projections 

Some uncertainties are inherent in any numerical climate model (global or 
regional) and in all climate projections. An important distinction to make 
is between climate projections and climate predictions. Climate projec-
tions are possible outcomes that could occur if the GHG concentrations 
follow one of the emission scenarios. There is no assumption that either 
the A2 or B1 scenario is more likely than any other future path; they are 
simply two plausible possibilities. The future trends in GHG emissions and 
climate that will eventually occur may not match any single scenario exact-
ly. The global-scale factors and policies that might influence future emis-
sions are not reliably predictable and there is no direct method to calculate 
or assign the probability of any one scenario. 

Climate predictions (also called “forecasts”), by contrast, are based on an 
initial starting point of what is most likely to occur over a specific forecast 
timeline, such a seasonal forecast. This work is not concerned with climate 
prediction or forecasting. For climate projections, however, some variables 
have either greater or lesser uncertainty in the projections based on their 
natural variability on the spatial scale of installations. Complex and inter-
mittent phenomena (like clouds) vary on scales smaller than GCM grid 
cells so different GCMs represent these processes with varying methods. 
The IPCC has represented “uncertainty” in the GCM projections on the re-
gional scale by the relative agreement across the GCMs for any single 
emission scenario.  

Based on the IPCC assessment (Christensen et al. 2007) and related GCM 
comparison studies (Walsh et al. 2008), the relative certainty (or GCM 
agreement) for different variables may be summarized as: 

• greater certainty or agreement: 
o air temperature (at the surface, when averaged over more than 

10 years) 
o increasing number and severity of high-heat events and droughts 
o longer duration of warm-season weather, and shorter winter season 
o shorter duration of snow cover and ice cover on lakes 
o increasing sea surface temperature 
o warming permafrost in arctic and subarctic regions 
o rising sea level (on the global scale) 

• less certainty or agreement: 
o precipitation (varying regionally, as a long-term average) 
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o soil moisture 
o mean streamflows (regionally) 
o snowfall amounts in winter storms 

• low certainty: 
o changes in wind speed and direction 
o changes in frequency and intensity of severe storms 
o cloud cover  
o relative humidity at the surface 
o solar radiation at surface. 
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3 Climate Projections and Impacts 

3.1 Overview of climate projections 

A review of the CONUS-wide pattern of climate change projections from 
the GCMs (from the U.S. National Climate Assessment) reveals some 
overall trends in temperature and precipitation (Figure 3-1): 

1. Average temperatures increase between 3 and 8 °F (1.7 and 4.4 °C) for 
the lower and higher emission scenarios, with the largest warming in 
northern Alaska 

2. Precipitation increasing in the northern tier of the United States, and 
decreasing in the southern tier, primarily in the U.S. Southwest.  

Increased temperatures give the atmosphere greater capacity for water va-
por content and transport. The consequent increased availability of precip-
itable water vapor for storm events is one of the climate phenomena simu-
lated by GCMs and RCMs. The precipitation changes represent an overall 
acceleration of the hydrologic cycle, which includes greater evaporation in 
the source regions (tropics and subtropics) and greater precipitation in the 
sink regions (subarctic to arctic).  

The majority of the contiguous United States in the mid-latitudes, including 
these regions of greater and lesser precipitation, is likely to experience a 
variable range of impacts on the scale of wet and dry seasons, with increas-
ing precipitation from individual storm events. These changes are expected 
to cause a number of associated trends in related climate phenomena: 

1. Greater precipitation from individual storm events and possible in-
creases in storm intensity associated with warmer temperatures and 
increased moisture 

2. Increased risks of flooding from individual or sequences of storm events 
3. Increased risk of severe storm damage from winds 
4. Shorter winters, including shorter duration of snow cover and frozen ground, 

ice cover on lakes and rivers, and a shift from snow to rain for the transition 
periods in the winter–to-spring and fall-to-winter “shoulder” seasons 

5. Extended duration of season of high to extreme heat and drought, par-
ticularly for interior and southern United States 

6. Coastal impacts associated with sea level rise and tropical storm 
events, such as inundation, erosion, and tidal surge damage. 
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Figure 3-1.  Upper: Projected change in air temperature (°F) between 1970-1999 and 2071-
2099 for the B1 (lower emission) and the A2 (higher emissions) scenarios. (Lower plot) Projected 

change in seasonal precipitation (%) in the A2 scenario, averaged over multiple GCMs. 

 

 
From Melillo et al. (2014) 
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3.2 Downscaled climate projections for regions and installations 

This first year of the study primarily used the climate change projections 
under the A2 scenario to compute the impacts on climate-related indices for 
seven sample installations: (1) Fort Riley, KS, (2) Joint Base Lewis-McCord, 
WA, (3) Fort Bliss, TX, (4) Fort Bragg, NC, (5) Fort Drum, NY, 
(6) Schoefield Barracks-Wheeler Army Airfield (AAF), HI, and (7) Fort 
Wainwright (AK). This section describes the climate projections used for 
these locations and the range of climate projections across different models.  

