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Notice

This report was prepared by Applied Weather Associates, LLC (AWA). The results
and conclusions in this report are based upon our best professional judgment using
currently available data. Therefore, neither AWA nor any person acting on behalf of
AWA can: (a) make any warranty, expressed or implied, regarding future use of any
information or method in this report, or (b) assume any future liability regarding use
of any information or method contained in this report.

DISCLAIMER

This report is an instrument of service of Applied Weather Associates, LLC (AWA). The report
has been prepared for the exclusive use of the Maryland Department of the Environment — Dam
Safety (Client) for the specific application to the Maryland test regions, and it may not be relied
upon by any other party without AWA’s or the Client’s written consent.

AWA has prepared this report in a manner consistent with the level of care, skill, and diligence
ordinarily provided by members of the same profession for projects of similar scope at the time
and place the services were rendered. AWA makes no warranty, express or implied.

Use of or reliance upon this instrument of service by the Client is subject to the following
conditions:

1.

The report is to be read in full, with a section or parts of the report relied upon in the
context of the whole report.

2. The Executive Summary is a selection of key elements of the report. It does not include
details needed for proper application of the findings and recommendation in the report.
3. The report is based on information provided to AWA by the Client or by other parties on
behalf of the Client. AWA has not verified the correctness or accuracy of such
information and makes no representations regarding its correctness or accuracy. AWA
shall not be responsible to the Client for the consequences of any error or omission
contained in Client-supplied information.
4. AWA should be consulted regarding the interpretation or application of the findings and
recommendations in the report.
Preparer Signature Reviewer Signature
A i .
C e ' 7d

Doug Hultstrand, PhD Bill Kappel
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EXECUTIVE SUMMARY

The potential effects of climate change on meteorological characterization within the study region
were assessed. Future climate change projections were downloaded from Regional Downscaled
Climate Model (RCM) outputs specifically evaluated for the location. The Global Climate Models
(GCMs), also referred to as General Circulation Models, are developed by various governmental,
academic, and research agencies around the world in coordination with the Intergovernmental
Panel on Climate Change (IPCC). These are utilized to set the boundary conditions and input for
the RCMs. The different emissions scenarios that are used to force the GCMs are described by
Shared Socioeconomic Pathways (SSPs). SSPs are scenarios of projected socioeconomic global
changes and greenhouse gas concentration trajectory that are considered possible in the future.

As part of the IPCC analysis, four pathways were applied for climate modeling: SSP 2.6, SSP 4.5,
SSP 6.0, and SSP 8.5 (IPCC, 2021). The various pathways considered different climate futures,
depending on the volume of greenhouse gases (GHG) emitted in the years to come. Climate
change studies that evaluate future temperature and precipitation projections most often utilize the
middle of the road emission scenario (SSP4.5) and the most extreme emission scenario (SSP 8.5).
These provide a bracket of the projections that utilize the most likely outcome (SSP 4.5) and the
most unlikely outcome (SSP 8.5).

For this study, climate model projections outputs were investigated for the three scenarios: 1)
historic, i1) SSP 4.5, and ii1) SSP 8.5. The historical period is based on daily data from 1950 through
2014, and the SSP periods are based on daily data from 2015 through 2100. The NASA Earth
Exchange Global Daily Downscaled Projections (NEX-GDDP-CMIP6) dataset, a gridded daily
time-series data, which cover the study area, were extracted, aggregated, and applied for the
climate change analysis. The climate model projections were used to analyze precipitation trends,
precipitation frequency, and maximum precipitation for the 1-day, 3-day, and annual durations for
the area covering the study region.

Results of the analysis are presented in Table E.1 through E.4 and represent the results for the four
regions covering the Maryland study regions (Figure E.1). For hydrologic simulation and
sensitivity, the ensemble median SSP4.5 climate change adjustments and uncertainty values for
temperature and precipitation are recommended. The results are based on an evaluation of the rate
of change from the current period through 2100. These values can be applied to a given period
(i.e., 2050) by linearly adjusting the climate change factors.
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Figure E.1: Climate change regions covering the Maryland PMP study domain.
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Table E.1: Climate Change Projections for Region 1 from current climate (1950-2014) through 2100.

Resion 1 SSP45 SSP85

cgion Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 2.2 2.1 1.0 3.2 5.3 5.0 4.0 7.5
Temperature 1-Day Summer; C 2.2 2.1 1.0 3.2 5.3 5.0 4.0 7.5
Temperature 1-Day Winter PF; C 2.4 2.4 1.6 3.5 5.0 4.9 3.8 6.3

Precipitation 1-Day PF; % -2 -5 -17 16 3 1 -10 20
Precipitation 1-Day Summer PF; % 5 -1 -14 21 9 7 -16 37
Precipitation 1-Day Winter PF; % -1 -2 -12 13 4 2 -11 21

Precipitation 3-Day PF; % 8 4 -12 26 13 7 -9 36
Precipitation 3-Day Summer PF; % 7 4 -13 33 16 21 -17 53
Precipitation 3-Day Winter PF; % 9 6 -11 32 10 3 -5 32

Precipitation Annual PF; % 12 13 3 19 13 14 1 25

Moisture Maximization 1-Day, % No Change No Change

Moisture Maximization 3-Day; % No Change Potential Change
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Table E.2: Climate Change Projections for Region 2 from current climate (1950-2014) through 2100.

Resion 2 SSP45 SSP85
cgion Mean Median 10th 90th | Mean Median 10th 90th
Temperature 1-Day; C 24 2.3 1.0 33 5.7 5.1 4.0 8.0
Temperature 1-Day Summer; C 2.4 23 1.0 33 5.7 5.1 4.0 8.0
Temperature 1-Day Winter PF; C 2.5 2.4 1.5 3.7 5.3 5.3 4.0 6.5
Precipitation 1-Day PF; % 9 6 -7 33 10 6 -10 36
Precipitation 1-Day Summer PF; % 13 10 -11 44 9 3 -17 45
Precipitation 1-Day Winter PF; % 11 7 -4 29 14 13 -1 32
Precipitation 3-Day PF; % 12 16 -5 26 10 10 -11 32
Precipitation 3-Day Summer PF; % 9 3 -17 45 7 11 -20 32
Precipitation 3-Day Winter PF; % 15 15 -5 36 13 15 -2 31
Precipitation Annual PF; % 11 11 5 20 13 13 3 23
Moisture Maximization 1-Day, % No Change No Change
Moisture Maximization 3-Day; % No Change No Change
Table E.3: Climate Change Projections for Region 3 from current climate (1950-2014) through 2100.
Resion 3 SSP45 SSP85
cgion Mean Median 10th 90th | Mean Median 10th 90th
Temperature 1-Day; C 24 2.3 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Summer; C 2.4 23 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Winter PF; C 2.3 2.2 1.5 3.6 5.2 5.4 3.9 6.7
Precipitation 1-Day PF; % 8 6 -9 28 11 7 -4 33
Precipitation 1-Day Summer PF; % 10 9 -10 31 3 3 -17 22
Precipitation 1-Day Winter PF; % 10 7 -6 28 16 14 5 32
Precipitation 3-Day PF; % 11 14 -10 28 12 8 -4 32
Precipitation 3-Day Summer PF; % 7 4 -15 31 8 14 -15 30
Precipitation 3-Day Winter PF; % 12 12 -3 28 14 13 0 30
Precipitation Annual PF; % 12 10 6 19 13 13 6 23
Moisture Maximization 1-Day, % No Change No Change
Moisture Maximization 3-Day; % No Change No Change
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Table E.4: Climate Change Projections for Region 4 from current climate (1950-2014) through 2100.

Resion 4 SSP45 SSP85

cgion Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 24 2.3 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Summer; C 2.4 23 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Winter PF; C 2.3 2.2 1.5 3.6 5.2 5.4 3.9 6.7

Precipitation 1-Day PF; % 8 10 -9 28 12 8 1 33
Precipitation 1-Day Summer PF; % 10 9 -10 31 4 4 -12 22
Precipitation 1-Day Winter PF; % 9 7 -6 28 16 15 5 32

Precipitation 3-Day PF; % 12 15 -10 28 13 10 -2 32
Precipitation 3-Day Summer PF; % 7 4 -15 31 8 14 -15 30
Precipitation 3-Day Winter PF; % 13 13 -3 29 14 13 0 30

Precipitation Annual PF; % 11 10 6 19 13 13 6 23

Moisture Maximization 1-Day, % No Change No Change

Moisture Maximization 3-Day; % No Change No Change
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AEP Annual Exceedance Probability
AMS Annual Maximum Series
ARF Areal Reduction Factor
ARI Average Recurrence Interval
AWA Applied Weather Associates
CDF Cumulative Distribution Function
EVAP Evaporation
GCM Global Climate Model or General Circulation Model
GEV Generalized Extreme Value distribution
GHCN Global Historical Climatology Network
GHG Green House Gas
GLO Generalized Extreme Value distribution
GNO Generalized Normal distribution
GPA Generalized Pareto distribution
IPCC Intergovernmental Panel on Climate Change
L-Cv L-moment coefficient of L-variation
L-Kurtosis L-moment ratio of kurtosis
L-Skewness  L-moment ratio of skewness
MAM Mean Annual Maximum
MAP Mean Annual Precipitation
NCDC National Climate Data Center
NCEI National Centers for Environmental Information
NOAA National Oceanic and Atmospheric Administration
PE3 Pearson Type III distribution
PF Precipitation-Frequency
POR Period of Record
Ppt Precipitation
Pptag Maximized Precipitation
Pptmax Largest Thirty Precipitation Events
Pptomp Maximum of Largest Thirty Maximized Precipitation Events
PRISM Parameter-elevation Regressions on Independent Slopes Model
Press Surface Pressure
QC Quality Control
RCP Representative Concentration Pathway
RGC Regional Growth Curve
RH Relative Humidity
SH Specific Humidity
Srad Solar Radiation
SSP Shared Socioeconomic Pathways
Ta Air Temperature
Td Dew Point Temperature
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1.0 INTRODUCTION

Applied Weather Associates (AWA) examined climate model projections to analyze precipitation
trends, precipitation frequency, and maximum precipitation for the 1-day, 3-day, and annual
durations for the region covering the Maryland regional study (Figure 1). Three different
investigations were completed to evaluate the climate change projections of precipitation through
time, each of which provided a different look at the climate change projections. The first method
investigated station and climate projection trends using trend analysis methods based on Mann
(Mann, 1945) and Hipel and McLeod (2005) utilizing the R-statistical software packages ‘Kendall’
developed by McLeod (2015). The second method was precipitation frequency analysis based on
L-moments methods described in Hosking and Wallis (1997) and utilized the R-statistical software
packages ‘Imom’ and ‘lmomRFA’ developed by Hosking (Hosking 2015a, and Hosking 2015b).
The third method identified the largest precipitation events from the daily climate projections,
derived monthly dew point temperature climatologies from the climate model projections and
maximized the storm events through storm maximization methods (Rousseau et al., 2014; Kappel
et al., 2018; Kappel et al., 2020). In addition, climate change for mean monthly and annual
climatologies were derived for precipitation and temperature. It is important to note that the
Maryland Department of the Environment — Dam Safety sponsored a statewide Probable
Maximum Precipitation study, AWA completed the Probable Maximum Precipitation (PMP)
study in 2024 (Kappel et al., 2024).

Applied=" 01/26/2024
Weather)
Assbciates



Page 2

79°30W  T9W 5w

N e e e

78°W  T7U30W 7TW O TEC30W TEW 75°30W

78°30W

i

40°30N i e . 40°30'N

39°N T — 39°N

3N . ' e - -+ 38°N

37N e - 37°N

8w

79°30W  T9'W  TB"30W 77°30W T7TTW O TET30W Té'W  75°30W  75'W

Figure 1: Location of the Maryland study region.

2.0 CLIMATE CHANGE PROJECTION BACKGROUND

Climate is changing, always has been changing, and always will change as long as the energy
received from the sun across the Earth’s surface and atmosphere is not distributed evenly.
Evaluating climate change projections for a given location is important to reduce risk and ensure
infrastructure is designed to safely handle potential future changes. Unfortunately, quantification
of the amount and rate of change at any given location for any specific meteorological parameter
is not explicitly quantifiable and instead has to be modeled based on our incomplete understanding
of the Earth’s climate system and future estimates of atmospheric composition. Therefore, model
projections that utilize our current understanding of the Earth’s climate system and how that
climate system responds to greenhouse gases are developed. The climate projections are based on
our best quantification of physical understanding of numerous atmospheric parameters and how
those affect weather and climate through time and space. However, because our quantification of
these parameters are incomplete (and at times inaccurate) and because we currently have a limited
understanding of the various interactions and feedbacks, the climate projections represent possible
outcomes. None of which can be considered truth, but instead should be treated as “what if”
scenarios representing possible outcomes.

To better address these significant limitations, numerous iterations and sensitivity analyses for
various atmospheric parameters are performed so that a suite of ensembles are produced to

01/26/2024
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represent a wide range of potential outcomes. From this output, inferences can be made, with more
confidence given when ensemble outcomes converge on a common projection.

Another layer of uncertainty within the climate change projection process relates to the assumption
applied for future emissions scenarios and how those may affect the climate system. Future
emissions scenarios have two major areas of uncertainty. First, our assumption that any given
emission scenario will occur following a specific path through time is unknown as there are many
internal and external factors that can influence emissions produced through time. Second, our
understanding and quantification of how the Earth’s climate will respond to any given greenhouse
gas emission is limited. Both uncertainties introduce errors into the climate projections.

Finally, the Global Climate Models (GCMs) are computationally intensive and are therefore run
at low resolution both in time and space. For regions like the Maryland region, the resolution of
the GCMs is inadequate to capture the spatial variations. To overcome this, projections from
GCMs are downscaled using a statistical process into regional downscaled model projections
(RCMs). RCMs are downscaled and are what were utilized for this climate change analysis. Given
all the limitations and uncertainties noted above, it is still useful to evaluate RCMs to understand
the range of potential outcomes that could occur through time over the basin.

2.1  Global Climate Change Models

GCMs produce realizations of the Earth’s climate on a generally coarse scale of around 1000km
by 1000km. Because the scale is so coarse, a single GCM grid may cover vastly differing landscape
(from very mountainous to flat coastal plains for example) with greatly varying potential for
floods, droughts, or other extreme events.

2.2 Regional Downscaled Climate Change Models

RCMs and Empirical Statistical Downscaling applied over limited areas cover a much finer
resolution. These are therefore able to capture the spatial and temporal variations related to a site-
specific region, such as the Maryland study region. The downscaling methods are driven by GCMs,
where the RCM is nested within the overall GCM and utilizes the GCM to set the initial boundary
conditions. These are then downscaled using either the statistical methodology or the RCM based
on a meteorological model interface. The RCM process can provide projections of future climate
conditions on a much smaller scale (e.g., 25km by 25km) supporting more detailed site-specific
information allowing for adaptation assessment and planning. An example of different climate
model resolutions across the Maryland region are shown in Figure 2.
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Figure 2: Example of different global and regional climate model resolutions across the Maryland region.

