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Abstract
Average monthly temperatures (maximum and minimum) and precipitation patterns are expected
to change as a direct consequence of anthropogenic climate change. Temperatures are expected
to be warmer in the future but precise estimates vary depending on factors like number of
ensembles and emission scenario. For this study, we used 100 ensembles to simulate a recent
historical period (Dec. 1985-Nov 2014) and a future climate scenario (Dec. 2030-Nov. 2059) for
two cities: Corvallis, OR and Los Angeles, CA. Atmospheric forcings followed the RCP 4.5
scenario. We used results from the simulations to compare temperature and precipitation changes
between the two periods for both cities. Average monthly temperatures (maximum and
minimum) increased in both cities. Both cities would experience an increase in number of days
above 90 °F (14 for Corvallis and 18 more days for Los Angeles). For Corvallis, average annual
temperature increased from 12.8 ± 0.3°𝐶 to 14.4 ± 0.3 °𝐶. Average annual precipitation
increased from 942.0 mm to 994.0 mm (p-value: 10−23). Likewise, for Los Angeles, average
annual temperature increased from 18.1 ± 0.3°𝐶 to 19.5 ± 0.3 °𝐶 and average annual
precipitation changed from 265.0 mm to 260.0 mm (p-value: 0.32). We further analyzed changes
in precipitation in terms of changes in frequency and intensity. Frequency and intensity of
precipitation increased in winter months for Corvallis while non-uniform patterns were seen for
Los Angeles. Summer precipitation decreased in terms of frequency and intensity of
precipitation events for both cities.
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1. Introduction
A common man relies on weather forecasts to decide appropriate clothing for a given day and
plan out weekend activities. For farmers, weather predictions help them decide the right time for
seeding and harvesting. With the Earth’s climate changing, looking at climate forecasts is key to
help us prepare and tackle new issues that are bound to arise with different climate. Issues like
prolonged stretches of heat waves and intense precipitation (storms) are of key concern as these
events not lead to economic losses but often result in extensive human casualties. Having future
projections of temperature and precipitation patterns for a given region will mitigate some of
these effects as better planning leads of better preparedness and ability to cope with change. For
this study, I looked at cities of Corvallis, OR and Los Angeles, CA and used a regional climate
model (RCM) to explore their future (2030-2059) temperature and precipitation trends.

1.1 Physical basis of Climate Change
The atmosphere is almost transparent to sunlight. Part of the incoming radiation is absorbed at
the surface that results in warming while infra-red (IR) radiation is emitted from the surface of
the Earth (Blackbody radiation). The outward longwave radiation (OLR) cannot freely escape
into space due to absorption in the atmosphere by trace gases such as water vapor and carbon
dioxide. This results in warming of the surrounding air, which in turn emits radiation downward
towards the Earth's surface, as well as upward towards space thus, effectively trapping part of the
IR radiation between ground and the lower 10 km of the atmosphere.
Therefore, if this equilibrium is disturbed by the addition of trace gases, either due to natural
processes or human influence (anthropogenic influence), this results in the reduction in the
efficiency of the Earth to lose heat which in turn causes the surface temperature to rise above the
blackbody temperature until finally enough heat is able to escape to space to balance the
incoming solar radiation. In short, the planet keeps warming up till the system gets back to
equilibrium.
Atmospheric concentrations of 𝐶𝑂2 have been increasing rapidly since the industrial revolution
and currently stand at 400 ppm. Depending on various pathways (RCP), the final concentration
by the end of this century might be as high as 1300 ppm or as low as 420 ppm (Figure 1)
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Figure 1: Different emission scenarios for C𝑂2 concentrations by the end of 21st century.
Representative Concentration Pathway (RCP) 4.5 is a scenario that stabilizes radiative forcing
(net energy absorbed) at +4.5 𝑊𝑚−2in the year 2100 without ever exceeding that value.
(Climate Change Science, 2014)
Changes in extreme weather and climate events have been observed since 1950. It is very likely
(95% confidence) that the number of cold days and nights has decreased while the number of
warm days and nights has increased on the global scale. It is likely (90% confidence) that the
frequency of heat waves has increased in large parts of Europe, Asia and Australia. There are
more land regions where the number of heavy precipitation events has increased than where it
has decreased including all of North America and Europe. (Stocker, 2013)
Furthermore, from the lPCC (Intergovernmental Panel on Climate Change) website, the global
average surface temperature has increased, especially since 1950 (IPCC, 2013). The total
temperature increase from 1850-1899 to 2001-2005 is 0.76°C ± 0.19°C. The rate of warming
averaged over the last 50 years (0.13°C ± 0.03°C per decade) is nearly twice that for the last 100
years i.e. warming at an accelerated rate. The report also found that the global average diurnal
temperature range (DTR) (difference in the day-time maximum temperature and night-time
minimum temperature) has been decreasing. A decrease in DTR of approximately 0.1°C per
decade was reported in the report for the period 1950 to 1993. Updated observations reveal that
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DTR has not changed from 1979 to 2004 as both day- and night time temperature have risen at
about the same rate. The trends are highly variable from one region to another.