This study used the BCSD data for CONUS locations from the CMIP 3 
GCMs (Maurer et al. 2007) as the primary source for climate projections 
for the period from present to 2099 for the computing indices. These data 
are on a ⅛-degree latitude-longitude grid (~12 x 12 km [7.5 x 7.5 mi]). For 
each installation, the projection data for the grid cell closest to the installa-
tion location were collected for the A2, B1, and A1B scenarios. In most cas-
es, this work uses use the A2 (high-emission) scenario first, as it illustrates 
the largest-magnitude possible impact, while the A1B and B1 scenarios are 
similar, but smaller-magnitude responses.  

In Figure 3-2, which shows the annual temperatures over 1950 to 2099 for 
the A2 and B1 scenarios for Fort Bragg, the two scenarios diverge signifi-
cantly after about 2050. The A2 scenario shows an increase of about 9 °F 
(5 °C) between 1950 and 2099 for the average of all 36 GCM projections, 
while the GCMs span a range of 15 °F (8.3 °C) by 2099.  

The change in air temperature (at the surface) and the relative change in 
average precipitation (as a percentage of the mean) were computed for 
each installation location, for each of the GCMs, between the periods 
1980-1999, 2020-2039, 2040-2059, and 2080-2099. Figure 3-3 shows the 
combined temperature change (°C) and precipitation change (%) for Fort 
Bliss at two periods for the A2 scenario, which show the scatter of the 
GCMs projections at this spatial scale. For the 2080 period, precipitation 
change varies across the downscaled GCMs from -40% to +40%, while the 
temperature increases from 3 to 6 °C (5.4 to 10.8 °F). 
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Figure 3-2.  Average air temperature (°F) for Fort Bragg, as a 5-year running mean over 1950-
2099 for the A2 and B1 scenarios, average over the 36 downscaled GCM simulations. The upper 

and lower lines show the maximum and minimum annual temperatures of the 36 GCMs. 

 

Figure 3-3.  Projected change in air temperature change (°C) versus precipitation change (%) for Fort 
Bliss, TX, for each of 36 GCMs from the downscaled CMIP-3 archive for the A2 (high-emission) 
scenario, between 1980-1999 and 2040-2060 (black points) and 2080-2090 (blue points).  
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Table 3-1 lists the average temperature and precipitation changes for the A2 
scenario for the 2050 and 2080 timeframes for the seven sample installa-
tions, averaged over all of the 36 GCM projections. These data show that the 
installations generally warm in the range of 2 to 5 °C (3.6 to 9 °F) for 2080, 
and that the precipitation increases on average 3% to 20%. These tempera-
ture increases are added to the observed temperatures for station data in 
computing heat indexes for the installations in the next chapter.  

Table 3-1.  Projected changes in air temperature (°C) and precipitation (%) for 7 example 
installations, averaged over 36 simulations from the downscaled CMIP-3 archive for the A2 

(high-emission) scenario, between 1980-1999 and 2050 and 2080.  

Location Parameter 2050 2080 

Fort Bliss 
ΔT (°C) 2.7 4.8 

ΔP (%) 3.1 3.3 

Fort Bragg 
ΔT (°C) 2.3 3.9 

ΔP (%) 11.5 13.3 

Fort Drum 
ΔT (°C) 2.3 4.4 

ΔP (%) 12.4 17.7 

Joint Base (JB) Lewis-
McChord 

ΔT (°C) 1.8 3.4 

ΔP (%) 9.6 14.2 

Fort Riley 
ΔT (°C) 2.5 4.6 

ΔP (%) 8.8 9.4 

Fort Wainwright 
ΔT (°C) 2.2 4.5 

ΔP (%) 10.5 21.0 

Schoefield -Wheeler AAF 
ΔT (°C) 1.1 2.3 

ΔP (%) 2.5 5.0 
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4 Projected Climate-Related Indices 

4.1 Heat restricted training days  

Two indices that have the potential to affect the metrics of available train-
ing days on ranges are: (1) the number of days with heat-related training 
restrictions and (2) the number of days with high fire risk for live-fire 
training. These two indices are both computed from daily temperature and 
other observed data for installations, and can also be readily computed 
from projections of temperatures and precipitation from climate models 
for future climate scenarios.  