3.0 CLIMATE CHANGE PROJECTION ANALYSIS METHODS

The Intergovernmental Panel on Climate Change (IPCC) sixth assessment report (AR6) contains
Shared Socioeconomic Pathways (SCPs). SSPs are scenarios of projected socioeconomic global
changes up to 2100. They are used to derive greenhouse gas emission scenarios with different
climate policies. The SSPs are based on five narratives describing broad socioeconomic trends that
could shape future society. These are intended to span the range of plausible futures. They include:
a world of sustainability-focused growth and equality (SSP1); a “middle of the road” world where
trends broadly follow their historical patterns (SSP2); a fragmented world of “resurgent
nationalism” (SSP3); a world of ever-increasing inequality (SSP4); and a world of rapid and
unconstrained growth in economic output and energy use (SSP5) (IPCC, 2021). The SSPs
investigated; SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5; are labeled after a possible
range of greenhouse gas emission scenarios with different climate policies through the year 2100
(Figure 3) (IPCC, 2022). The IPCC ARG6 report does not estimate the likelihoods of the climate
scenarios (Masson-Delmotte et al., 2021) but Hausfather and Peters (2020) concluded that SSP5-
8.5 was highly unlikely, SSP3-7.0 was unlikely, and SSP2-4.5 was likely.

The NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP-CMIP6) dataset
is comprised of thirty-five global downscaled climate scenarios derived from the GCM runs
conducted under the Coupled Model Intercomparison Project Phase 6 (CMIP6) and across two of
the four “Tier 1” greenhouse gas emissions scenarios. The CMIP6 GCM runs were developed in
support of the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC
ARG6) (Thrasher et. al, 2021; Thrasher et. al, 2022). The purpose of this dataset is to provide a set
of global, high resolution, bias-corrected climate change projections that can be used to evaluate
climate change impacts on processes that are sensitive to finer-scale climate gradients and the
effects of local topography on climate conditions.
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Figure 3: Shared Socioeconomic Pathways (SSP) trajectories. Reproduced from IPCC (2021).

The key climate model parameters used in this analysis were precipitation (Ppt), air temperature
(Ta), and dew point temperature (Td). The parameters of relative humidity (RH) and Ta were used
to derive the estimates of dew point (Td). The NEX-GDDP-CMIP6 dataset consists of thirty-five
models, of these, twenty-six models had the parameters and projections needed for the Maryland
climate change analysis (Figure 4). An example of the modeled daily climate projection parameters
of Ppt, Ta, and Td are shown in Figure 5 and the grid resolution covering the covering the study
region are shown in Figure 6. The climate projections historical period is based on daily data from
1950 through 2014, and the future periods are based on daily data from 2015 through 2100
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Relative Humidity (hurs)

Precipitation (pr)

Temperature (tas)

Model # [MODEL NAME HISTORICAL  SSP45 SSP85 |HISTORICAL  SSP45 SSP85 |HISTORICAL  SSP45 SSP85

1 ACCESS-CM2 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
2 ACCESS-ESM1-5 1950-2014 | 2015-2100 [ 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
4 CanESM5 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
5 CESM2-WACCM 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
6 CESM2 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
7 CMCC-CM2-SR5 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
8 CMCC-ESM2 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
9 CNRM-CM6-1 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
10 CNRM-ESM2-1 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
11 EC-Earth3-Veg-LR 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
12 EC-Earth3 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
13 FGOALS-g3 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
14 GFDL-CM4 grl 1950-2014 | 2015-2100 [ 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
15 GFDL-CM4 _gr2 1950-2014 | 2015-2100 [ 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
16 GFDL-ESM4 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
17 GISS-E2-1-G 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
21 INM-CMVA4-8 1950-2014 | 2015-2100 [ 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
22 INM-CM5-0 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
23 IPSL-CM6A-LR 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
26 MIROC-ES2L 1950-2014 [ 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
27 MIROC6 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
28 MPI-ESM1-2-HR 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
29 MPI-ESM1-2-LR 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
30 MRI-ESM2-0 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
33 NorESM2-MM 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
34 TaiESM1 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100

Figure 4: Subset of 26 CMIP6 models, the parameters, and projections used for the climate change analysis.
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Figure 5: Climate projection parameters of Ppt, Ta, and Td from Model 1 (ACCESS-CM2)
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Figure 6: CMIP6 climate model grids covering Maryland. Orange, yellow, green, and purple regions
represent the climate grids extracted for each domain, the grey lines represent the CMIP6 grid resolution.

3.1 Trend Analysis

Mann-Kendall trend analysis (Mann, 1945; Hipel and McLeod, 2005) was performed on six
climate stations located near the mine site for 1-day, 3-day, and annual durations. Results of these
station-based trend analysis are shown in Table 1. The climate station trend results were used to
assess the historic model projections.
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Table 1: Climate stations used for trend analysis. Trend analyses are evaluated at the 0.05 significant level.

Precipitation Temperature
1-day 3-day Annual 1-day
BALTIMORE, MD no trend no trend no trend increase
DALE, VA no trend no trend no trend no trend
OAKLAND, MD no trend no trend no trend no trend
SNOW HILL, MD no trend no trend no trend no trend
HAGERSTOWN, MD no trend no trend increase no trend
WINCHESTER, VA increase no trend no trend decrease

In addition, Mann-Kendall trend analysis (Mann, 1945; Hipel and McLeod, 2005) was performed
on twenty-six climate model projections using the three scenarios (historic, SSP 4.5, SSP 8.5) for
durations of 1-day, 3-day, and annual. Figure 7 shows an example of the results for Model 1 1-day
trend analysis for the historic, SSP 4.5, and SSP 8.5 projections. Results for Region 1 climate
model projection trend analyses are summarized in Table 2. Detailed results are included in
Appendix B.

Table 2: Summary of climate projection trend analysis results for Region 1. Trend analyses are evaluated at
the 0.05 significant level.

Precipitation Temperature
1-day 3-day Annual 1-day

23 —no trend 25 —no trend 24 —no trend & —no trend

Historic 2 —increase 0 — increase 2 —increase 18 — increase
1 — decrease 1 — decrease 0 — decrease 0 — decrease

18 — no trend 21 —no trend 21 —no trend 2 —no trend

SSP 4.5 & — increase 5 — increase 5 — increase 24 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease

14 — no trend 18 — no trend 11 —no trend 0 — no trend

SSP 8.5 12 — increase 8 —increase 15 — increase 26 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease
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Figure 7: Example results for 1-day trend analysis for climate projection from Model 1: a) no trend for
historical period, b) no trend for SSP 4.5 scenario, and c) increasing trend for SSP8.5 scenario. Blue line is
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3.2 Precipitation Frequency Analysis

The precipitation frequency analysis method utilized L-moment statistics instead of product
moment statistics, which decrease the uncertainty of rainfall frequency estimates for more rare
events and dampens the influence of outlier precipitation amounts from extreme storms (Hosking
and Wallis, 1997). Methods to account for non-stationarity in projections were not addressed, the
projections were applied assuming stationarity. For the precipitation frequency analysis, AWA
utilized the daily climate model projections to perform frequency analysis on the 1-day, 3-day, and
annual durations.

AWA evaluates the climate change projections for the entire period available, for CMIP6 that
ranges from 2015 through 2100. The changes through time reflect the entire period. However,
other evaluation periods can be considered and may change the rate of change through time. For
example, one may evaluate the projections through the year 2050 and then do a separate analysis
for the years 2050-2100. This may result in slightly different outcomes depending on the climate
change projections amount of change through time. For example, some climate change models
may show minimal changes for the period 2005 through 2050, then an increasing change from
2051 through 2100. Regardless of the process utilized to evaluate the climate change projections
and the increments evaluated, it is recommended that each iteration of the IPCC climate change
outputs be evaluated against the previous work to check trends and changes.

AWA identified, extracted, and quality controlled maximum daily precipitation projections for the
twenty-six models and three projection scenarios. The Annual Maximum Series (AMS) were then
subjected to the frequency analysis methods (Hosking and Wallis, 1997). L-moment statistics were
computed for annual maximum data for each projection and duration. Goodness of fit measures
were evaluated for five candidate distributions: generalized logistic (GLO), generalized extreme
value (GEV), generalized normal (GNO), Pearson type III (PE3), and generalized Pareto (GPA).
An L-Moment Ratio Diagram was prepared based on L-Skewness and L-Kurtosis pairs for each
duration (Figure 8). The weighted-average L-Skewness and L-Kurtosis pairing were found to be
near the GEV distribution for all projections.

The GEV distribution was selected because: i) This is the most common distribution used for
precipitation frequency studies (e.g., NOAA Atlas 14, Perica, 2015) 1i) the GEV was identified on
both the 1-day, 3-day, and Annual goodness-of-fit measures, and iii) using the same distribution
ensures a more direct comparison to more rare values of the frequency curve. The GEV is a general
mathematical form that incorporates Gumbel’s Extreme Value (EV) type I, II and III distributions
for maxima. The parameters of the GEV distribution are the & (location), a (scale), and k (shape).
The Gumbel EV type I distribution is obtained when k = 0. For k > 0, the distribution has a finite
upper bound at § + o /k and corresponds to the EV type I1I distribution for maxima that are bounded
above. For k <0, this corresponds to the Gumbel EV type II distribution.

The uncertainty analysis for deriving the frequency curve and uncertainty bounds were conducted
as follows. The frequency distributions were randomly permuted, and data were simulated from
the selected frequency distribution. The procedure is described in Hosking and Wallis (1997) and
Hosking (2015b), except that the permutation of frequency distributions is a later modification,
intended to give more realistic sets of simulated data (Hosking, 2015b). From each permutation
the sample mean values and estimates of the quantiles of the regional growth curve, for non-
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exceedance probabilities are saved. From the simulated values, for each quantile specified the
relative root mean square error (relative RMSE) is computed as in Hosking and Wallis (1997). The
error bounds are sample quantiles of the ratio of the estimated regional growth curve to the true
at-site growth curve of the ratio of the estimated to the true quantiles at individual sites (Hosking,
2015b).

In order to separate Summer season and Winter season precipitation events that are controlling of
the yearly precipitation regime in the Maryland region, the 1-day and 3-day annual maximum were
also extracted for Summer season (May - October) and for the Winter season (November — April).
The summer and winter AMS data were used to perform L-moment frequency analysis methods
as described above. Comparisons of percent change were made among model projections for 10-
year through 1,000-year recurrence intervals, beyond this the uncertainty in probability
distributions estimates is large. Figure 8 shows an example of the results Model 1 1-day
precipitation frequency analysis for All season (mixed storm distribution), Summer/Monsoon
season, and Winter season for the historic, SSP 4.5, and SSP 8.5 projections. Full results of
frequency analysis are included in Appendix B.

*** 1-Day Precipitation

10yr 50yr 100yr 500yr 1000yr Pct Change Average
Historical 54.7 67.3 72.4 83.9 88.7 - - - - -
SSP45 62.6 76.6 82.5 96.0 101.8 14% 14% 14% 14% 15% 14%
SSP85 66.8 81.1 86.9 99.5 104.6 22% 21% 20% 19% 18% 20%

*** 1-Day Summer

10yr 50yr 100yr 500yr 1000yr Pct Change Average
Historical 41.0 63.2 75.9 116.0 139.1 - - - - -
SSP45 50.1 77.2 92.3 139.0 165.4 22% 22% 22% 20% 19% 21%
SSP85 47.5 61.0 66.5 79.1 84.4 16% -4% -12% -32% -39% -14%

*** 1-Day Winter

10yr 50yr 100yr  500yr 1000yr Pct Change Average
Historical 52.3 64.3 69.2 80.1 84.7 - - - - -
SSP45 57.3 67.5 71.6 80.4 84.0 10% 5% 3% 0% -1% 3%
SSP85 66.2 81.8 88.2 102.7 108.8 27% 27% 28% 28% 28% 28%

Figure 8: Example results for 1-day precipitation frequency analysis for climate projection from Model 1.

3.3  Uncertainty

Measurement, modeling, and simulation of many meteorologic components can be highly
uncertain, the main reason being the fundamental dynamics of many processes cannot be measured
and modeled accurately (Kampf et al., 2020). Most meteorologic processes are not observed in
detail, consequently accurate mathematical representation of the variables spatial and temporal
processes, model initial boundary layer conditions, and physical processes, cannot be represented
accurately. Mantovan and Tondini (2006) have identified sources of water balance uncertainties
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as: (1) data uncertainty, (i1) model parameter uncertainty, (iii) model structure uncertainty, and (iv)
natural uncertainty.

3.3.1 Data Uncertainty
The performance of models is mainly affected by data uncertainty. This uncertainty arises from
errors in the observed data, particularly data used for model calibration. The errors may be linked
to the quality of the data which depends on the type and conditions of measuring instruments as
well as data handling and processing. Precipitation and streamflow are usually the major sources
of input and output data that are used to calibrate and evaluate model uncertainty with the spatial
and temporal precipitation uncertainty being large.

3.3.2 Model Parameter Uncertainty
Model parameter uncertainty is also known as model specification uncertainty. This relates to the
inability to converge to a single best parameter set using available data, which leads to parameter
identifiability problems (Beven, 2001; Wagener et al., 2004). The parameters are optimized so that
the model results are as good as possible (Beven, 2001; Scharffenberg et al., 2018). Uncertainty
then depends on how parameters are optimized (peak flow, volume, residuals) and results are
applied (Scharffenberg et al., 2018; Pokorny et al., 2021).

3.3.3 Model Structure Uncertainty

Model structure uncertainty is introduced through simplifications and/or inadequacies in the
representation of physical processes in a given model. It also originates from inappropriate
assumptions within the modelling procedure, inappropriate mathematical description of these
processes (Beven, 2001), and the scale at which processes are represented in the model (Heuvelink,
1998; Bloschl, 1999; Koren et al., 1999). However, no matter how exact the model is calibrated,
there always exists discrepancy between model outcome and observed data (Chiang et al., 2007,
Beven, 20006).

3.3.4 Natural Uncertainty

Natural uncertainty arises due to the randomness of natural processes (Beven, 2001). This
uncertainty can be linked to data uncertainty, whereby the quality and type of data plays a
significant role in determining the amount of uncertainty. For example, the spatial and temporal
randomness of rainfall can somewhat be represented explicitly when using good rain gauge
networks and radar rainfall data (Segond, 2006). In addition, scaling issues, spatial representativity
and interpolation methods are typically represented within natural uncertainty (Heuvelink, 1998;
Bloschl, 1999).

For this study, the meaning of “within uncertainty” is considered to be within +/-20 percent and
was based on several factors. This range is based on AWA’s extensive professional experience
evaluating each of these factors below and how they relate to the PMP calculations:
e Multiple sources of uncertainty and varying ranges of uncertainty inherent in the PMP
development process and inputs
o Gauge/Observed Precipitation
= Point measurement 5 to 15% percent for long-term series, and as high as
75% for individual storm events
o Frequency Analysis
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= NOAA Atlas 14 Volume 1 24-hour 100-year error bounds are
approximately +/-18% (Bonin et al., 2011)
o Climate Projections
= Projection uncertainty for induvial regional model methods can be quite
large 20 to >50% (Lehner et al., 2020)
o Selection of the storm representative value used in the In-place Maximization
Factor calculations
= Range between 5 and 30%, with an average around 20%

4.0 RESULTS OF ANALYSIS

The modeled trends and estimated precipitation frequency results have a large variability that can
be attributed to the uncertainty inherent with GCM and RCM projections. The different climate
models used for the Maryland region are subject to significant components of future climate
uncertainty in climate models and the uncertainty is manifested by the range of climate futures
indicated by the CMIP6 ensemble of projections (McSweeney and Jones, 2016; Masson-Delmotte
et al., 2021).