2.2 Motivation for the Project
To investigate the effects of changing climate on the Western US, David E. Rupp did a study
(David E. Rupp, 2016) on seasonal spatial patterns of projected anthropogenic warming by
looking at changes in surface air temperature, precipitation and ice-albedo feedback for Western
US between the periods of 1985-2014 and 2030-2059. They concluded that surface air
temperatures (SATs) increased at every single grid cell (parametric description of a city/ region)
for all months in the future. Similar to changes in SATs, mean surface albedo (snow cover)
decreased across all the states in Western US. Precipitation is projected to decrease significantly
in summer months for the Pacific Northwest while increase for other months.

Figure 2 Domain of HadRM3P with surface elevation. Dark lines bound the sub-domains: (1)
Oregon and Washington west of, and including, the Cascade Range divide (Western OR/WA);
(2) Oregon and Washington east of the Cascade divide (Eastern OR/WA); (3) Idaho Montana
and Wyoming north of 42 °N and west of 108°𝑊 (Northwest Interior); (4) California west of
Sierra Nevada and Cascade Range divides (Western CA); (5) California east of Sierra Nevada
and Cascade Range divides (Eastern CA); (6) Nevada, Utah, and Arizona north of 32.5°N,
including the southwest corner of Wyoming (Southwest interior). (David E. Rupp, 2016)
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The results from this study were reported for six different regions (Figure 2). Trends in
temperature and precipitation exhibit more variability if one looks at even finer scale (i.e. at the
city level).
This variability on the small-scale i.e. regional scale, served as the motivation to design this
project that involved analyzing trends in daily temperature change (both, maximum and
minimum) and precipitation for two cities; Corvallis, OR (Figure 3) and Los Angeles, CA
(Figure 4) for the period 2030-2059. The period from 1985-2014 was chosen as the reference
period i.e. all changes (in the temperature and precipitation) that happened in the future period
were calculated with respect to this historical (reference) period.
The novelty factor in this study was the use of one hundred ensemble members. Ensemble
members are individual simulations of a regional climate model that use different initial
conditions (IC). In simple terms, they are different initial conditions that are used to run (solve) a
climate model. Hence, one gets a (slightly) different result for different ensemble member as
every initial condition results in a different outcome. Therefore, there is sensitive dependence on
ICs as different ICs introduce non-linearity in the data runs. In a physical sense, they model
different trajectories that result from different perturbations.
Ensemble members are used to assess the variability (standard deviation) in a trend. The greater
the number of ensembles, the higher the confidence in the mean response i.e. it results in the
reduction of the standard error of the mean. Hence, more ensembles lead to precise (confidence)
intervals and better projections for a trend. Usually most climate modeling studies employ four
to five different ensembles but this study used one hundred ensembles to obtain precise intervals
for a particular trend.

Figure 3-: Regional physical map of LA basin. (Map of Los Angeles, n.d.)
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Figure 4 -: Figure showing physical map for the state of OR. (Map of Oregon, n.d.)

Once all the trends and results were obtained, I compared both cities to see how spatial patterns
affected (or not affected) the observed results. Further, each city was also compared to its
corresponding region i.e. compared results/trends obtained for Corvallis with trends obtained for
Pacific Northwest (David E. Rupp, 2016), and L.A. with coastal basin of Southern California.
In short, the results from this study can be of importance to policymakers as the results reported
from this study (changes in temperatures and precipitation) are easy to comprehend and give a
clear scientific estimate of “future weather”. More over changes in the number of frost- free
nights and precipitation patterns can help farmers strategize their seeding and harvesting
practices.