Heat-stress days are computed from the maximum daily wet bulb-black 
globe temperature (WBGT), which combines the maximum wet bulb tem-
perature (Twb), ambient air temperature (Tair), and temperature measured 
inside a black globe in the incident sunlight (Tg): 

 WBGT = Twbgt = 0.7 Twb + 0.2 Tg + 0.1 Tair (4-1) 

While WBGT can be measured on-site at installations, this work computed 
WBGT from the separate temperatures above as functions of the daily 
maximum temperature, humidity, wind speed, and solar radiation for the 
location of interest. Brown et al. (2014) describes the equations used for 
black globe temperature Tg. 

The exact method for computing the wet bulb temperature, Twb, from the 
ambient air temperature and relative humidity is nonlinear and can be 
done using a meteorological skew-T diagram. This work computed a look-
up table to list Twb for the range of temperature and humidity. Figure 4-1 
shows the values of Twb for this range.  

The WBGT is used in determining when soldiers are potentially at risk of 
heat-related illness in training based on the guidance of Army Technical 
Bulletin Medical 507 (HQDA 2003). The increasing Heat Category 1 
through 5 corresponds to the WBGT increasing from 78 °F (25.6 °C) (Cat 
1) to >90 °F (>32.2 °C) (Cat 5). 
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Figure 4-1.  Graph of wet bulb temperature (Twb, °F) as function of air temperature (Tair) and 
relative humidity (%) at mean sea level used in the calculation of WBGT.  

 

Table 4-1.  Heat Category table using WBGT for training work-rest times and water intake 
based on Dept of the Army TB Med 507 (2003). 

 

The number of days with WBGT within each heat category in Table 4-1 were 
computed for the example installations using observed weather records for 
the period 1970-1999. While many CONUS locations experience high tem-
peratures >80 °F (>26.7 °C), dewpoint temperatures usually must be near 
80 °F (26.7 °C) for the corresponding WBGT to also be >80 °F (>26.7 °C). 
Figure 4-2 shows the average days each month with air temperatures 
>90 °F (>32.2 °C) for Fort Riley, KS and Fort Bliss, TX. In spite of the fact 
that Fort Bliss experiences over 25 days per year with air temperature 
>90 °F (>32.2 °C), it experiences only 2 days per year with WBGT >85 °F 
(>29.4 °C). Fort Riley, KS, which has fewer days than Fort Bliss with the air 
temperature >90 °F (>32.2 °C), has 10 days with WBGT >85 °F (>29.4 °C). 
This sensitivity of the heat-risk index to humidity is also a consideration for 
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the projections of climate change and their impact on the heat-affected days 
for these installations, as is shown later in this report. 

Figure 4-2.  Average number of days per month with air temperatures >90 °F (>32.2 °C) from 
daily maximum temperatures for Fort Riley KS and Fort Bliss, TX over 1970-1999. 

 

4.2 Fire risk days  

Similar to the heat index restrictions on training, the days with a high 
drought index have been used to regulate the restrictions on types of live-
fire training on Army ranges, either by regulating the availability of fire-
fighting manpower, or by restricting live-fire training in the event of se-
verely dry conditions. In this study, the fire risk index is computed using 
the Keetch-Byram Drought Index (KBDI), designated Q, by incrementing 
the index dQ using the daily maximum air temperature (Tmax) and daily 
precipitation, P. The formulation follows the revised and corrected English 
units equation of Alexander (1990) and Crane (1982) of the original 
Keetch and Byram (1968) index: 

 𝑑𝑑𝑑𝑑 = [800−𝑄𝑄][0.968exp(0.0486𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)− 8.30]𝑑𝑑𝑑𝑑 𝑇𝑇 10−3

1+10.88exp (−0.0441𝑅𝑅)
  (4-2) 

The minimum Q value is kept at zero and the maximum at 800, which in-
dicates an 8-in. deficit in precipitation. 
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The KBDI was computed for the eight example installation from their daily 
observed records for 1970-1999. Figure 4-3 shows the average monthly 
KBDI for Fort Riley, Fort Bliss, and Fort Wheeler.  

Figure 4-3.  Monthly average values of the KBDI from daily observations for Fort Riley, KS, 
Wheeler Air Force Base (AFB), HI, and Fort Bliss, TX over 1979-1999. 

 

The risk of igniting fires on training ranges through live-fire training poten-
tially increases with greater KBDI, i.e., with greater maximum daily temper-
atures and little or no precipitation, and which increases with duration in 
days. For any particular training range, there are other potential factors to 
consider in the risk of igniting fires through live-fire training, such as the 
presence or abundance of dry vegetation and persistent wetlands that may 
not be high risk for ignition. Therefore, the on-site determination of fire risk 
by firing range managers and restrictions on live-fire training are deter-
mined locally and are not based on a single factor such as KBDI.  