The Region 1 median of the 26 models project an increase in mean annual temperature (2.4 C and
3.3 C) and annual precipitation (9% and 10%). Temperature, in regard to daily maximum
(frequency based) and monthly averages show an increase by 2100 for both the SSP 4.5 and SSP
8.5 projections (Figure 9 and Figure 10). Numeric values representing the change in temperature
are shown in Table 3 and Table 5 under application of results. Monthly climatologies for
temperature and precipitation are shown in Figure 10 and Figure 11, numeric values representing
the change in temperature and precipitation are shown in Table 3 and Table 6 under application of
results.
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Figure 9: Change in daily maximum temperatures from current climate conditions for Region 1. Results are
based on annual maximum frequency analysis.
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Figure 10: Monthly temperature normal compared to climate change temperature for Region 1. Results are

based on daily normal calculations.
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Precipitation frequency analysis results are summarized for 1-day, 3-day, and annual durations
split by All season, Summer season and Winter season (Figure 12). Results indicate a broad range
of change with the largest change for 1-day, 3-day, and annual durations, numeric values
representing the change in precipitation are shown in Table 3.
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Figure 12: Change in maximum precipitation from current climate conditions for 1-day, 3-day, and annual
durations for Region 1. Results are based on annual maximum frequency analysis. Note, the AMS frequency
approach shows no change in annual precipitation, this is similar compared results based on the mean annual

climatology method.
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Results indicate no change in 1-day, 3-day, and annual precipitation (within +/-20%), and an
increase in temperature in the future. The most likely outcome regarding precipitation over the
basin in the climate change projections is that the mean annual precipitation and 1-day and 3-day
precipitation extremes will stay the same compared to the current climate. Importantly, the climate
change projections show that individual extreme events that are utilized for PMP development will
stay within the range of uncertainty currently inherent in the PMP depths.

This follows expected trends in the region under a warming climate scenario. In this case, more
moisture would be available from an overall perspective, and would likely affect some of the
precipitation processes, but this would likely be counteracted by other processes that are required
to produce precipitation at various timescales and spatial extents (Kappel et al., 2020). This is
reflected in Table 3 where the SSP 4.5 and SSP 8.5 emission scenarios. This is likely a reflection
of the variance in atmospheric processes that convert moisture in the atmosphere to rainfall on the
ground and other factors not fully understood or quantified. These create both positive and negative
feedbacks where atmospheric instability at the most extreme levels are lessened in a warming
environment because the thermal contrast between airmass is lessened.

5.0 APPLICATION OF RESULTS

For hydrologic simulation and sensitivity, AWA recommends the ensemble median SSP 4.5
climate change adjustments and uncertainty values for temperature and precipitation (Table 3,
Table 5, Table 6). These are based on an evaluation of rate of change from the current period
through 2100 of each of the projections and taking a median of the outcomes. These values can be
applied to a given period (i.e., 2050) by linearly adjusting the climate change factors. Table 4
illustrates how the recommended SSP 4.5 precipitation climate change adjustments can be scaled
the linear from 2100 to 2050. Note that the median change are within the envelopment that is part
of the PMP depths.

Table 3: Climate Change Projections from current climate (1950-2005) through 2100 for Region 1.

SSP45 SSP85
Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 2.2 2.1 1.0 3.2 5.3 5.0 4.0 7.5

Temperature 1-Day Summer; C 2.2 2.1 1.0 32 5.3 5.0 4.0 7.5

Temperature 1-Day Winter PF; C 2.4 2.4 1.6 3.5 5.0 4.9 3.8 6.3
Precipitation 1-Day PF; % -2 -5 -17 16 3 1 -10 20

Precipitation 1-Day Summer PF; % 5 -1 -14 21 9 7 -16 37

Precipitation 1-Day Winter PF; % -1 -2 -12 13 4 2 -11 21
Precipitation 3-Day PF; % 8 4 -12 26 13 7 -9 36

Precipitation 3-Day Summer PF; % 7 4 -13 33 16 21 -17 53

Precipitation 3-Day Winter PF; % 9 6 -11 32 10 3 -5 32
Precipitation Annual PF; % 12 13 3 19 13 14 1 25
1-Day Moisture Maximization; % No Change No Change
3-Day Moisture Maximization; % No Change Potential Change

* Climate Change Projections from 2005 through 2100
+ Note, SSP8.5 represent the most extreme, unlikely climate projection scenarios
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Table 4: Recommended SSP 4.5 climate change adjustments (%) for 1-day and 3-day precipitation scaled
from 2100 to 2050 for Region 1.

2050 2100
1-Day Summer PF; % 0 -1
1-Day Winter PF; % -1 -2
3-Day Summer PF; % 2 4
3-Day Winter PF; % 4 6

Table 5: Monthly temperature (C) for current climate from 2005 through 2100 for Region 1.

Historical SSP45 SSP85 Mean Delta Median Delta

Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45 SSP85
January 2.7 2.6 49 5.1 5.6 6.0 2.2 2.9 2.5 3.4
February 5.0 4.7 7.4 7.4 8.2 8.2 2.4 3.2 2.7 3.5
March 9.6 9.3 12.4 12.4 13.0 13.0 2.8 3.4 3.1 3.7
April 15.2 14.9 17.8 17.8 18.6 18.5 2.6 3.4 2.9 3.6
May 20.3 20.1 22.8 22.8 23.7 23.7 2.5 3.4 2.7 3.6
June 24.6 24.3 26.9 27.0 27.8 27.9 2.3 3.3 2.8 3.6
July 26.1 259 28.1 28.2 29.1 29.1 2.1 3.1 2.3 3.2
August 24.8 24.6 26.8 26.9 279 27.8 2.0 3.0 2.3 3.2
September 20.6 20.4 22.4 22.5 23.5 23.4 1.8 2.9 2.1 3.0
October 14.2 13.8 16.1 16.0 17.2 17.1 1.9 3.0 2.2 3.3
November 8.5 8.1 10.1 10.2 11.0 10.8 1.7 2.5 2.1 2.7
December 4.0 3.8 5.9 5.9 6.5 6.5 1.8 2.4 2.1 2.7

Table 6: Monthly precipitation (mm) for current climate from 2005 through 2100 for Region 1.

Historical SSP45 SSP85 Mean Delta Median Delta

Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45 SSP85

January 80.0 80.7 89.4 91.9 93.4 94.1 1.12 1.14 1.14 1.17
February 72.9 73.3 84.4 86.3 85.9 85.7 1.16 1.18 1.18 1.17
March 91.5 91.8 98.9 97.0 103.7 1044 | 1.08 1.06 1.06 1.14
April 80.8 82.0 88.4 87.6 86.6 86.0 1.09 1.07 1.07 1.05
May 90.9 91.2 95.9 96.1 94.6 92.5 1.06 1.05 1.05 1.01
June 94.0 93.8 103.0 103.9 | 101.7 1013 | 1.09 111 111 1.08
July 114.1  113.0 | 124.8 124.6 | 1255 1248 | 1.09 1.10 1.10 1.10
August 1042 1039 | 111.3 113.0 | 1125 112.8 | 1.07 1.09 1.09 1.09
September 86.9 86.9 90.8 89.2 90.3 86.7 1.04 1.03 1.03 1.00
October 79.5 78.6 81.9 79.7 83.3 83.9 1.03 1.01 1.01 1.07
November 79.0 78.9 86.9 85.6 92.3 94.6 1.10 1.09 1.09 1.20
December 88.3 88.9 95.8 95.9 103.3  101.2 | 1.09 1.08 1.08 1.14
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5.1 Application of Results for Regions 1 through 4

AWA examined climate model projections to analyze precipitation and temperature for four
regions covering Maryland (Figure 6). Results discussed in Section 5.0 represent Region 1, the
north-central Maryland location. The results for all four regions are provided in digital
spreadsheets Appendix A and Digital Files Appendix B and shown in Table 7 through Table 10.

Table 7: Climate Change Projections for Region 1 from current climate (1950-2014) through 2100.

Resion 1 SSP45 SSP85
o Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 2.2 2.1 1.0 3.2 5.3 5.0 4.0 7.5

Temperature 1-Day Summer; C 2.2 2.1 1.0 3.2 53 5.0 4.0 7.5

Temperature 1-Day Winter PF; C 24 24 1.6 3.5 5.0 4.9 3.8 6.3
Precipitation 1-Day PF; % -2 -5 -17 16 3 1 -10 20

Precipitation 1-Day Summer PF; % 5 -1 -14 21 9 7 -16 37

Precipitation 1-Day Winter PF; % -1 -2 -12 13 4 2 -11 21
Precipitation 3-Day PF; % 8 4 -12 26 13 7 -9 36

Precipitation 3-Day Summer PF; % 7 4 -13 33 16 21 -17 53

Precipitation 3-Day Winter PF; % 9 6 -11 32 10 3 -5 32
Precipitation Annual PF; % 12 13 3 19 13 14 1 25
Moisture Maximization 1-Day, % No Change No Change
Moisture Maximization 3-Day; % No Change Potential Change

Table 8: Climate Change Projections for Region 2 from current climate (1950-2014) through 2100.

Resion 2 SSP45 SSP85
o Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 2.4 2.3 1.0 33 5.7 5.1 4.0 8.0

Temperature 1-Day Summer; C 24 2.3 1.0 33 5.7 51 4.0 8.0

Temperature 1-Day Winter PF; C 2.5 2.4 1.5 3.7 5.3 5.3 4.0 6.5
Precipitation 1-Day PF; % 9 6 -7 33 10 6 -10 36

Precipitation 1-Day Summer PF; % 13 10 -11 44 9 3 -17 45

Precipitation 1-Day Winter PF; % 11 7 -4 29 14 13 -1 32
Precipitation 3-Day PF; % 12 16 -5 26 10 10 -11 32

Precipitation 3-Day Summer PF; % 9 3 -17 45 7 11 -20 32

Precipitation 3-Day Winter PF; % 15 15 -5 36 13 15 -2 31
Precipitation Annual PF; % 11 11 5 20 13 13 3 23
Moisture Maximization 1-Day, % No Change No Change
Moisture Maximization 3-Day; % No Change No Change
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Table 9: Climate Change Projections for Region 3 from current climate (1950-2014) through 2100.

Resion 3 SSP45 SSP85

cgion Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 24 2.3 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Summer; C 2.4 23 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Winter PF; C 2.3 2.2 1.5 3.6 5.2 5.4 3.9 6.7

Precipitation 1-Day PF; % 8 6 -9 28 11 7 -4 33
Precipitation 1-Day Summer PF; % 10 9 -10 31 3 3 -17 22
Precipitation 1-Day Winter PF; % 10 7 -6 28 16 14 5 32

Precipitation 3-Day PF; % 11 14 -10 28 12 8 -4 32
Precipitation 3-Day Summer PF; % 7 4 -15 31 8 14 -15 30
Precipitation 3-Day Winter PF; % 12 12 -3 28 14 13 0 30

Precipitation Annual PF; % 12 10 6 19 13 13 6 23

Moisture Maximization 1-Day, % No Change No Change

Moisture Maximization 3-Day; % No Change No Change

Table 10: Climate Change Projections for Region 4 from current climate (1950-2014) through 2100.

Resion 4 SSP45 SSP85

cgion Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 2.4 2.3 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Summer; C 24 2.3 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Winter PF; C 2.3 2.2 1.5 3.6 5.2 5.4 3.9 6.7

Precipitation 1-Day PF; % 8 10 -9 28 12 8 1 33
Precipitation 1-Day Summer PF; % 10 9 -10 31 4 4 -12 22
Precipitation 1-Day Winter PF; % 9 7 -6 28 16 15 5 32

Precipitation 3-Day PF; % 12 15 -10 28 13 10 -2 32
Precipitation 3-Day Summer PF; % 7 4 -15 31 8 14 -15 30
Precipitation 3-Day Winter PF; % 13 13 -3 29 14 13 0 30

Precipitation Annual PF; % 11 10 6 19 13 13 6 23

Moisture Maximization 1-Day, % No Change No Change

Moisture Maximization 3-Day; % No Change No Change

6.0 CONCLUSIONS

The Maryland climate change analysis investigated CMIP6 projections. The projections were
evaluated using several statistical methodologies to test for trends in temperature and precipitation,
changes in precipitation frequency, and changes in monthly climatologies. The results have large
variability that can be attributed to the uncertainties and limitations inherent in climate model
projections and the physical representation of meteorological parameters such as precipitation.

The trend and frequency analysis methods provide a robust dataset to test changes in precipitation
and temperature. The monthly and annual climatology analysis methods provide projections to test
changes in climate normals. More confidence is given to the trend, precipitation frequency, and
climatology results as compared to the moisture maximization analysis based on subjective

assumptions inherent in the moisture maximization process.
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The climate change analysis completed for the Maryland region was based on twenty-six CMIP6
climate model projections and three climate scenarios (historic, SSP 4.5, and SSP 8.5). A summary
of the key conclusions from this study are listed below.

TREND ANALYSIS

O

(@)

Most surface stations show no historic change/trend in precipitation and
temperature

Projections show increase in temperature and dew point temperature

SSP 4.5 precipitation — most models show no trend/change at all durations
SSP 8.5 precipitation — most models show a split between no change and an
increasing trend at all durations

FREQUENCY ANALYSIS

O

O

1-day — the median SSP 4.5 and SSP 8.5 results are within +/- 20% uncertainty
which provide more confidence for no change in precipitation magnitude by 2100.
3-day — the median SSP 4.5 and SSP 8.5 results are within +/- 20% uncertainty
which provide more confidence for no change in precipitation magnitude by 2100.
Annual — the median SSP 4.5 and SSP 8.5 results are larger within +/- 20%
uncertainty which provide more confidence for no change in precipitation
magnitude by 2100 and both have an increase in temperature by 2100.