2. Background
2.1 What is a climate model?
A climate model is defined as a mathematical representation of the climate system based on
physical, biological and chemical principles (Universite de catholique de louvain, 2008). Figure
5 shows a schematic of the various components of a climate model. The equations derived from
these laws must be solved numerically and are done using the finite-difference method. Climate
models provide results that represent averages over regions, whose size depends on
model resolution, and for specific times. For instance, some models provide only globally
or zonally averaged values while others have a numerical grid whose spatial resolution could be
less than 100 km. The time step could be between minutes and several years, depending on the
process being studied (Universite de catholique de louvain, 2008).
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Figure 5: Schematic representation of the development and use of a climate model. (Universite
de catholique de louvain, 2008)

A climate model is based on physical principles like conservation of momentum, mass and
energy. A climate model consists of various components, each of them have their own set of
equations that govern the physical processes. The components include atmosphere, land-surface,
ocean, cryosphere and biogeochemical interactions. A model is said to be complex if all
components are needed to simulate a scenario, thus leading to longer running times and costs.
However, every model must include the atmospheric component as the equations governing it
form the core of every dynamical model and hence are appropriately known as the “core”
equations.

2.2 Atmospheric Components of a Climate model
(1-3) The basic laws that govern the dynamics of the atmosphere are formulated as a set of seven
equations with seven unknowns: the three components of velocity v (u, v and w), the pressure p,
the temperature T, and the specific humidity q and air density ρ.
𝑑𝐯
𝑑𝑡

1

= − ρ 𝛁𝑝 + 𝐠 +

𝐅𝐟𝐫𝐢𝐜
𝒎
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− 2𝛀 × 𝐯

(2.1)

The right hand side includes the net force on an air parcel of m which arise from the forces of
pressure gradient, the gravitational force (g is the net gravity vector i.e., considering centrifugal
force), the frictional force and the Coriolis force.
(4) The conservation of mass (very similar to charge conservation), also termed as the
‘continuity equation’, indicates that any local change in the density at one point must be balanced
by an exchange with surrounding areas:
𝜕𝜌
𝜕𝑡

= −𝛁 ∙ (ρ𝐯)

(2.2)

(5) The conservation of the mass of water vapor is based on the same principles as conservation
of mass but accounts for the local source and sink due to evaporation E and condensation C,
𝜕(𝜌𝑞)
𝜕𝑡

= −𝛁 ∙ (𝜌𝑞𝒗) + 𝜌(𝐸 − 𝐶)

(2.3)

(6) Conservation of Energy states that variation in internal energy of a parcel which is related to
temperature, varies because of the heat input and the work associated with expansion (or
compression) of the parcel. For the atmosphere, it can be written as:
𝑑𝑇

𝑐𝑝 𝑑𝑡 = 𝑄 +

1 𝑑𝑝

(2.4)

𝜌 𝑑𝑡

Where Q is heating rate per unit mass and 𝑐𝑝 is the specific heat at constant pressure.
(7) The equation of state:
𝑝 = 𝜌𝑅𝑔 𝑇

(2.5)

𝐽

With 𝑅𝑔 = 287.00 𝐾 𝑘𝑔 for dry air.
All the above equations that govern the atmospheric component were obtained from Climate
System Dynamics and Modelling (Goosse, Climate Systems Dynamics and Modelling, 2015).
The outputs from a global climate model (GCM) are relatively coarse for applications on
regional and local scales. This results from an attempt to balance the computational cost of
producing many long simulations and the cost of higher resolutions. While useful for their
intended purpose, it is also desirable to use this information at a local scale.
To overcome the issue of coarseness and cost, there are two ways to study climate trends at a
regional scale, either use a regional climate models (RCM) or the statistical downscaling
procedure.
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2.3 Regional Climate Models
This study used a Regional Climate Model (RCM). Models that use this approach have finer grid
cells that evolve through time by incorporating dynamical equations such as surface and upperlevel wind patterns, surface pressure, temperature and precipitation, which results in higher
resolution.
Regional climate models (RCMs) are climate models with horizontal resolution at least as fine as
50 km. They are used widely to quantify the net effect of various feedbacks and examine the
resulting spatial patterns of changes in temperature worldwide. The RCMs are nested within
global climate models (GCMs) of much coarser resolution that provide the lateral boundary
condition for the RCM. The information is usually passed one-way only- from GCM to RCM;
this procedure is known as dynamical downscaling. (Goosse, Climate System Dynamics and
Modelling, 2015)

Figure 6-: Different grid resolutions between GCM (global circulation model) and an RCM
(regional climate model). Color represents the elevation. GCM has a relatively “flat” elevation
for most of Europe but RCM captures the Alps and other mountain ranges in Spain (World
Meteorological Association, n.d.)