For ranges with significant risk, Table 4-2 lists the types of restrictions in 
live-fire training that can be implemented based on the KBDI. The increas-
ing risk, which is denoted by the green-to-black color scale, corresponds 
with increasing requirements to have a fire-fighting detail on hand. 
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Table 4-2.  Fire danger categories with live-fire training restrictions and fire-fighting 
requirements, with the KBDI range used in this study for each category.  

Fire Danger 
Condition  

Expected Fire Behavior  Training Restrictions  Fire-Fighting Detail 
Requirements  

Derived 
KBDI*  

GREEN  Fires are difficult to start and do not 
burn with vigor. Fires can easily be 
controlled using direct attack.  

None.  None.  0-300  

AMBER  Fires start easily and may burn 
quickly through grass and shrub 
fuels. Fires can be controlled using 
direct attack, but in some 
circumstances may require indirect 
attack methods.  

No aerial flares outside the 
live-fire training areas.  
Pyrotechnics must be used 
on roadways, tank trails, or 
barren areas.  

None.  300-600  

RED  Fires start easily, move quickly, 
burn intensely, and may be difficult 
to control.  

No pyrotechnics, incendiary 
munitions, tracers.  

10-person fire-fighting 
detail required.  
On-call helicopter 
required on 20-
minute standby.  

600-750 

BLACK  Fires start very easily and are 
impossible to control.  

No live-fire training. No 
pyrotechnics. Non-live-fire 
training must be authorized 
by the Senior Mission 
Commander.  

None.  750-800 

4.3 Projected climate change on heat and fire risk  

Projected future changes in temperature and precipitation have been used 
to calculate these two climate-related indices, WBGT and KBDI, for the 
sample installations in the first year of this study. The following sections 
give examples of these projections. Increases in air temperature by 1, 2, 
and 3 °C (3.6, 1.8, and 5.4 °F) have been added to the air temperature used 
in the formula for WBGT to calculate the number of days with heat-stress 
restrictions. For these projections of WBGT, the relative humidity, wind 
and solar inputs are left unchanged. The temperature increases are aver-
age changes for the central United States across multiple GCMs, corre-
sponding to 10-year periods centered around 2030, 2050, and 2080.  

4.4 Heat-risk training impacts 

Figure 4-4 shows the number of days per year with WBGT in each heat cate-
gory (1-5) for Fort Bliss TX, with the projected future days. The total days 
with all levels of heat categories increase from 94 in the observed data to 160 
days per year in 2080. There are no “black flag” Category-5 days for Fort 
Bliss, even though it has extremely high air temperatures (100 °F [37.8 °C] or 
more). The dewpoint is less than 80 °F (26.7 °C) in all recorded days for 
1970-1999 so the wet bulb temperature is also less than 80 °F (26.7 °C). The 
number of Category 3 days increases the most by 2080, from 2 to 39 days.  
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Figure 4-4.  Average number of days per year with calculated WBGT in the five heat categories 
(with temperatures shown) for Fort Bliss, TX. The “Observed Data” column (left) use the daily 

temperatures, dewpoint, and wind speeds over 1979-1999, The projected columns (right 
three) used added temperature changes from climate models centered on years 2030, 2050, 

and 2080. 

 

These projections of future WBGT reflect a potential for increasing risk of 
heat-related injury and restrictions on training activities during the maxi-
mum daytime heat. The data in Figure 4-4 does not reflect the potential 
impacts on nighttime or early morning training, which are less affected by 
the solar input, but can be affected by temperature and humidity. Both day 
and night training impacts are included in this set of climate-related im-
pacts for installations. 

Table 4-3 lists the number of days with each heat category of WBGT for 
all seven sample Army installations for the observed station data and for 
the projected temperature increases. Figures 4-6 to 4-12 plot these values 
for each installation. Of these sample installations, the location with the 
greatest impact on training days for the observed data is Fort Bragg, NC, 
which experiences high temperatures and dewpoints >80 °F (>26.7 °C) 
through the summer. The projected increase in temperatures up to 5.4 °F 
(-14.8 °C) results in a significant increase of overall heat-affected training 
days, even with the relative humidity kept unchanged for these projec-
tions. By contrast, Fort Bliss, TX, has high temperatures, but no increase 
in the highest Heat Category 5 (>90 °F [>32.2 °C]) due to the fact that its 
dewpoints are lower than those at Fort Bragg.  
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Table 4-3.  Average number of days per year with calculated WBGT in the five heat categories 
(with temperatures shown) for each installation. The “Observed Data” column uses the daily 

temperatures, dewpoint, and wind speeds over 1979-1999, the projected columns (right 
three) used added temperature changes of 1.8, 3.6, and 5.4 °F. 