CLIMATOLOGY

o

Applied="
Weather)
Assbciates
b

Monthly Climatology — Most months show a slight increase but are +/- 20%
uncertainty which provide more confidence for no change in precipitation
magnitude by 2100). All months show an increase in temperature by 2100.
Annual Climatology — No change in annual precipitation (within +/- 20%
uncertainty). Results show an increase in annual temperature by 2100.
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Appendix A

Climate Results Spreadsheet for All Four Regions



Resion 1 SSP45 SSP85
= Mean Median 10th  90th | Mean Median 10th  90th

Temperature 1-Day; C 2.2 2.1 1.0 3.2 5.3 5.0 4.0 7.5

Temperature 1-Day Summer; C 2.2 2.1 1.0 32 53 5.0 4.0 7.5

Temperature 1-Day Winter PF; C 2.4 2.4 1.6 3.5 5.0 4.9 3.8 6.3
Precipitation 1-Day PF; % -2 -5 -17 16 3 1 -10 20

Precipitation 1-Day Summer PF; % 5 -1 -14 21 9 7 -16 37

Precipitation 1-Day Winter PF; % -1 -2 -12 13 4 2 -11 21
Precipitation 3-Day PF; % 8 4 -12 26 13 7 -9 36

Precipitation 3-Day Summer PF; % 7 4 -13 33 16 21 -17 53

Precipitation 3-Day Winter PF; % 9 6 -11 32 10 3 -5 32
Precipitation Annual PF; % 12 13 3 19 13 14 1 25
Moisture Maximization 1-Day, % No Change No Change
Moisture Maximization 3-Day; % No Change Potential Change

Frequency analysis climate change results for Region 1 from current climate (1950-2014) through 2100.

Resion 2 SSP45 SSP85
= Mean Median 10th  90th | Mean Median 10th  90th

Temperature 1-Day; C 2.4 2.3 1.0 3.3 5.7 5.1 4.0 8.0

Temperature 1-Day Summer; C 24 2.3 1.0 33 5.7 5.1 4.0 8.0

Temperature 1-Day Winter PF; C 2.5 2.4 1.5 3.7 5.3 5.3 4.0 6.5
Precipitation 1-Day PF; % 9 6 -7 33 10 6 -10 36

Precipitation 1-Day Summer PF; % 13 10 -11 44 9 3 -17 45

Precipitation 1-Day Winter PF; % 11 7 -4 29 14 13 -1 32
Precipitation 3-Day PF; % 12 16 -5 26 10 10 -11 32

Precipitation 3-Day Summer PF; % 9 3 -17 45 7 11 -20 32

Precipitation 3-Day Winter PF; % 15 15 -5 36 13 15 -2 31
Precipitation Annual PF; % 11 11 5 20 13 13 3 23
Moisture Maximization 1-Day, % No Change No Change
Moisture Maximization 3-Day; % No Change No Change

Frequency analysis climate change results for Region 2 from current climate (1950-2014) through 2100.

Resion 3 SSP45 SSP85

cgion Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 2.4 2.3 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Summer; C 24 2.3 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Winter PF; C 2.3 2.2 1.5 3.6 5.2 5.4 3.9 6.7

Precipitation 1-Day PF; % 8 6 -9 28 11 7 -4 33
Precipitation 1-Day Summer PF; % 10 9 -10 31 3 3 -17 22
Precipitation 1-Day Winter PF; % 10 7 -6 28 16 14 5 32

Precipitation 3-Day PF; % 11 14 -10 28 12 8 -4 32
Precipitation 3-Day Summer PF; % 7 4 -15 31 8 14 -15 30
Precipitation 3-Day Winter PF; % 12 12 -3 28 14 13 0 30

Precipitation Annual PF; % 12 10 6 19 13 13 6 23

Moisture Maximization 1-Day, % No Change No Change

Moisture Maximization 3-Day; % No Change No Change

Frequency analysis climate change results for Region 3 from current climate (1950-2014) through 2100.

A-2



Resion 4 SSP45 SSP85

cgion Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 2.4 2.3 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Summer; C 2.4 23 1.0 33 5.7 5.0 3.8 8.2
Temperature 1-Day Winter PF; C 2.3 2.2 1.5 3.6 5.2 5.4 3.9 6.7

Precipitation 1-Day PF; % 8 10 -9 28 12 8 1 33
Precipitation 1-Day Summer PF; % 10 9 -10 31 4 4 -12 22
Precipitation 1-Day Winter PF; % 9 7 -6 28 16 15 5 32

Precipitation 3-Day PF; % 12 15 -10 28 13 10 -2 32
Precipitation 3-Day Summer PF; % 7 4 -15 31 8 14 -15 30
Precipitation 3-Day Winter PF; % 13 13 -3 29 14 13 0 30

Precipitation Annual PF; % 11 10 6 19 13 13 6 23

Moisture Maximization 1-Day, % No Change No Change

Moisture Maximization 3-Day; % No Change No Change

Frequency analysis climate change results for Region 4 from current climate (1950-2014) through 2100.

All SSP45 SSP85
Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 2.3 2.2 1.0 33 5.6 5.0 3.8 8.2

Temperature 1-Day Summer; C 23 2.2 1.0 33 5.6 5.0 3.8 8.2

Temperature 1-Day Winter PF; C 2.4 2.3 1.5 3.7 5.1 5.3 3.8 6.7
Precipitation 1-Day PF; % 6 4 -17 33 9 5 -10 36

Precipitation 1-Day Summer PF; % 9 7 -14 44 6 4 -17 45

Precipitation 1-Day Winter PF; % 7 5 -12 29 13 11 -11 32
Precipitation 3-Day PF; % 11 12 -12 28 12 9 -11 36

Precipitation 3-Day Summer PF; % 8 4 -17 45 10 15 -20 53

Precipitation 3-Day Winter PF; % 12 11 -11 36 13 11 -5 32
Precipitation Annual PF; % 12 11 3 20 13 13 1 25
Moisture Maximization 1-Day, % No Change No Change
Moisture Maximization 3-Day; % No Change No Change

Frequency analysis climate change results for All Regions from current climate (1950-2014) through 2100.



Region 1 Precipitation Temperature
1-day 3-day Annual 1-day
no trend 23 25 24 8
Historic increase 2 0 2 18
decrease 1 1 0 0
no trend 18 21 21 2
SSP45 increase 8 5 5 24
decrease 0 0 0
no trend 14 18 1 0
SSP85 increase 12 8 1 26
decrease 0 0 0

Maryland trend analysis results from current climate (1950-2014) to 2015 through 2100 for Region 1. The
numbers represent the climate models that had no trend, a significant increase or decrease trend.

Region 2 Precipitation Temperature
1-day 3-day Annual 1-day
no trend 24 24 23 8
Historic increase 1 1 3 18
decrease 1 1 0 0
no trend 21 20 17 5
SSP45 increase 5 6 9 21
decrease 0 0 0 0
no trend 17 16 7 0
SSP85 increase 9 10 19 26
decrease 0 0 0 0

Maryland trend analysis results from current climate (1950-2014) to 2015 through 2100 for Region 2. The
numbers represent the climate models that had no trend, a significant increase or decrease trend.

Region 3 Precipitation Temperature
1-day 3-day Annual 1-day
no trend 25 25 22 5
Historic increase 1 1 4 21
decrease 0 0 0 0
no trend 24 22 18 5
SSP45 increase 2 4 8 21
decrease 0 0 0 0
no trend 12 15 8 0
SSP85 increase 14 11 18 26
decrease 0 0 0 0




Maryland trend analysis results from current climate (1950-2014) to 2015 through 2100 for Region 3. The
numbers represent the climate models that had no trend, a significant increase or decrease trend.

gion 4 Precipitation Temperature
1-day 3-day  Annual 1-day
no trend 25 25 22 5
Historic increase 1 1 4 21
decrease 0 0 0 0
no trend 24 22 18 5
SSP45 increase 2 4 8 21
decrease 0 0 0 0
no trend 12 15 8 0
SSP85 increase 14 11 18 26
decrease 0 0 0 0

Maryland trend analysis results from current climate (1950-2014) to 2015 through 2100 for Region 4. The
numbers represent the climate models that had no trend, a significant increase or decrease trend.

Average Precipitation Temperature
1-day 3-day Annual 1-day
no trend 97 99 91 26
Historic increase 5 3 13 78
decrease 2 2 0 0
no trend 87 85 74 17
SSP45 increase 17 19 30 87
decrease 0 0 0 0
no trend 55 64 34 0
SSP85 increase 49 40 70 104
decrease 0 0 0 0

Maryland trend analysis results from current climate (1950-2014) to 2015 through 2100 for All Regions

(average). The numbers represent the climate models that had no trend, a significant increase or decrease
trend.



Average as Percent Precipitation Temperature

1-day 3-day Annual 1-day

no trend 93% 95% 88% 25%

Historic increase 5% 3% 13% 75%
decrease 2% 2% 0% 0%

no trend 84% 82% 71% 16%

SSP45 increase 16% 18% 29% 84%
decrease 0% 0% 0% 0%

no trend 53% 62% 33% 0%

SSP85 increase 47% 38% 67% 100%
decrease 0% 0% 0% 0%

Maryland trend analysis results from current climate (1950-2014) to 2015 through 2100 for All Regions
(average as %). The numbers represent the climate models that had no trend, a significant increase or
decrease trend.



Region 1 Historical SSP45 SSP85 Mean Delta Median Delta
Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45 SSP85

January 2.7 2.6 4.9 5.1 5.6 6.0 2.2 2.9 2.5 3.4
February 5.0 4.7 7.4 7.4 8.2 8.2 2.4 3.2 2.7 3.5
March 9.6 9.3 12.4 12.4 13.0 13.0 2.8 3.4 3.1 3.7
April 15.2 14.9 17.8 17.8 18.6 18.5 2.6 3.4 2.9 3.6
May 20.3 20.1 22.8 22.8 23.7 23.7 2.5 3.4 2.7 3.6
June 24.6 24.3 26.9 27.0 27.8 27.9 2.3 3.3 2.8 3.6
July 26.1 25.9 28.1 28.2 29.1 29.1 2.1 3.1 2.3 3.2
August 24.8 24.6 26.8 26.9 27.9 27.8 2.0 3.0 2.3 3.2
September 20.6 20.4 22.4 22.5 23.5 23.4 1.8 2.9 2.1 3.0
October 14.2 13.8 16.1 16.0 17.2 17.1 1.9 3.0 2.2 3.3
November 8.5 8.1 10.1 10.2 11.0 10.8 17 2.5 2.1 2.7
December 4.0 3.8 5.9 5.9 6.5 6.5 1.8 2.4 2.1 2.7

Maryland monthly temperature (C) change from current climate (1950-2014) to 2015 through 2100 for

Region 1.
Reoi ) Historical SSP45 SSP85 Mean Delta Median Delta
cgion Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45  SSP85

January 1.1 0.9 3.5 3.6 4.1 4.3 2.4 3.1 2.7 3.4
February 3.6 33 6.2 5.9 7.0 6.9 2.6 3.4 2.6 3.6
March 8.4 8.2 11.4 11.3 12.0 11.9 3.0 3.7 3.2 3.7
April 14.3 13.9 17.0 16.8 17.9 17.8 2.7 3.6 2.9 3.9
May 19.5 19.2 22.2 22.0 232 232 2.7 3.6 2.8 4.0
June 23.9 23.5 26.4 26.4 27.4 27.3 2.5 3.5 2.9 3.8
July 254 25.0 27.6 27.6 28.8 28.7 2.2 3.4 2.6 3.7
August 24.1 23.8 26.3 26.1 27.5 27.3 2.2 3.4 2.4 3.6
September 19.5 19.2 21.5 21.3 22.7 22.5 2.0 3.1 2.1 3.3
October 12.8 12.5 14.8 14.8 15.9 15.8 1.9 3.1 2.3 3.3
November 6.8 6.5 8.5 8.6 9.4 9.2 1.7 2.6 2.1 2.7
December 2.4 2.1 4.1 4.2 4.8 4.8 1.7 2.4 2.1 2.7

Maryland monthly temperature (C) change from current climate (1950-2014) to 2015 through 2100 for
Region 2.



Reoi 3 Historical SSP45 SSP85 Mean Delta Median Delta
cgion Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45  SSP85
January -0.1 -0.3 2.2 2.4 2.9 2.8 L5 2.2 2.6 3.1
February 2.5 2.2 5.0 4.8 5.8 5.9 1.4 2.2 2.6 3.7
March 7.4 7.1 10.3 10.2 11.1 10.8 1.4 2.2 3.2 3.8
April 13.1 12.7 15.9 15.9 16.7 16.6 L5 2.3 3.2 3.9
May 18.1 17.8 20.8 20.6 21.8 21.8 1.6 2.5 2.8 4.0
June 22.2 21.9 24.6 24.7 25.6 25.5 1.8 2.7 2.8 3.7
July 23.5 23.1 25.6 25.6 26.7 26.6 17 2.6 2.5 3.5
August 22.2 22.0 24.4 24.3 25.7 25.5 1.8 2.7 2.3 3.5
September 17.8 17.5 19.8 19.6 21.0 20.8 2.0 2.7 2.1 3.4
October 11.2 10.8 13.2 13.1 14.4 14.3 17 2.5 2.3 3.5
November 5.4 5.0 7.1 7.1 8.0 7.7 L5 2.3 2.0 2.7
December 1.1 0.8 2.8 3.0 3.5 3.6 1.4 2.2 2.2 2.8

Maryland monthly temperature (C) change from current climate (1950-2014) to 2015 through 2100 for

Region 3.
Reoi 4 Historical SSP45 SSP85 Mean Delta Median Delta
eglon Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45  SSP85

January -0.1 -0.3 2.2 2.4 2.9 2.8 L5 2.2 2.6 3.1
February 2.5 2.2 5.0 4.8 5.8 5.9 1.4 2.2 2.6 3.7
March 7.4 7.1 10.3 10.2 11.1 10.8 14 2.2 3.2 3.8
April 13.1 12.7 15.9 15.9 16.7 16.6 15 2.3 3.2 3.9
May 18.1 17.8 20.8 20.6 21.8 21.8 1.6 2.5 2.8 4.0
June 22.2 21.9 24.6 24.7 25.6 25.5 1.8 2.7 2.8 3.7
July 23.5 23.1 25.6 25.6 26.7 26.6 1.7 2.6 2.5 3.5
August 22.2 22.0 24.4 24.3 25.7 25.5 1.8 2.7 2.3 3.5
September 17.8 17.5 19.8 19.6 21.0 20.8 2.0 2.7 2.1 3.4
October 11.2 10.8 13.2 13.1 14.4 14.3 1.7 2.5 2.3 3.5
November 5.4 5.0 7.1 7.1 8.0 7.7 L5 2.3 2.0 2.7
December 1.1 0.8 2.8 3.0 35 3.6 1.4 2.2 2.2 2.8

Maryland monthly temperature (C) change from current climate (1950-2014) to 2015 through 2100 for
Region 4.



All Historical SSP45 SSP85 Mean Delta Median Delta

Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45 SSP85
January 0.9 0.7 3.2 33 3.9 4.0 2.3 3.0 2.6 3.2
February 34 3.1 5.9 5.7 6.7 6.7 2.5 3.3 2.6 3.6
March 8.2 7.9 11.1 11.0 11.8 11.6 2.9 3.6 3.2 3.7
April 13.9 13.6 16.6 16.6 17.5 17.4 2.7 3.6 3.0 3.8
May 19.0 18.7 21.6 21.5 22.6 22.6 2.6 3.6 2.8 3.9
June 23.2 22.9 25.6 25.7 26.6 26.6 2.4 3.4 2.8 3.7
July 24.6 243 26.8 26.8 27.8 27.7 2.2 3.2 2.5 3.5
August 233 23.1 25.5 254 26.7 26.5 2.1 3.3 2.3 3.5
September 18.9 18.6 20.9 20.7 22.1 21.9 2.0 3.1 2.1 3.2
October 12.4 12.0 14.3 14.2 15.5 154 2.0 3.1 2.3 3.4
November 6.5 6.2 8.2 8.2 9.1 8.8 1.7 2.6 2.0 2.7
December 2.2 1.9 3.9 4.0 4.5 4.6 1.7 2.4 2.1 2.7

Maryland monthly temperature (C) change from current climate (1950-2014) to 2015 through 2100 for All
Regions (average).