Heat 
Category WBGT Range Observed Data 

Observed  
+ 1.8 °F 

Observed  
+ 3.6 °F 

Observed  
+ 5.4 °F 

Fort Bliss 

Cat 5 > 90 °F 0 0 0 0 

Cat 4 88 -90 °F 0 0 1 5 

Cat 3 85 - 88 °F 2 6 18 39 

Cat 2 82 - 85°F 19 39 54 54 

Cat 1 78 - 82 °F 73 74 68 62 

      Fort Bragg 

Cat 5 > 90 °F 3 6 13 25 

Cat 4 88 -90 °F 4 9 15 22 

Cat 3 85 - 88 °F 19 28 36 36 

Cat 2 82 - 85°F 35 36 36 33 

Cat 1 78 - 82 °F 48 45 42 42 

      Fort Drum 

Cat 5 > 90 °F 0 0 0 0 

Cat 4 88 -90 °F 0 0 0 0 

Cat 3 85 - 88 °F 0 0 0 2 

Cat 2 82 - 85°F 0 1 4 7 

Cat 1 78 - 82 °F 7 11 17 23 

      JB Lewis-McChord 

Cat 5 > 90 °F 0 0 0 0 

Cat 4 88 -90 °F 0 0 0 0 

Cat 3 85 - 88 °F 0 0 1 5 

Cat 2 82 - 85°F 1 5 6 5 

Cat 1 78 - 82 °F 9 10 17 25 

      Fort Riley 

Cat 5 > 90 °F 0 1 4 10 

Cat 4 88 -90 °F 1 4 8 13 

Cat 3 85 - 88 °F 9 17 23 27 

Cat 2 82 - 85°F 23 26 27 28 

Cat 1 78 - 82 °F 38 38 38 38 

      Fort Wainwright 

Cat 5 > 90 °F 0 0 0 0 

Cat 4 88 -90 °F 0 0 0 0 

Cat 3 85 - 88 °F 0 0 0 31 

Cat 2 82 - 85°F 0 31 31 0 

Cat 1 78 - 82 °F 31 2 7 11 
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Heat 
Category WBGT Range Observed Data 

Observed  
+ 1.8 °F 

Observed  
+ 3.6 °F 

Observed  
+ 5.4 °F 

Schoefield, Wheeler AAF 

Cat 5 > 90 °F 0 0 0 0 

Cat 4 88 -90 °F 0 0 0 1 

Cat 3 85 - 88 °F 0 1 3 13 

Cat 2 82 - 85°F 2 11 32 67 

Cat 1 78 - 82 °F 53 101 148 160 

One consideration of these sample results is that only the temperature pro-
jections are increased — not humidity, winds, or solar radiation. The WBGT 
values for arid locations like Fort Bliss are very sensitive to any increase in 
humidity. The relative humidity at locations like Fort Bliss might change 
(increase or decrease) with changing climate since the warmer atmosphere 
holds more moisture content, but also has an increased moisture capacity 
before saturation. GCMs and these downscaled projections provide very un-
certain estimates of changing humidity, which is highly variable on hourly 
and daily timescales and smaller spatial scales than temperature. Brown et 
al. (2104) described the impacts of changing humidity on WBGT. For this 
study in FY14, relative humidity remained unchanged.  

4.5 Fire risk impacts from computed drought index 

Figure 4-5 shows the number of days with the KBDI corresponding to each 
fire risk category in Table 4-2 (indicated by green, yellow, red, and black) 
for Fort Bliss, TX. The KBDI using the daily recorded temperature and 
precipitation are shown for the observed data. The same increases in tem-
perature (1, 2, and 3 °C [3.6, 1.8, and 5.4 °F]) are added to the observed 
temperatures centered on the years 2030, 2050, and 2080. For these re-
sults, the precipitation is kept unchanged from the observed period, alt-
hough there is significant spread in the projected changes in precipitation 
over ±40%.  

For Fort Bliss, the number of “black” Category-4 days (highest KBDI) in-
crease from 60 in the observed period to 85 days in 2080, while the “red” 
Category-3 days also increase slightly from 160 to 180 days, and the lower-
risk yellow and green category days decrease accordingly.  
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Figure 4-5.  Average number of days per year with calculated KBDI in the categories from 
Tbl. 4-1 for Fort Bliss, TX. The “Observed Data” column (left) uses the daily recorded 

temperatures and precipitation over 1979-1999. The projected columns (right three) used 
added temperature changes from climate models centered on years 2030, 2050, and 2080. 

 

Table 4-4 lists the number of days in each fire risk category for the ob-
served station data and for the projected temperature changes, for all sev-
en sample installations. Of these installations, Fort Bliss has the lowest 
precipitation and the highest temperatures, so the largest overall fire risk. 
The KBDI at arid installations like Fort Bliss are sensitive to increases in 
precipitation, wetter installations like Fort Bragg are sensitive to decreases 
in precipitation. While the precipitation is kept unchanged in these calcu-
lations, all these installations have a wide range of precipitation change in 
the GCM projections under the A2 scenario (Figures 3-2 and 4-6 to 4-12).  
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Table 4-4.  Average number of days per year with calculated KBDI in the four categories from 
Tbl.4-1 for the example installations. The “Observed Data” column (uses the daily recorded 
temperatures and precipitation over 1979-1999, the projected columns (right three) used 

added temperature changes of 1.8, 3.6, and 5.4 °F. 

Heat 
Category KBDI Range Observed Data 

Observed  
+ 1.8 °F 

Observed  
+ 3.6 °F 

Observed  
+ 5.4 °F 

Fort Bliss 

Cat 4 750-800 82 87 94 101 

Cat 3 600-750 144 154 164 170 

Cat 2 300-600 103 97 87 79 

Cat 1 0-300 36 27 20 15 

Fort Bragg 

Cat 4 750-800 0 0 0 0 

Cat 3 600-750 4 8 15 27 

Cat 2 300-600 114 137 164 179 

Cat 1 0-300 247 220 186 159 

Fort Drum 

Cat 4 750-800 0 0 0 0 

Cat 3 600-750 0 0 0 0 

Cat 2 300-600 30 42 55 73 

Cat 1 0-300 335 323 310 292 

JB Lewis-McChord 

Cat 4 750-800 0 0 0 0 

Cat 3 600-750 1 3 10 24 

Cat 2 300-600 87 97 105 104 

Cat 1 0-300 277 265 250 237 

Fort Riley 

Cat 4 750-800 0 0 0 0 

Cat 3 600-750 8 12 25 38 

Cat 2 300-600 108 132 137 142 

Cat 1 0-300 249 221 203 185 

Fort Wainwright 

Cat 4 750-800 0 0 0 0 

Cat 3 600-750 0 28 72 151 

Cat 2 300-600 180 167 189 130 

Cat 1 0-300 185 170 104 84 

Schoefield, Wheeler AAF 

Cat 4 750-800 44 48 59 75 

Cat 3 600-750 79 92 102 114 

Cat 2 300-600 134 133 130 116 

Cat 1 0-300 108 92 74 60 
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Figure 4-6.  Climate projection plots for Fort Bliss, TX: (a) projected change in air temperature 
(°C) versus precipitation (%) for each of 36 GCMs for the A2 scenario, between 1980-1999 

and 2040-2060 (black points) and 2080-2090 (blue points); (b) average number of days per 
year with calculated WBGT in the five heat categories (with increasing temperatures of 1, 2, 
and 3 °C (3.6, 1.8, and 5.4 °F); (c) average number of days per year with calculated KBDI 

categories with increasing temperatures of 1, 2, and 3 °C (3.6, 1.8, and 5.4 °F). 

 
a. 

 
b. 

 
c. 



ERDC/CRREL TR-17-17 26 

 

Figure 4-7.  Climate projection plots for Fort Bragg, NC: (a) projected change in air temperature 
(°C) versus precipitation (%) for each of 36 GCMs for the A2 scenario, between 1980-1999 and 

2040-2060 (black points) and 2080-2090 (blue points); (b) average number of days per year 
with calculated WBGT in the five heat categories (with increasing temperatures of 1, 2, and 3 °C 
(3.6, 1.8, and 5.4 °F); (c) average number of days per year with calculated KBDI categories with 

increasing temperatures of 1, 2, and 3 °C (3.6, 1.8, and 5.4 °F). 

 
a. 

 
b. 

 
c. 
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Figure 4-8.  Climate projection plots for Fort Drum, NY: (a) projected change in air temperature 
(°C) versus precipitation (%) for each of 36 GCMs for the A2 scenario, between 1980-1999 and 

2040-2060 (black points) and 2080-2090 (blue points); (b) average number of days per year 
with calculated WBGT in the five heat categories (with increasing temperatures of 1, 2, and 3 °C 
(3.6, 1.8, and 5.4 °F); (c) average number of days per year with calculated KBDI categories with 

increasing temperatures of 1, 2, and 3 °C (3.6, 1.8, and 5.4 °F). 

 
a. 

 
b. 

 
c. 
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Figure 4-9.  Climate projection plots for Joint Base Lewis-McChord, WA: (a) projected change 
in air temperature (°C) versus precipitation (%) for each of 36 GCMs for the A2 scenario, 

between 1980-1999 and 2040-2060 (black points) and 2080-2090 (blue points); (b) 
average number of days per year with calculated WBGT in the five heat categories (with 

increasing temperatures of 1, 2, and 3 °C (3.6, 1.8, and 5.4 °F); (c) average number of days 
per year with calculated KBDI categories with increasing temperatures of 1, 2, and 3 °C (3.6, 

1.8, and 5.4 °F). 

 
a. 

 
b. 