Reoi 1 Historical SSP45 SSP85 Mean Delta Median Delta
egion Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45  SSP85
January 80.0 80.7 89.4 91.9 934 94.1 1.12 1.14 1.14 1.17
February 72.9 73.3 84 .4 86.3 85.9 85.7 1.16 1.18 1.18 1.17
March 91.5 91.8 98.9 97.0 103.7 1044 | 1.08 1.06 1.06 1.14
April 80.8 82.0 88.4 87.6 86.6 86.0 1.09 1.07 1.07 1.05
May 90.9 91.2 95.9 96.1 94.6 92.5 1.06 1.05 1.05 1.01
June 94.0 93.8 103.0 103.9 | 101.7 1013 | 1.09 1.11 1.11 1.08
July 114.1 113.0 | 1248 124.6 | 1255 1248 | 1.09 1.10 1.10 1.10
August 1042 1039 | 111.3 113.0 | 1125 1128 1.07 1.09 1.09 1.09
September 86.9 86.9 90.8 89.2 90.3 86.7 1.04 1.03 1.03 1.00
October 79.5 78.6 81.9 79.7 83.3 83.9 1.03 1.01 1.01 1.07
November 79.0 78.9 86.9 85.6 92.3 94.6 1.10 1.09 1.09 1.20
December 88.3 88.9 95.8 95.9 103.3 1012 | 1.09 1.08 1.08 1.14
Maryland monthly precipitation (mm) change from current climate (1950-2014) to 2015 through 2100 for
Region 1.
Resi 2 Historical SSP45 SSP85 Mean Delta Median Delta
cgion Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45 SSP85
January 71.8 72.0 81.9 82.0 86.2 85.5 1.14 1.14 1.14 1.19
February 66.2 66.8 78.1 78.8 78.3 77.5 1.18 1.18 1.18 1.16
March 86.8 86.2 96.1 94.0 100.5 101.7 | I1.11 1.09 1.09 1.18
April 83.6 83.2 94.1 93.6 92.4 934 1.13 1.12 1.12 1.12
May 99.3 99.1 1054 1059 | 103.6 1039 | 1.06 1.07 1.07 1.05
June 96.6 96.9 103.6  104.5 | 101.7 99.8 1.07 1.08 1.08 1.03
July 104.0 104.1 110.5 111.0 | 111.3 1103 1.06 1.07 1.07 1.06
August 92.6 92.7 99.3 99.5 100.2 97.6 1.07 1.07 1.07 1.05
September 87.1 88.1 90.6 89.6 88.4 87.2 1.04 1.02 1.02 0.99
October 80.4 79.3 82.7 80.6 83.0 84.3 1.03 1.02 1.02 1.06
November 80.9 81.1 89.2 88.1 93.2 93.0 1.10 1.09 1.09 115
December 81.9 82.3 89.2 89.4 95.9 95.6 1.09 1.09 1.09 1.16

Maryland monthly precipitation (mm) change from current climate (1950-2014) to 2015 through 2100 for
Region 2.



Resion 3 Historical SSP45 SSP85 Mean Delta Median Delta
cgion Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45  SSP$5
January 68.3 67.8 79.0 78.8 82.5 82.7 1.16 1.16 1.16 1.22
February 64.5 64.7 76.7 76.5 78.9 78.9 1.19 1.18 1.18 1.22
March 86.4 85.8 96.7 95.4 100.8 1023 | 112 1.11 111 1.19
April 86.5 87.1 96.1 95.5 93.9 93.4 1.11 1.10 1.10 1.07
May 101.4 101.4 | 108.0 1074 | 1064 106.2 | 1.06 1.06 1.06 1.05
June 97.3 97.5 103.2 103.1 | 1024 101.2 | 1.06 1.06 1.06 1.04
July 1052 1049 | 111.9 1127 | 1133 1133 | 1.06 1.07 1.07 1.08
August 90.5 90.4 96.1 93.9 97.0 95.3 1.06 1.04 1.04 1.05
September 79.4 78.2 83.0 82.8 80.5 80.2 1.05 1.06 1.06 1.03
October 75.4 75.9 76.3 74.8 77.9 80.0 1.01 0.99 0.99 1.05
November 76.7 77.1 84.9 84.4 88.8 86.9 1.11 1.09 1.09 1.13
December 75.4 75.7 81.8 81.0 87.1 86.9 1.08 1.07 1.07 1.15
Maryland monthly precipitation (mm) change from current climate (1950-2014) to 2015 through 2100 for
Region 3.
Reoi 4 Historical SSP45 SSP85 Mean Delta Median Delta
cgion Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45 SSP85
January 68.3 67.8 79.0 78.8 82.5 82.7 L.16 1.16 116 1.22
February 64.5 64.7 76.7 76.5 78.9 78.9 1.19 1.18 1.18 1.22
March 86.4 85.8 96.7 95.4 100.8 102.3 | 112 111 111 1.19
April 86.5 87.1 96.1 95.5 93.9 93.4 1.11 1.10 1.10 1.07
May 101.4 1014 | 108.0 1074 | 1064 106.2 | 1.06 1.06 1.06 1.05
June 97.3 97.5 103.2  103.1 | 1024 101.2 | 1.06 1.06 1.06 1.04
July 1052 1049 | 111.9 1127 | 1133 1133 | 1.06 1.07 1.07 1.08
August 90.5 90.4 96.1 93.9 97.0 95.3 1.06 1.04 1.04 1.05
September 79.4 78.2 83.0 82.8 80.5 80.2 1.05 1.06 1.06 1.03
October 75.4 75.9 76.3 74.8 77.9 80.0 1.01 0.99 0.99 1.05
November 76.7 77.1 84.9 84.4 88.8 86.9 1.11 1.09 1.09 1.13
December 75.4 75.7 81.8 81.0 87.1 86.9 1.08 1.07 1.07 L15

Maryland monthly precipitation (mm) change from current climate (1950-2014) to 2015 through 2100 for
Region 4.



All Historical SSP45 SSP85 Mean Delta Median Delta
Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45  SSP85

January 72.1 72.1 82.3 82.8 86.1 86.3 1.14 1.15 1.15 1.20
February 67.0 67.4 79.0 79.5 80.5 80.2 1.18 1.18 1.18 1.19
March 87.8 87.4 97.1 95.4 101.4 102.6 | 1.11 1.09 1.09 1.17
April 84.4 84.8 93.7 93.1 91.7 91.5 1.11 1.10 1.10 1.08
May 98.2 98.3 1043 1042 | 102.7 1022 | 1.06 1.06 1.06 1.04
June 96.3 96.4 103.2 103.6 | 102.1 1009 | 1.07 1.07 1.07 1.05
July 107.1 106.7 | 1148 1152 | 1159 1154 | 1.07 1.08 1.08 1.08
August 94.5 94.3 100.7  100.1 101.7 100.2 | 1.07 1.06 1.06 1.06
September 83.2 82.8 86.8 86.1 84.9 83.6 1.04 1.04 1.04 1.01
October 77.7 77.4 79.3 77.5 80.5 82.0 1.02 1.00 1.00 1.06
November 78.3 78.5 86.5 85.6 90.8 90.3 1.10 1.09 1.09 1.15
December 80.3 80.6 87.1 86.8 93.3 92.7 1.09 1.08 1.08 1.15

Maryland monthly precipitation (mm) change from current climate (1950-2014) to 2015 through 2100 for All
Regions (average).
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Comparison of mean annual temperature and mean annual precipitation for the three climate projection
periods for: (a) Region 1, (b) Region 2, (c) Region 3 and (d) Region 4.



Regl Temp Ppt DeltaC Ppt%

Hist 14.3 1115

SP45 16.7 1212 24 9%

SP85 17.6 1222 3.3 10%
Reg2 Temp Ppt DeltaC Ppt%

Hist 13.2 1080

SP45 15.7 1174 2.6 9%

SP85 16.7 1192 3.5 10%
Reg3 Temp Ppt DeltaC Ppt%

Hist 11.7 1049

SP45 14.2 1138 2.6 8%

SP85 15.2 1150 3.5 10%
Regd Temp Ppt DeltaC Ppt%

Hist 11.7 1049

SP45 14.2 1138 2.6 8%

SP85 15.2 1150 3.5 10%

Median annual temperature and precipitation from 3 climate projections.



Appendix B

Climate Change Presentation



Climate Change Projections for New

Jersey
Applied Weather Associates (AWA)



1) Climate Model Background

. Various research groups conduct climate change modeling

. Share data via CMIP6 group

. Utilize same requirements to make each model comparable
. Shared Socioeconomic Pathway (SSP)

. SSP account for unknown future GHG emissions
. SSP scenarios used as boundary conditions for CMIP6 GCMs

. Commonly use SSP 4.5 and 8.5




1) CMIP6 Climate Model Projections

The SSP 4.5 intermediate GHG emissions:
CO2 emissions around current levels until

2050, then falling but not reaching net zero
by 2100

The SSP 8.5 very high GHG emissions:
CO2 emissions triple by 2075
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2) “Within Uncertainty” Term

. The meaning of “within uncertainty” for this analysis

. Multiple sources of uncertainty and varying ranges of uncertainty

« Gauge/Observed Precipitation
# Point measurement 5 to 15% percent for long-term series, and as high as 75% for individual storm events

« Frequency Analysis

s Typically, 24-hour 100-year error bounds are approximately +/-18%
« Climate Projections

# Regional Models can be quite large 20 to =50%

« PMP Storm In-place Maximization Factor
= Range between 5 and 30%, with an average around 20%

. Consider +/- 20% to be within uncertainty of the analysis results.
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1) CMIP6 Climate Model Projections

NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP-CMIP6)

FEIW bl W W THIwW W M awW T AW W

« lotal of 35 climate models

« 9 models did not have all data

® (6] Missing years and/or variables
®  (3) 30-days per month o

« Used 26 models on daily time step
®  Temperature
#  Relative humidity
#  Precipitation

TETMW  TETW TETIOW TEW  TTOW TTTW TETMOW YW TETIONW TEW




2) Climate Model Projections Used

Relative Humidity [ hurs) Precipitation [ pr] Temperature [ tas)
Model 8 |MODEL KAME HISTORICAL _ SSP45 SSPES | HISTORICAL SRS ssPRs  |HISTORCAL  S5Pas S5PES
- 26 models on dally time step 1 ACCESS-CM2 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 20152100 | 2015-2100
2 ACCESS-ESM1-5 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2005-2100 | 1950-2014 | 20152100 | 2005-2100
. Temperature (tas) 4 CanESMES 1950-2014 | 20152100 | 20052100 | 1950-2014 | 20052100 | 2005-2100 | 19502014 | 20152100 | 20152100
®  Relative humidity (hurs) 5 CESMR-WACTM 1950-2014 | 30152100 | 2015-2100 | 1950-2014 | 2015-2100 | 2005-2100 | 1950-2014 | 20152100 | 20152100
- Precipitation (pr) 6 s 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2005-2100 | 1950-2014 | 20152100 | 2015-2100
7 OMICCCM2-SRS 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 20052100 | 1950-2014 | 20152100 | 2005-2100
a OMCCESHE2 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2005-2100 | 1950-2014 | 20152100 | 2005-2100
3 M R-OME-1 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 20052100 | 1950-2014 | 20052100 | 2005-2100
10 CHAM-ESM2-1 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2045-2100
1 EC-Earth Mieg-A 1950-2014 | 2015-2100 | 2015-2100 | 1350-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
12 EC-Earthd 1950-2014 | 2015-2100 | 2015-2100 | 1350-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
13 FGOALS g3 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 20152100 | 2015-2100
14 GROL-OMgrl 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 20152100 | 2015-2100
15 GROL-OWMgr2 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 20452100 | 2005-2100
16 GROL-ESMA 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 20452100 | 2005-2100
17 GIES-E2-1-G 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 2045-2100 | 2015-2100
21 INM-OM-8 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100
22 INM-CVE-O 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 20152100 | 2015-2100
23 IPSL-CMGA-LR 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 20152100 | 2005-2100
26 MIROC-E52L 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 20152100 | 2005-2100
27 MIROCG 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2045-2100 | 2015-2100
Ex MPI-ESML- 24 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 20152100 | 2015-2100
2 MPI-ESML-24R 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2015-2100 | 20152100 | 1950-2014 | 20152100 | 2015-2100
30 MR -ESh2-0 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 20152100 | 1950-2014 | 20152100 | 2005-2100
33 Maar ESMZ- M 1950-2014 | 2015-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2014 | 20452100 | 2005-2100
34 TaiESML 1950-3014 | 2005-2100 | 2015-2100 | 1950-2014 | 2005-2100 | 2015-2100 | 1950-2044 | 3152100 | 20152100 | AFEIEEET
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2) Climate Model Analysis Input (Model 1

Model #1 Model #8 Model #33
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3) Climate Change Analysis Methods

« 1) Trend Analysis for 1-day, 3-day, and Annual
« Station Data
« Model projections (Historic, SSP45, SSP85)

« 2) Monthly and Annual Analysis
« Model projections (Historic, SSP45, SSP85)

« J) Precipitation Frequency Analysis for 1-day, 3-day, 30-day, 90-day, and Annual
« Precipitation, Summer Period, and Winter Period
« Model projections (Historic, SSP45, SSP85)
« Estimate PF for 1-year through 1000-year
« Quantify changes

« 4) Moisture Maximization Analysis for 1-day and 3-day
« Derive model projection monthly Td climatologies (Historic, SSP45, SSP85%5)
« Quantify changes
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3.1) Station Trend Analysis (1-day

e Station 1-day AMS Trend Analysis (Mann-Kendall)

_ StationID  Name Latitude  Longitude  Elevation  POR  Trend Pvalue
USWO00L3TTT BALTIMORE MD 301833 -T6.6167 14 123 None 0.5802
USCO442208 DALE WA 384347 -TB.8332 1558 130 None 0.5001
USCOO186620 OAKLAND MD 30413 -72.4003 2420 120 Neme  0.0046 e T T T
TUSCO01E83R0 ENOW HILL, MD 381317 -73.3761 30 107 Hone 0.5702
USCOOLEITeD HAGERSTOWN, MD 30,8403 -TTEETE 532 114 Nome 0.1546
USCI440186 WINCHESTER VA 30108 -7B.1525 680 111 Hone 0.0471 |
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3.1) Station Trend Analysis

e Station 3-day AMS Trend Analysis (Mann-Kendall)