 
c. 
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Figure 4-10.  Climate projection plots for Fort Riley, KS: (a) projected change in air temperature 
(°C) versus precipitation (%) for each of 36 GCMs for the A2 scenario, between 1980-1999 and 

2040-2060 (black points) and 2080-2090 (blue points); (b) average number of days per year 
with calculated WBGT in the five heat categories (with increasing temperatures of 1, 2, and 3 °C 
(3.6, 1.8, and 5.4 °F); (c) average number of days per year with calculated KBDI categories with 

increasing temperatures of 1, 2, and 3 °C (3.6, 1.8, and 5.4 °F). 

 
a. 

 
b. 

 
c. 
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Figure 4-11.  Climate projection plots for Fort Wainwright, AK: (a) projected change in air 
temperature (°C) versus precipitation (%) for each of 36 GCMs for the A2 scenario, between 

1980-1999 and 2040-2060 (black points) and 2080-2090 (blue points); (b) average number of 
days per year with calculated WBGT in the five heat categories (with increasing temperatures of 
1, 2, and 3 °C (3.6, 1.8, and 5.4 °F); (c) average number of days per year with calculated KBDI 

categories with increasing temperatures of 1, 2, and 3 °C (3.6, 1.8, and 5.4 °F). 

 
a. 

 
b 
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Figure 4-12.  Climate projection plots for Wheeler AAF – Schoefield Barracks HI: (a) projected 
change in air temperature (°C) versus precipitation (%) for each of 36 GCMs for the A2 

scenario, between 1980-1999 and 2040-2060 (black points) and 2080-2090 (blue points); 
(b) average number of days per year with calculated WBGT in the five heat categories (with 

increasing temperatures of 1, 2, and 3 °C (3.6, 1.8, and 5.4 °F); (c) average number of days 
per year with calculated KBDI categories with increasing temperatures of 1, 2, and 3 °C (3.6, 

1.8, and 5.4 °F). 

 
a. 

 
b. 

4.6 Combined results for all installations 

Figures 4-6 to 4-12 show the three different plots of results for each instal-
lation in this sample. The upper plots of Figures 4-6 to 4-12 show the 
range of temperature and precipitation changes for the installations across 
the GCMs for the A2 scenario. The projections of precipitation (on the ver-
tical axis) are more variable and uncertain than those of temperature (hor-
izontal axis), as the precipitation spans the range of -40% to +40% for the 
2080 timeframe. While this range may result in a modest change in just 
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the multimodel average, subsequent work will consider the risks to instal-
lations across the full range of GCM projections. It seems clear that a com-
prehensive analysis of risks for any installation should consider the poten-
tial impacts from a ±40% change in precipitation and not simply the 
multimodel mean of ±3% change. Fort Wainwright, AK and Wheeler Army 
Airfield, HI do not have the plot of GCM projections shown in Figures 4-6 
to 4-12 since the original Maurer et al. (2007) version of downscaled BCSD 
projections were developed for CONUS locations only. However, other 
global GCM projections are now available for Outside Continental United 
States (OCONUS) locations.  

Of these installations, the heat-related impacts to training are significant 
for Fort Bragg, Fort Riley, and Fort Bliss in that there are at least 30 days 
with heat restrictions in the Category 2 to 5 range. The days with these re-
strictions are all projected to increase with temperature by 30 days or 
more, with the greatest change at Fort Bragg, where humidity also con-
tributes to the computed heat stress. Northern locations (Fort Drum, JB 
Lewis-McChord, Fort Wainwright) have significantly less overall risk of 
increasing heat impacts. 

The fire risks to training at the installations is greatest at the southwestern 
U.S. locations (Fort Bliss and Fort Riley), which is consistent with their 
low precipitation and high temperatures. The fire risks are projected to in-
crease the most at these two locations, and also to significantly increase at 
JB Lewis-McChord. These impacts depend highly on the projected precipi-
tation change that varies greatly across GCMs and regionally across the 
United States. Future work will consider the full range of these GCM pro-
jections in the risks for all the installations in this study. 
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5 Conclusions and Recommendations 

5.1 Conclusions 

Projected impacts of climate change on Army installation are expected to 
affect multiple aspects of the Army mission, including training, operations 
and maintenance of installations and infrastructure, environmental sus-
tainability, and resource conservation. This FY14 study considered the 
projected impacts of climate on two climate-related indices that are indica-
tors of restrictions on training: a heat index (WBGT) and a fire 
risk/drought index (KBDI). The heat index WBGT includes the effects of 
air temperature, humidity, wind, and solar radiation. The fire risk index 
includes the effects of temperature and precipitation. These indices were 
computed using observed daily weather station data for seven sample Ar-
my installations in the United States: (1) Fort Bliss, TX, (2) Fort Bragg, 
NC, (3) Fort Drum, NY, (4) Fort Riley, KS, (5) JB Lewis-McChord, WA, 
(6) Fort Wainwright, AK, and (7) Shoefield Barracks-Wheeler AAF, HI. 