3-day

USHDM13TTT BALTIMORE, MD FD2E33 -TEB16T 14 13 Nons 03472
USCHH420E DALE VA 3E437 -TEE35 1358 150 Nons 0.0739
USCO1B6620 OQAETLAND, MD 304132 -To 4005 2420 120 Hons 0.3238
USCOO1RESRD  SNOWHILL, MD 382317 -T53761 30 w7 Nona 0_B483
USCOIIRITHY HAGERSTOWHN MD 308403 -TTE9T8 52 124 HNons 0.1812
USCO440186 WINCHESTER VA 301084 -TR1525 &0 111 Nons 0.1112
Baltimore el Snow Hill o esmm mecpasen
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3.1) Station Trend Analysis (36

e Station 365-day AMS Trend Analysis (Mann-Kendall)

_ GtationID  Name Latitude Lonzitude  Elevation POE  Tremd P-value
USAWHNIITTT BALTIMORE, MD 39283 766167 14 123 Nome 01802
USCOM42208 DALE, VA 384547 788332 1358 130 Nome 044
USCONE6620 OAKLAND, MD 304132 72400 2420 120 Nome 04081 OO . bl M B O ko B0 BB
USCOO138380  SNOWHILL, MD 382317 75376 il 07  Nome 0.6844
USCOOIB1700 HAGERSTOWN,MD 39,6903 TT60T8 =2 124 Incremss  0.0011
USCO0448186  WINCHESTER, VA 391084 -TR1535 &0 11 Neme 04310
Baltimore  sems v Precpsso - Basmos Snow Hill sens vaomun prectasn - saows iy =) | T
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3.1) Model Trend Analysis (1-day Example)

Annizal Maximumn Precipitation

e 1-day AMS Trend Analysis (Mann-Kendall) o [+ somanamenin
T
2
« 1) Model 1 ZE 2
= trend depends on period investigated g
m Historical: no trend g ®
= 5P45 no trend g 4-omadids L IR A 4 U
m  5SP383: increasing trend _
o 2] MOdEI 2 ) 1850 1960 1570 1980 1880 2000 200
= trend depends on period investigated e 4)Model5 Vear

m Historical: no trend

m  SP45 no trend

m  5SP85 increasing trend

« 3) Model 4
= trend depends on period investigated

m Historical: no trend

m  SP45 no trend

m  5SP85 increasing trend

o trend depends on period investigated
m Historical: no trend
m  SP45: increasing trend
m 3P85: increasing trend

e 5)Model 6

o trend depends on period investigated

m  Historical: no trend

m  5P45: increasing trend

m  5P85: notrend A
1; :'. 13
Completed for 1-day, 3-day, annual, and by season



3.1) Climate Model Trend Results

Region 1
Precipitation Temperature
1-day J-day Annual 1-day

23 — no trend 25 — no trend 24 — no trend 8 — no trend
2 —increase 0 —increase 2 —increase 18 — increase
1 — decrease 1 — decrease 0 — decrease 0 — decrease

18 — no trend 21 —no trend 21 —no trend 2 —notrend
8§ — Iincrease 5 —increase 5 —increase 24 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease

14 — no trend 18 — no trend 11 — no trend 0 —no trend
12 — increase 8 —increase 15 —increase 26 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease

4o Precpbeson (mm i
48 ® B B ue M

i) KaPES » "
© s s
] Linear Fogn = (01.1389)
- — Trand
E B g et i < B0
= o= DVTS
E 8
a
fs
A B e I
2 L L
EL g L o e




3.2) Frequency Analysis (L-moments)

« 1-day, 3-day, 365-day L-moment Frequency Analysis (Historic, SSP45, SSP85)
« All Precipitation, Summer, Winter
- |dentification of Probability Distribution
o Goodness-of-fit measures
= L-moment Ratio Diagram
= The regional weighted average L-Skewness and L-Kurtosis tend to be
near the GEV distribution

o Derivation of Uncertainty bounds [ r——
v & 1480 4 . " ] I L
= Monte-carlo simulation gim —hers #___,_,..-—*-""'"
- Point Value Annual Exceedance Estimates EM/J##_#__ e
- Compare 10-, 50-, 100-, 500-, and 1000-year AEPs | Al
§ s

LIBEP [years)

‘fé@ 14



3.2) Climate Model (
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3.2) Frequency Analysis (Model 1 Example)

1% § Pay Pracipitation 0.04-
Uyr  Glyr 100y GO0yr  1000yr Pt Changs Averags
Histaical 547 673 724 @33 887 - - - - - = 002 projection
S5PA5 626 TE6 225 960 1018 14 4% 14K 14% 1% 14% = bk
S5PRS G668 8L1 869 995 146 2% 2% A% 1% 18N N & e .53
L1
0.01-
Y 1-Day Summer 0.00- ; . r :
iyr Sy 100y SO0y 1000yr Pet Change Average B 50 100 150
Mistorical 410 63.2 753 1160 1¥1 - - - - - 1-day Precipitation (mm)
s5P5 501 772 23 130 1654 2 2% % 2R 19N M% .
SSPRS 475 GLO 665 791 B4 16K 4% -13% 1% -E -18K 006
0.04 -
) 00 projection
"% 1-Day Winter e
ilyr  Glyr  100yr  GO0yr  1000yr Pet Change: Average =2 vge- E spdb
Historical 523 6.3 632 801 847 - - - - - i il
S5P5 573 6.5 TLE 804 BA0 10K SX X% o -1% 3% :
S5PES 662 8L 882 127 I0AR  ITH 2Pk @K WG RN % 000~ . : v
0 50 100 150
1% 3 May Pracipitation 1-day Summer Precipitation (mm)
iyr  SOyr 100y SO0y 1000yr Prt Changs Hwerage
Mistorical @17 205 1049 1182 1234 - Z = = Z 0.0 -
LEpg 283 1234 1338 1572 1670 2B 25% 28 AW a9 MK :
SSPRS 1021 1274 1380 1625 17RO 25W M IXM 3TE AN 1% =" 02 projecticn
o
S 0.0 Fitonc
s 0.0z apd5
spas
" 3-Day Summer a0 -
ihyr  Ghyr 100y GO0yr  1000yr Pt Changs Awerags
Mistorical 66,7 OL1 1030 137 1504 - = = = £ 000~ - . . !
S5PA5 727 1145 1339 1915 230 18 e% 30 A% 49 1% ¢ €0 ) 100 150
SSPES 801 1085 1222 1580 1756 2% 1% 19 1PN 1TH 18% 1-cay Wintes Precipitation (mm)
* 3-Day Winter T 365-Day
10yr Slyr 100yr  S00yr Pt Change Ly Sy 100yr SOy 1000yr Pt Change A rage
Historical 774 227 885 1103 147 - = = = = Histodcal  1E9 1339 13 M@ 1415
S5RI5 @8 W7 1276 146 1B 1% 2% 3% 6% A % SRS el e i M e e e o G T ke g
S5PES 971 1250 1375 1GA0 1818 29% 3% A ¥k Sk A% SEPES Lo o0z lesE  17m 115 15 oW 2% oW Imk B¢k




3.3) Moisture Maximization Ratio Analysis

« Estimate 1-day and 3-day Ppt,; for top 30 1-day and 3-day precipitation events
o Extracted top 30 precipitation events (P) and associated meteorological data
o Derive monthly dew point (td) climatologies (Historic, SSP45, SSP85)
o Quantified each storm events precipitable water (Pobs)
= Quantified each storm events climatological maximum precipitable water (Pw_100)
= Calculated each storm events maximization factor
o (r=PW_100/PW_obs)
o Estimated Ppt,q (~PMP) value for each event (P *r)

- Slides split by two topics
= 3a= Monthly Td analysis
o 3b = Top 30 rainfall estimation

A i
. R



3.

100-year Dew Paint (C)
g

3) Td Analysis

Calculate monthly dew point temperature (Td) 100-year climatology

o all months have similar shape/seasonality
m the SSP 85 has largest range
Historic Average - 16.8 C
55P45 Average - 189 C
S5P85 Average - 204 C

N $o |5

o 4

Jan Feb Mar Apr May Jun  Jul Auwg Sep Oct Mov Dec

100-year Dew Point Climatology (Median)

—
=
7]
s 25.0
=
g
o 20:0
3
-
- 150
&=
&
10,0
H
]
(=]
50 =——Historic ===SSP45 ==—SSP RS AWA
2ihvr 100
00 T T T T r T r v v T
lan Feb Mar Apr Mlay Jun Jul Aug Sep Oct Mow Dz
Month
-_—
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3.3) 1-Day Ppt,,,., Analysis

» Estimate 1-day Ppt,,; for top 30 1-day precipitation events

o Extracted top 30 precipitation events (P} and associated
metearological data
Cuantified each storm events precipitable water (Pobs)
Quantified each storm events climatological maximum
precipitable water (Pw_100)

o Calculated each storm events maximization factor
(r=PW_100/PW_obs)

o Estimated Ppt,y value for each event (P *r)

1-Day Moisture Maximization

Ppt {mm]) Pct Change Ppt.g; (mm) rank PctChange
Historical 120 - Historical 149 2 -
55P45 113 -6% 55pP45 135 3 -10%
S5P85 116 -3% 55P85 158 1 6%

+++ walues represent 1-day not 24-hour

=@=Haton: Top 30E
g S5F 4.5 Top 30 E
=g 550 8.5 Tap 30 E 2015-2100)
140
= 1N
E
E
= 100
]
a8 ———
3
=
o
o
i
-8
40
10
. Ppkt... Top 30 Events
5 1] 15 il 15 Y
== Heton: Top 30 Events [1550-2014)
PPl =550 4.5 Tap 30 Events [2015-2100)
g 55, P .5 Top 30 Events (3015-2100]
180
160
E
140
E
e lm
=
- 10
£
B2 =0
o
g w

Ppt, g of Top 30 Events

5 10 15 n 5 30
Rank 24

_—



3.3) 3-Day Ppt,,,., Analysis

ot D
» Estimate 3-day Ppt,,; for top 30 3-day precipitation events 350 e
o Extracted top 30 precipitation events (P} and associated T W
meteorological data E
Cuantified each storm events precipitable water (Pobs) .% -
Quantified each storm events climatological maximum ZE . M
precipitable water (Pw_100) 3 3
o Calculated each storm events maximization factor "
(r=PW_100/PW_obs) . PPto. Top 30 Events
o Estimated Ppt,y value for each event (P *r) 0 5 10 15 0 P i
e mammean]
3-Day Moisture Maximization - e 557 8.5 Top 30 Events [3015-2100)
Ppt {mm]) Pct Change Ppt.g; (mm) rank PctChange = 0
Historical 191 . Historical 239 1 - £ m
55pPaAs 189 -1% 55pP45 225 3 -6% % 00
55P85 295 54% 55P85 299 4 25% :E' 150
+++ walues represent 3-day not 72-hour E 100
S0
Ppt.y of Top 30 Events
’ 0 5 10 15 0 15 30
Rank 21

e —



4) Summary Trend Results

Region 1
Precipitation Temperature
1-day 3-day Annual 1-day
23 —no trend 25 —no trend 24 — no trend 8 — no trend
2 —increase 0 —increase 2 —increase 18 — increase
1 —decrease 1 — decrease 0 — decrease 0 — decrease
18 — no trend 21 —no trend 21— no trend 2 —no trend
8 —increase 5 — increase 5 —increase 24 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease
14 — no trend 18 — no trend 11 — no trend 0 — no trend
12 —increase 8 — increase 15 — increase 26 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease
PPT TA
STID STATION LATITUDE LONGITUDE ELEVATION POR 1-day J-day J65-day 1-day
USWooo137r7 BALTIMORE, MD 39.2833 T76.6167 14 123 Nono Nono None hcrease
USCOo0442208 DALE, WA 384547 -F3.9352 1353 130 Nona Nona None None
USCO0186620 OAKLAND, MD 39.4132 -9.4003 2420 120 None None None None
USCO0188330 SNOW HILL, MDy 3B.23173 F5. 37606 30 107 None None None Nona
USCO0181790 HAGERSTOWN, MD 359 64034 FT.6O778 532 124 None None Increse None
USCO00449186 WINCHESTER, WA 39.10837 -78.15252 680 111 bcrease  None None Decroase




4) Summary Temperature Annual Maximum

&,
g

o 1-day (ssp45; ssp85) 26l
m All=21C5.0C =

m Summer=2.1C 5.0C E 41
m Winter=24C 49C 3

g 2]
z
(8]

Summer Winter

*¥% Frequency based results, 26 RCM
+++ Boxplots based on these data

Projection

BE sspas
B3 ssPss




301

n
=

Temperature (C)

—
e

w8
L . -u-' :
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

**% Climatology, based on 26 RCM

4) Summary Monthly Temperature

Projection

E3 Hist
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4) Summary Monthly Precipitation

75

150
_125 )
.E.. i Projection
c E3 Hist
=1
2100 g ] S 55045
'3 u | F= sspss
= | B ﬁ
] L
o X

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

*¥% Climatology, based on 26 RCM



4) Summary Annual Temperature and Precipitation

o]

Annual Climatology (temp, ppt)
Historical =14.3 C: 1115 mm
SSP45=16.7 C; 1212 mm (2.4 C; 9%)
SSP85=17.6C; 1222 mm (3.3 C; 10%,)

]
o=
=]

Annual Temperature (C)
i =
(=] Lo

125

Historical SSP45
&
200
&
y 175 A
y ﬁa A
%‘h A

1 ﬁ 15.0

125 -

1100 1150 1200 1250 1300 135(

**% Climatology, based on 26 RCM

1100 1150 1200 1250 1300 135(
Annual Precipitation (mm/yr)

200

15.0

12.5

S5P85

1100 1150 1200 1250 1300 1350

g
Eﬂ;

= - - -

Model 10
Model 11
Model 12
Model 13
Model 14
Model 15
Model 16
Moded 17
Model 2
Model 21
Model 22
Model 23

= - - - - -

Maodel 26
Maodel 27
Maodel 28
Maodel 29
Maodel 30
Model 33
Model 34
Model 4
Model 5
Model &
Maodel 7
Model 8
Model 9

Wealh

Assliafs-
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4) Summary Precipitation Frequency

o 1-day (sp45; sp85)
m All=-5%;1%
m Summer=-1%, 7%
m Winter=-2%:2%

o 3-day
m All=4%; 7%
m Summer=4%; 21%
m  Winter=6%: 3%

o Annual
m All=13%:; 14%

*¥% Frequency based results, 26 RCM
+++ Boxplots based on these data
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4) Summary Precipitation Type

O

Temperature Threshold 0-degree Celsius

Hist. SSP45 SSP85
Rain. % o8 99 99
Snow, % 2 1 1

Percent Rain or Snow (%)

-k
=1
-

751

50+

251

$ —.——:—
L ]
L] [ ]
—_— e ——
Rain Snow
Annual

-29

Projection

E Historical

B ssp4s

SSP85

:‘_.-:-
o

=N 28



4) Summary Ratio Maximization (PPt,)

o Dew Point Climatologies
m Allscenarios produce similar shape/season of monthly 100yr Td values
m [More of scaling adjustment of 1.2 C Historic to S5P 45; 2.2C for Hist ko S5P85

o 1-day (SSP45; SSP85) s
m All=-10%; 6% 8
Lo
o 3'day i'ﬂ = Historic
m  All=-6%; 25% 1. o
o Moisture Max. (SSP45; SSP85) )
m All=10%; 18%
8 Jan Fob Mar Apr May Jun Jul  Aug Sep Ool Nov Dec
1-Day Moisture MaX¥miztion 2o Change in 100-year Dew Point Climatology
Pt {mann Pct Change Ppt {mm} rank PctChange = ]
L — : )
=EPAS 113 -3 S5PAS B= 3 -10% £ 1%
S5PES 115 -3 55PES 158 1 3 < 1% 4
£ o]
3-Day Molsture Maximlztion E’ E% 4
PRt [mm]  PetChange . [mm) rank PctChange g g
Histarical 191 : Hiztorlal B 1 : B
55pAS 53 B 55PA5 =5 3 = S & s
S5PBES % % SSPES =2 4 % Jan  Feb Mar Apr May Jun  Jul  Aug Sep Oct  MNow Dec Asaboi 29




Annual Maximum/Frequency Analysis

5) Application of Climate Change Results

SSP45 SSPSs5
Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 22 2.1 1.0 32 53 5.0 4.0 7.5

Temperature 1-Day Summer; C 22 21 1.0 SE2 53 5.0 4.0 T3

Temperature 1-Day Winter PE; C 2.4 2.4 16 35 5.0 4.9 3.8 6.3
Precipitation 1-Day PF; % -1 -5 -17 16 3 1 -10 20

Precipitation 1-Day Summer PF; % 5 -1 -14 21 9 i) -16 37

Precipitation 1-Day Winter PF; %o -1 -2 -12 13 4 2 -11 21
Precipitation 3-Day PF; % 8 4 -12 26 13 7} -9 36

Precipitation 3-Day Summer PF; % 7 4 -13 33 1o 21 -17 53

Precipitation 3-Day Winter PF; % 9 (1] -11 32 10 3 -5 32
Precipitation Anmual PF; % 12 m 3 19 13 m ] 25
1-Day Moisture Maximization; %o No Change No Change
3-Dav Moisture Maximization; %o No Change Potential Change

Climate Change Projections from 2013 through 2100

A g
Weaih
Avssboiafes
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5) Application of Climate Change Results

- Results are presented as median values based on model ensemble

« Design Storm and Routing Applications
« Recommend SSP45 climate scenario as “likely”, SSP85 as “unlikely”

« Results are through 2100 and can be scaled to other periods
« Example, for 2050 adjustment scale 2100 results by 0.59.

2050 2100
1-Day Summer PE; % 0 -1
1-Day Winter PF; % -1 -2
3-Day Summer PF; % 2 4
3-Day Winter PF; % 4 6

Climate Changes Projections from 2013 throngh 2100




5) Application of Climate Change Results

Monthly Temperature Analysis

Historical SSP45 SSP85 Mean Delta Median Delta

Mean DMedian| Mean Median| Mean Median| SSP45 SSPS5 | SSP45  SSP8S

Jammary 247 26 49 51 56 6.0 22 29 25 3.4
February 50 47 74 74 8.2 32 2.4 3.2 2.7 3.5
March 96 93 12.4 124 13.0 13.0 2.8 34 3.1 3.7
April 15.2 149 17.8 17.8 186 18.5 2.6 3.4 2.9 3.6
May 203 201 228 228 237 237 2.5 34 27 3.6
June 246 243 269 27.0 278 279 2.3 3.2 2.8 3.6
July 26.1 259 281 282 291 291 21 31 2.3 3.2
August 248 246 26.8 269 279 278 2.0 3.0 2.3 3.2
September 206 204 224 225 235 234 18 29 21 3.0
October 142 138 16.1 16.0 1732 .1 1.9 3.0 2.2 3.3
November 2.5 8.1 10.1 10.2 11.0 10.8 1.7 25 2.1 2.7
December 4.0 3.8 59 59 6.5 6.5 1.8 24 2.1 2.7

Climate Change Projechions from 2015 through 2100

A

A
Wealh

i s
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5) Application of Climate Change Results

Monthly Precipitation Analysis

Historical
Mean Median

January
February
March
April

May

June

July
August
September

October
November
December

80.0
725
915
808
809
940
114.1
104.2
869

795
790
883

80.7
73.3
91.8
82.0
912
93.8
113.0
103.9
86.9

T8.6
789
£8.9

SSP45
Mean Median
894 91.9
844 86.3
989 97.0
884 87.6
8959 96.1
103.0 1039
1248 1246
LIL3 ‘1130
90.8 89.2
819 79.7
86.9 85.6
95.8 95.9

SSPS5
Mean Median
934 941
859 857
1037 1044
86.6 86.0
946 9215
101.7 1013
1255 1248
1125 11238
90.3 86.7
833 83.9
923 046
1033 1012

Mean Delta
SSP45  SSPSS
112 114
116 118
1.08 1.06
1.09 1.07
1.06 1.05
1.09 111
1.09 110
1.07 1.09
1.04 103
103 1.01
1.10 1.09
1.09 1.08

Median Delta
SSP45  SSPSS
114 117
118 LI7
1.06 114
107 105
1.05 1.01
111 1.08
110 110
1.09 1.09
103 1.00
1.01 107
109 1.20
1.08 1.14

Climate Change Projechions from 2015 through 2100

A
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A

—
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6) Conclusion

TREND

« Historical precipitation — no change in precipitation

e SSP45 precipitation — no change in precipitation

e« SSP85 precipitation — mix between no change and an increase in precipitation

FREQUENCY
e 1-day — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

e 3-day — SSP45 and SPP85 winter median results are within +/- 20% uncertainty which provide more
confidence for no change in precipitation magnitude by 2100. SPP85 summer median results are greater
than +/- 20% uncertainty which provide more confidence for an increase in precipitation magnitude by
2100

e Annual — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

CLIMATOLOGY
e Monthly Climatology — small increase in precipitation (within +/-20%) and increase in temperature by 2100

« Annual Climatology — no change in annual precipitation (within +/-20%) and an increase in annual
temperature by 2100 2
Assboiafes




Region 2 - Climate Change Results

NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP-CMIP6)

TEIW  TETW  TECMOW TRTW AW TTW TeTH TETW TRTIOW TEW

« lotal of 35 climate models

« 9 models did not have all data

® (6] Missing years and/or variables
®  (3) 30-days per month

« Used 26 models on daily time step e
®  Temperature
#  Relative humidity W A e e
®  Precipitation 3 '

|
TN TETW  TECREW O TRSW O TIEOW TIW MSEIW O RSW TRUAMW T




Climate Change Analysis Methods

1) Trend Analysis for 1-day, 3-day, and Annual
« Station Data
« Model projections (Historic, SSP45, SSP85)

2) Monthly and Annual Analysis
« Model projections (Historic, SSP45, SSP85)

3) Precipitation Frequency Analysis for 1-day, 3-day, 30-day, 90-day, and Annual
« Precipitation, Summer Period, and Winter Period
« Model projections (Historic, SSP45, SSP85)
« Estimate PF for 1-year through 1000-year
« Quantify changes

4) Moisture Maximization Analysis for 1-day and 3-day
« Derive model projection monthly Td climatologies (Historic, SSP45, SSP85%5)
« Quantify changes G o

-
o
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Region 2 - Trend Results

Precipitation Temperature
1-day 3-day Annual 1-day

24 —no trend 24 —no trend 23 —no trend 8 —no trend
1 —increase 1 —increase 3 —increase 18 — increase
1 — decrease 1 — decrease 0 — decrease 0 — decrease

21 -no trend 20 - no trend 17 —no trend 5 —no trend
5 — Increase 6 — increase 9 — increase 21 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease

17 —no trend 16 — no trend T —no trend 0 —no trend
9 — increase 10 — increase 19 — increase 26 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease

38



Annual Maximum/Frequency Analysis

Region 2 - Climate Change Results

SSP45 SSPSS
Mean Median 10th 90th | Mean Median 10th 90th
Temperature 1-Day; C 2.4 23 10 33 5.7 51 40 80
Temperature 1-Day Summer; C 2.4 23 1.0 33 5.7 51 4.0 80
Temperature 1-Day Winter PF; C 25 2.4 135 37 53 53 40 6.5
Precipitation 1-Day PF; % 9 6 -7 33 10 -10 36
Precipitation 1-Day Summer PF; % 13 10 -11 44 9 3 -17 45
Precipitation 1-Day Winter PF; % 11 7 -4 29 14 13 -1 32
Precipitation 3-Day PF; % 12 16 -5 26 10 10 -11 32
Precipitation 3-Day Summer PF; % 9 3 -17 45 7 1 -20 32
Precipitation 3-Day Winter PF; % 15 15 -5 36 13 5 -2 31
Precipitation Anmal PF; % 11 m 5 20 13 3 3 23
1-Day Moisture Maximization; %6 No Change No Change
3-Dayv Moisture Maximization; %o No Change No Change

Climata Change Projections from 2013 throngh 2100
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Monthly Temperature Analysis

Historical SSP45 SSPS5 Mean Delta Median Delia

Mean Median| Mean Median| Mean Median| SSP45 SSPS5 | SSP45  SSP8S

Jarmary | 0.9 35 36 4.1 43 2.4 31 2.7 3.4
February 36 35 6.2 59 7.0 6.9 2.6 3.4 2.6 3.6
March 84 82 114 11.3 12.0 11.9 3.0 3.7 3.2 3.7
April 143 139 17.0 16.8 179 17.8 2.7 3.6 2.9 3.9
May 19.5 19.2 222 220 232 232 2.7 3.6 2.8 4.0
June 239 235 264 264 274 273 2.5 3.5 2.9 3.8
July 254 250 276 276 288 287 2.2 3.4 2.6 3.7
August 241 2338 263 26.1 275 273 2.2 3.4 2.4 3.6
September 19.5 19.2 21.5 213 327 225 2.0 31 2.1 3.3
October 12.8 12.5 148 14.8 159 158 1.9 3.1 2.3 3.3
November 6.8 6.5 85 86 94 92 17 2.6 2.1 27
December 24 &l 4.1 42 48 48 1.7 24 20 2.7

Climate Change Projechions from 2015 through 2100

Region 2 - Application of Climate Change Results
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Monthly Precipitation Analysis

Historical SSP45 SSP85 Mean Delta Median Delta
Mean Median| Mean Median| Mean Median| SSP45 SSPS5 | SSP45  SSPS5

January 71.3 72.0 819 82.0 86.2 855 1.14 114 114 119
February 66.2 66.8 78.1 78.8 783 T1.5 1.18 118 118 116
March 86.8 86.2 96.1 940 1005 1017 | 1.11 1.09 1.09 118
April 836 33.2 94.1 93.6 924 934 113 112 112 1iz
May 993 99.1 1054 1059 | 1036 1039 ( 106 1.07 107 1.05
June 96.6 96.9 1036 1045 | 101.7 998 1.07 1.08 1.08 1.03
July 1040 1041 | 1105 111.0 | 1113 1103 | 106 1.07 107 1.06
August 926 927 993 99.5 100.2 97.6 1.07 1.07 1.07 1.05
September 87.1 88.1 90.6 89.6 884 37.2 1.04 102 102 0.99
October 804 793 827 80.6 83.0 843 1.03 102 102 1.06
November 80.9 81.1 892 88.1 932 93.0 1.10 1.09 1.09 115
December 819 323 892 894 959 95.6 1.09 1.09 1.09 116

Climate Change Projechions from 2015 through 2100
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Region 2 - Application of Climate Change Results
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Region 2 Conclusion

TREND

« Historical precipitation — no change in precipitation

e SSP45 precipitation — no change in precipitation

e« SSP85 precipitation — mix between no change and an increase in precipitation

FREQUENCY
e 1-day — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

e 3-day — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

e« Annual — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

CLIMATOLOGY
« Monthly Climatology — small increase in precipitation (within +/-20%) and increase in temperature by 2100

« Annual Climatology — no change in annual precipitation (within +/-20%) and an increase in annual
temperature by 2100
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Region 3 - Climate Change Results

NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP-CMIP6)

TEIW  TETW  TECMOW TRTW AW TTW TeTH TETW TRTIOW TEW

« lotal of 35 climate models

« 9 models did not have all data

® (6] Missing years and/or variables
®  (3) 30-days per month

« Used 26 models on daily time step e
®  Temperature
#  Relative humidity W A e e
®  Precipitation 3 '
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Climate Change Analysis Methods

1) Trend Analysis for 1-day, 3-day, and Annual
« Station Data
« Model projections (Historic, SSP45, SSP85)

2) Monthly and Annual Analysis
« Model projections (Historic, SSP45, SSP85)

3) Precipitation Frequency Analysis for 1-day, 3-day, 30-day, 90-day, and Annual
« Precipitation, Summer Period, and Winter Period
« Model projections (Historic, SSP45, SSP85)
« Estimate PF for 1-year through 1000-year
« Quantify changes

4) Moisture Maximization Analysis for 1-day and 3-day
« Derive model projection monthly Td climatologies (Historic, SSP45, SSP85%5)
« Quantify changes Gl 45
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Region 3 - Trend Results

Precipitation Temperature
1-day 3-day Annual 1-day

25 —no trend 25 —no trend 22 —no trend 5—no trend
1 —increase 1 —increase 4 — increase 21— increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease

24 — no trend 22 —no trend 18 — no trend 5 —no trend
2 —Increase 4 — increase 8 — Iincrease 21 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease
12 — no trend 15 — no trend 8 —no trend 0 —no trend
14 — increase 11 — increase 18 — increase 26 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease
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Region 3 - Climate Change Results

Annual Maximum/Frequency Analysis

SSP45 SSPS5
Mean Median 10th 90th | Mean Median 10th 90th
Temperature 1-Day; C 2.4 23 10 33 5.7 5.0 38 82
Temperature 1-Day Summer; C 2.4 23 1.0 33 5.7 5.0 38 82
Temperature 1-Day Winter PF; C 23 2.2 1.5 36 5.2 54 39 67
Precipitation 1-Day PF; % 8 (0] -9 28 11 7 -4 33
Precipitation 1-Day Summer PF; % 10 9 -10 31 3 3 -17 22
Precipitation 1-Day Winter PF; %o 10 T -6 28 16 14 5 32
Precipitation 3-Day PF; % 11 14 -10 28 12 8 -4 32
Precipitation 3-Day Summer PF; % 7 4 -15 31 8 14 -15 30
Precipitation 3-Day Winter PF; % 12 12 -3 28 14 13 0 30
Precipitation Anmmal PF; % 12 m 6 19 13 13 6 23
1-Day Moisture Maximization; %% No Change No Change
3-Day Moisture Maximization; %% No Change No Change
Climata Change Projections from 2013 through 2100
ber WY