Future climate change projections used a set of statistically-downscaled 
climate projections from GCMs. Precipitation changes vary widely across 
these models, while temperatures generally increase with time through 
2090s. Based on these projections, a set of future projections of heat-risk 
days and fire risk days was developed based on increasing temperatures 
only for the seven sample installations.  

This work concludes that the impacts of increasing temperatures in the 
sample installations was greatest in the southeast United States (Fort 
Bragg) due the higher humidity in the southeast. Fort Bragg showed an 
increase of over 40 days in all levels of heat restriction for a projected in-
crease in 5.4 °F (3 °C) in daily temperatures, primarily increasing in the 
highest heat category of WBGT >85 °F (>29.4 °C). All the U.S. sample in-
stallations are projected to experience increases in heat restriction days, 
though most northern U.S. locations would still not significantly be affect-
ed by high-heat impacts on an annual basis through 2090.  

As expected, this work concludes that the fire risk impact was greatest in 
the southwest United States (Fort Bliss TX) due to the low precipitation 
and high temperatures. In general, fire risk increases with increasing tem-
perature; all the installations have increases in KBDI with increased tem-
peratures. However, the central and southwest United States is projected 
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to get less precipitation, particularly in the summer season, that will also 
exacerbate the fire risk at these locations. The northern U.S. locations are 
likely to experience increases in precipitation that should reduce fire risks 
in general, in spite of increasing temperatures.  

5.2 Recommendations 

Results of this work were developed as a first-year demonstration of the 
climate impacts that are being developed in this larger project. To develop 
a more comprehensive set of climate-related impacts for Army installa-
tions that relate to impacts on the training mission, it is recommended 
that this project development be expanded to include:  

• All CONUS-wide data, which will include all locations of CONUS Army 
installations (including other U.S. Department of Defense [DoD], Na-
tional Guard and reserve locations) 

• Developing the climate indices for extreme precipitation, wind, and 
storm events 

• The full range of available GCM projections and future climate scenari-
os from the IPCC. 

In general, development should expand the observed data analysis from 
pointwise weather station data to use of the CONUS-wide data such as 
North American Regional Reanalysis (NARR) data. This will allow for the 
analysis of the CONUS-wide thresholds of the top 99th percentile of tem-
perature and precipitation events and include the impact of climate pro-
jections on these levels.  

The expansion of the impacts for the installations will also include the 
computation of heat-stress days for both day (maximum) and night (min-
imum) training conditions, based on the Army Medical training re-
strictions for work/rest limits. Since much of the Army training occurs at 
times other than the maximum daily temperatures and sunlight, these 
times must be taken into consideration. 

It is recommended that the analysis be expanded to consider the full range 
of climate projections across the GCMs and all available emissions scenarios 
from the IPCC, including the RCP 4.5, 6.0 and 8.5. Since it is not possible to 
reliably predict that any one scenario is more likely to occur than another, it 
is prudent to include the widest range of possible impacts to Army installa-
tions and the Army mission.  
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Acronyms and Abbreviations 

Term Definition 
AAF Army Airfield 
AFB Air Force Base 
BCSD Bias-Corrected Statistical Downscaling 
CDD Total Cooling Degree Days 
CEERD U.S. Army Corps of Engineers, Engineer Research and Development Center 
CFC Chlorofluorocarbon 
CMIP Coupled Model Intercomparison Project 
CONUS Continental United States 
CRREL Cold Regions Research and Engineering Laboratory 
CSIRO Australia's Commonwealth Scientific and Industrial Research Organization 
DoD U.S. Department of Defense 
ERDC Engineer Research and Development Center 
ERDC-CRREL Engineer Research and Development Center, Cold Regions Research and 

Engineering Laboratory 
GCM Global Climate Model 
GHG Greenhouse Gas 
HDD Heating Degree Day 
IPCC Intergovernmental Panel on Climate Change 
JB Joint Base 
KBDI Keetch-Byram Drought Index 
LCM Local Climate Model 
NARCCAP North American Regional Climate Change Assessment Project  
NARR North American Regional Reanalysis 
NASA National Aeronautics and Space Administration 
NCAR National Centre for Atmospheric Research 
NOAA National Oceanic and Atmospheric Administration 
OCONUS Outside Continental United States 
RCM Regional Climate Model 
RCP Representative Concentration Path 
SERDP Strategic Environmental Research and Development Program 
TB Technical Bulletin 
TR Technical Report 
UK United Kingdom 
WBGT Wet Bulb-Black Globe Temperature 
WCRP World Climate Research Programme 
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