Monthly Temperature Analysis

Historical SSP45 SSPS5 Mean Delta Median Delia

Mean Median| Mean Median| Mean Median| SSP45 SSPS5 | SSP45  SSP8S

Jarmary -0.1 -0.3 22 24 29 28 2.3 3.0 2.6 3.1
February 25 212 50 48 58 59 2.5 3.4 2.6 3.7
March 74 2l 103 10.2 111 10.8 3.0 3.7 3.2 3.8
April 13.1 127 15.9 159 16.7 l16.6 2.8 3.6 3.2 3.9
May 18.1 17.8 20.8 206 218 218 2.6 3.6 2.8 4.0
June 222 219 246 247 256 255 2.4 3.4 2.8 3.7
July 235 2301 256 256 26.7 266 2.2 3.3 2.5 3.5
August 222 220 244 243 257 255 2.1 3.4 2.3 3.5
September 17.8 S 19.8 19.6 210 20.8 2.0 3.3 2.1 3.4
October 11.2 10.8 13.2 13.1 144 143 2.0 3.1 2.3 3.5
November 54 50 7.1 7.1 g0 T 1.8 2.6 2.0 2.7
December L1 0.8 238 30 35 3.6 1.7 24 2.2 2.8

Climate Change Projechions from 2015 through 2100

Region 3 - Application of Climate Change Results
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Region 3 - Application of Climate Change Results

Monthly Precipitation Analysis

Historical SSP45 SSPS5 Mean Delta Median Delta
Mean Median| Mean Median| Mean Median| SSP45 SSPS5 | SSP45  SSPSS

January 68.3 67.8 79.0 78.8 825 827 116 116 116 122
February 64.5 64.7 76.7 76.5 78.9 78.9 1.19 118 118 1.22
March 86.4 B5.8 96.7 954 1008 1023 | 1.12 111 111 1.19
April 86.5 87.1 96.1 5.5 939 934 111 110 110 107
May 1014 1014 | 1080 1074 | 1064 1062 | 1.06 1.06 1.06 1.05
June 973 97.5 103.2 1031 | 1024 1012 | 106 1.06 1.06 104
July 1052 1049 | 1119 1127 | 1133 1133 | 1.06 1.07 1.07 1.08
August 90.5 204 96.1 939 97.0 953 1.06 1.04 104 105
September 794 78.2 83.0 8238 80.5 30.2 1.05 1.06 1.06 103
October 754 75.9 76.3 748 77.9 80.0 1.01 0.99 (.99 105
November 76.7 TTA 849 844 88.8 36.9 1.11 1.09 1.09 Li3
December 754 757 81.8 81.0 87.1 86.9 1.08 1.07 1.07 115

Climate Change Projechions from 2015 through 2100
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Region 3 Conclusion

TREND

« Historical precipitation — no change in precipitation

e SSP45 precipitation — no change in precipitation

e« SSP85 precipitation — mix between no change and an increase in precipitation

FREQUENCY
e 1-day — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

e 3-day — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

e« Annual — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

CLIMATOLOGY
« Monthly Climatology — small increase in precipitation (within +/-20%) and increase in temperature by 2100

« Annual Climatology — no change in annual precipitation (within +/-20%) and an increase in annual
temperature by 2100
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Region 4 - Climate Change Results

NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP-CMIP6)

TEIW  TETW  TECMOW TRTW AW TTW TeTH TETW TRTIOW TEW

« lotal of 35 climate models

« 9 models did not have all data

® (6] Missing years and/or variables
®  (3) 30-days per month

« Used 26 models on daily time step e
®  Temperature
#  Relative humidity W A e e
®  Precipitation 3 '

|
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Climate Change Analysis Methods

1) Trend Analysis for 1-day, 3-day, and Annual
« Station Data
« Model projections (Historic, SSP45, SSP85)

2) Monthly and Annual Analysis
« Model projections (Historic, SSP45, SSP85)

3) Precipitation Frequency Analysis for 1-day, 3-day, 30-day, 90-day, and Annual
« Precipitation, Summer Period, and Winter Period
« Model projections (Historic, SSP45, SSP85)
« Estimate PF for 1-year through 1000-year
« Quantify changes

4) Moisture Maximization Analysis for 1-day and 3-day
« Derive model projection monthly Td climatologies (Historic, SSP45, SSP85%5)
« Quantify changes G- 5
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Region 4 - Trend Results

Precipitation Temperature
1-day 3-day Annual 1-day

25 —no trend 25 —no trend 22 —no trend 5—no trend
1 —increase 1 —increase 4 — increase 21— increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease

24 — no trend 22 —no trend 18 — no trend 5 —no trend
2 —Increase 4 — increase 8 — Iincrease 21 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease
12 — no trend 15 — no trend 8 —no trend 0 —no trend
14 — increase 11 — increase 18 — increase 26 — increase
0 — decrease 0 — decrease 0 — decrease 0 — decrease

54



Annual Maximum/Frequency Analysis

Region 4 - Climate Change Results

SSP45 SSPSs5
Mean Median 10th 90th | Mean Median 10th 90th

Temperature 1-Day; C 2.4 23 1.0 33 5.7 5.0 3.8 32

Temperature 1-Day Summer; C 2.4 23 1.0 33 5.7 5.0 38 82

Temperature 1-Day Winter PE; C 2.3 22 1.5 3.6 52 54 39 6.7
Precipitation 1-Day PF; % ] 10 -9 28 12 8 | 33

Precipitation 1-Day Summer PF; % 10 9 -10 3l 4 4 -12 22

Precipitation 1-Day Winter PF; %o 9 il -6 28 16 5 5 32
Precipitation 3-Day PF; % 12 15 -10 28 13 10 -2 32

Precipitation 3-Day Summer PF; % 7 4 -15 3l ] 4 -15 30

Precipitation 3-Day Winter PF; % 13 13 -3 29 14 3 0 30
Precipitation Anmual PF; % 11 m 6 19 13 3 6 23
1-Day Moisture Maximization; %o No Change No Change
3-Dav Moisture Maximization; %o No Change No Change

Climata Change Projections from 2013 through 2100
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Monthly Temperature Analysis

Historical SSP45 SSPS5 Mean Delta Median Delia

Mean Median| Mean Median| Mean Median| SSP45 SSPS5 | SSP45  SSP8S

Jarmary -0.1 -0.3 22 24 29 28 2.3 3.0 2.6 3.1
February 25 212 50 48 58 59 2.5 3.4 2.6 3.7
March 74 2l 103 10.2 111 10.8 3.0 3.7 3.2 3.8
April 13.1 127 15.9 159 16.7 l16.6 2.8 3.6 3.2 3.9
May 18.1 17.8 20.8 206 218 218 2.6 3.6 2.8 4.0
June 222 219 246 247 256 255 2.4 3.4 2.8 3.7
July 235 2301 256 256 26.7 266 2.2 3.3 2.5 3.5
August 222 220 244 243 257 255 2.1 3.4 2.3 3.5
September 17.8 S 19.8 19.6 210 20.8 2.0 3.3 2.1 3.4
October 11.2 10.8 13.2 13.1 144 143 2.0 3.1 2.3 3.5
November 54 50 7.1 7.1 g0 T 1.8 2.6 2.0 2.7
December L1 0.8 238 30 35 3.6 1.7 24 2.2 2.8

Climate Change Projechions from 2015 through 2100

Region 4 - Application of Climate Change Results
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Region 4 - Application of Climate Change Results

Monthly Precipitation Analysis

Historical SSP45 SSP85 Mean Delta Median Delta
Mean Median| Mean Median| Mean Median| SSP45 SSPS5 | SSP45  SSPSS

Jammary 683 678 79.0 78.8 825 827 1.16 116 116 122
February 64.5 64.7 76.7 76.5 78.9 78.9 1.19 118 118 122
March 864 858 96.7 954 1008 1023 | 1.12 111 111 119
April 86.5 87.1 96.1 95.5 939 934 1.11 110 110 107
May 1014 1014 | 1080 1074 | 1064 1062 | 1.06 1.06 1.06 1.05
June 973 97.5 1032 103.1 | 1024 1012 | 106 1.06 1.06 1.04
Tuly 1052 1049 | 1119 1127 | 1133 1133 | 1.06 107 1.07 1.08
August 90.5 904 96.1 939 97.0 953 1.06 1.04 1.04 1.05
September 794 782 830 8238 805 302 1.05 1.06 1.06 103
October 754 75.9 76.3 748 779 80.0 1.01 0.99 0.99 1.05
November 76.7 T 8490 844 88.8 86.9 1.11 1.09 1.09 L3
December 754 T75.7 B1.8 81.0 87.1 86.9 1.08 1.07 1.07 115

Climate Change Projechions from 2015 through 2100
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Region 4 Conclusion

TREND

« Historical precipitation — no change in precipitation

e SSP45 precipitation — no change in precipitation

e« SSP85 precipitation — mix between no change and an increase in precipitation

FREQUENCY
e 1-day — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

e 3-day — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

e« Annual — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

CLIMATOLOGY
« Monthly Climatology — small increase in precipitation (within +/-20%) and increase in temperature by 2100

« Annual Climatology — no change in annual precipitation (within +/-20%) and an increase in annual
temperature by 2100
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All Regions - Climate Change Results

NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP-CMIP6)

TEIW  TETW  TECMOW TRTW AW TTW TeTH TETW TRTIOW TEW

« lotal of 35 climate models

« 9 models did not have all data

® (6] Missing years and/or variables
®  (3) 30-days per month

« Used 26 models on daily time step e
®  Temperature
#  Relative humidity W A e e
®  Precipitation 3 '

|
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Climate Change Analysis Methods

1) Trend Analysis for 1-day, 3-day, and Annual
« Station Data
« Model projections (Historic, SSP45, SSP85)

2) Monthly and Annual Analysis
« Model projections (Historic, SSP45, SSP85)

3) Precipitation Frequency Analysis for 1-day, 3-day, 30-day, 90-day, and Annual
« Precipitation, Summer Period, and Winter Period
« Model projections (Historic, SSP45, SSP85)
« Estimate PF for 1-year through 1000-year
« Quantify changes

4) Moisture Maximization Analysis for 1-day and 3-day
« Derive model projection monthly Td climatologies (Historic, SSP45, SSP85%5) .
« Quantify changes G- o



All Regions - Trend Results

Average as Percent Precipitation Temperature
1-day 3-day Annual 1-day
93% 95% 88% 25%
5% 3% 13% T75%
2% 2% 0% 0%
84% 82% 71% 16%
16% 16% 29% 84%
0% 0% 0% 0%
93% 62% 33% 0%
47% 38% 67% 100%
0% 0% 0% 0%
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All Regions - Climate Change Results

o 1-day (ssp45; ssp85) o 3-day o Annual
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All Regions - Summary Annual Ta and Ppt

o Annual Climatology (temp, ppt)

m Historical =12.7 C; 1073 mm
m SSP45=15.2C; 1166 mm (2.5 C; 9%)
m SSP85=16.2C; 1179 mm (3.4 C; 10%)
Histosical 55P45 SSPE5 Historical 55P45 S5PES
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Annual Maximum/Frequency Analysis

All Regions - Climate Change Results

All

SSP45

SSP85

Mean Median 10th 90th | Mean Median 10th 90th
Temperature 1-Day; C 2.3 .. 1.0 33 5.6 5.0 38 32
Temperature 1-Day Summer; C 23 2.2 1.0 33 5.6 5.0 38 32
Temperature 1-Day Winter PF; C 2.4 2.3 1.5 3.7 5.1 53 38 6.7
Precipitation 1-Day PF; % (0] 4 -17 33 9 5 -10 36
Precipitation 1-Day Summer PF; % 9 7 -14 44 (1] 4 -17 45
Precipitation 1-Day Winter PF; %0 7 5 -12 29 13 11 -11 32
Precipitation 3-Day PF; % 11 12 -12 28 12 9 -11 36
Precipitation 3-Day Summer PF; % 8 -17 45 10 -20 53
Precipitation 3-Day Winter PF; % 12 11 -11 36 13 -5 32
Precipitation Annual PF; % 12 3 20 13 25
Moisture Maximization 1-Day, %o No Change No Change
Moisture Maximization 3-Day; %o No Change No Change

Climate Chanzs Projechions from 2013 through 2100
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All Regions — App. of Climate Change Results

Monthly Temperature Analysis

All Historical SSP45 SSPSS Mean Delta Median Delta

z Mean Median| Mean Median| Mean Median| SSP45 SSP85 | SSP45  SSP8S
January 09 0.7 32 33 39 4.0 23 3.0 2.6 3.2
February 34 3l ) 57 6.7 6.7 2y 3.3 2.6 3.6
March 82 79 T | 11.0 118 11.6 2.9 3.6 3.2 3.7
April 139 13.6 16.6 16.6 175 174 27 3.6 3.0 3.8
May 19.0 187 216 215 226 226 2.6 3.6 2.8 3.9
June 232 229 256 257 266 266 24 3.4 2.8 3.7
July 246 243 268 168 278 277 22 3.2 25 3.5
August 233 231 255 154 267 265 21 3.3 23 3.5
September 189 186 2009 207 221 219 2.0 3.1 21 32
October 124 12.0 143 142 155 154 20 3.1 23 34
November 6.5 6.2 22 82 21 28 17z 26 2.0 27
December Z232 1.9 39 40 45 46 L7z 24 21 s dd

Climate Change Projections from 2015 through 2100

S5P45 Mean=25C
SS5P85Mean=34C
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Monthly Precipitation Analysis

All Regions — App. of Climate Change Results

All Historical SSP45 SSPSS Mean Delta Median Delta

z Mean Median| Mean Median| Mean Median| SSP45 SSPS5 | SSP45  SSPS5
January 721 721 823 828R 861 63 1.14 115 1.15 1.20
February 67.0 674 79.0 795 805 E0.2 1.18 118 1.18 1.19
March 878 874 g97.1 954 1014 1026 | 1.11 1.09 1.09 117
April 844 848 937 931 917 915 111 110 1.10 1.08
May 982 Qg3 1043 1042 | 1027 1022 | 106 1.06 1.06 1.04
June 963 964 1032 1036 | 1021 1009 | 1.07 107 107 1.05
July 1071 1067 | 1148 1152 | 1159 1154 | 107 1.08 1.08 1.08
August 945 943 1007 1001 | 1017 1002 | 1.07 1.06 1.06 1.06
September 832 228 268 86.1 849 236 1.04 1.04 1.04 1.01
October 777 774 793 775 805 820 102 1.00 1.00 1.06
November 783 78.5 86.5 856 908 903 1.10 109 1.09 115
December 803 0.6 87.1 868 933 927 1.09 1.08 1.08 115

Climate Chanpe Projections from 2015 through 2100

55P45 Mean = 8%
5SP85 Mean = 10%
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All Regions Conclusion

TREND

« Historical precipitation — no change in precipitation

e SSP45 precipitation — no change in precipitation

e« SSP85 precipitation — mix between no change and an increase in precipitation

FREQUENCY
e 1-day — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

e 3-day — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

e« Annual — SSP45 and SPP85 median results are within +/- 20% uncertainty which provide more confidence
for no change in precipitation magnitude by 2100

CLIMATOLOGY
« Monthly Climatology — small increase in precipitation (within +/-20%) and increase in temperature by 2100

« Annual Climatology — no change in annual precipitation (within +/-20%) and an increase in annual
temperature by 2100
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Questions

Doug Hultstrand, PhD

Senior HydroMeteorologist
Applied Weather Associates
dhultstrand@appliedweatherassociates. com
7207715840

Bill Kappel
Chief Meteorologist
Applied Weather Associates
billkappel@appliedweatherassociates. com
719-488-4311
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