On the negative side, regional models, because they do not span the entire globe, must rely on
information provided at the lateral boundaries in order to simulate climates for the interior of
their model domains i.e. if there are no observations for a particular region, then the regional
climate model cannot be used. Moreover, since RCM’s have the dynamical component to them,
they require time and money and are usually reserved for high-end analysis. If one only needs to
get a sense/ short-term projection, the method of statistical downscaling is preferred.
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2.4 Statistical Downscaling
Statistical downscaling uses a statistical model to downscale information from a “broader” scale
to a regional scale. The statistical model can be as simple as a linear one to one model that just
maps the grid temperature (obtained via a GCM) to every smaller grid cell or can be a function
of several variables that takes into account the topography, geology and land structure.

Statistical Model

Input: Large-scale information

Output: Small-scale information

(Predictor)

(Predictand)

Calibration

Figure 7-: Schematic of statistical downscaling illustrating how it is possible to estimate
variables representing a small domain (predictand) from variables describing the climate on a
large-scale (predictor) using statistical relationship calibrated based on the link between those
variables over a known period. (Goosse, Climate System Dynamics and Modelling, 2015).
Statistical model is calibrated by relating variables that characterize the climate on a large scale
(“predictor” variables) and the variables of interest on a smaller scale (“predictand” variables)
over periods during which the information on both sides is available. The corresponding time
series are generally taken from the results of the GCM simulations covering the last few decades
and recent observations at a particular weather station. The model can display various levels of
complexity; ranging from linear to a function of various predictors.
This approach assumes stationarity of the relationship between the predictor and predictand
obtained from the calibration period. This particular assumption is often considered a limitation
as small perturbations can change the climate in a relatively short time as climate evolves. This
procedure also assumes constant boundary conditions and hence extrapolation beyond a given
period is dangerous. Nevertheless, statistical downscaling is much faster, so a large number of
tests can be performed to get an overall picture of the system’s response.
Studies done using the statistical downscaling approach in conjunction with fewer (~7-10)
ensembles result in wide distributions of the mean response of a variable. This project not only
used a regional climate model but also employed one hundred ensemble members to give finer/
precise intervals for the mean response of a variable (monthly temperature).
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3. Methods
3.1 Generation of Data
As stated in the previous section, it takes an appreciable amount of time to generate one hundred
ensemble members for 58 years of simulation (29 for the “historic” 1985-2014 and 29 for
“future” 2030-2059). This study relied on the Weather@Home volunteer computing project to
generate large ensembles of regional climate simulations (Weather@home, n.d.).
Weather@Home uses the U.K. Met Office Hadley Centre’s Regional Climate Model
(HadRM3P) nested within the atmospheric global model HadAM3P. This project used idle time
on volunteer computers to run datasets in the background.
HadRMP3 is integrated with a 5-min time step over a horizontal resolution of 0.22º latitude (~25
km), while HadAMP3 is integrated with a 15-min time step and has a horizontal resolution of
1.875º longitude by 1.25º latitude (~139 km latitudinally). Both of them were run concurrently,
with HadAMP3 providing the lateral boundary conditions to HadRM3P once each simulated
day.
For this study, a recent historical period (Dec. 1985- Nov. 2014) and a future climate scenario
(Dec 2030- Nov. 2059) were simulated. Atmospheric forcings for each period followed those in
the CMIP5 historical and RCP 4.5 (David E. Rupp, 2016) experiments. Non-stationary forcings
included greenhouse gas concentrations, solar irradiance, volcanic aerosol optical depth, ozone
concentrations, and sulfur dioxide emissions.
Simulations were 1-year long, beginning December 1 and ending November 30. For each year, a
single base set of initial conditions was generated from one arbitrarily selected simulation of the
prior year simulation A large ensemble of atmospheric initial conditions for each year was then
generated by perturbing the three-dimensional temperature field in the base set of initial
conditions while all other states remained unperturbed, as described in (David E. Rupp, 2016). In
total, 99 atmospheric initial condition perturbations were applied to each December 1 base
condition to obtain 29(1+99) = 2900 years of simulations for both the historical period and the
future scenario.
The output from the model contained maximum and minimum temperature and precipitation
values for each day and for all ensembles for both periods. Sihan Li (graduate student from
whom I got the data) stored the data as a MATLAB file and Dr. Shell uploaded it onto Jupyter
server. I made an array with dimensions of (100, 360, and 29) to store all the data for each city
(100 corresponds to number of ensembles, 360 is the number of days in a given year and 29 is
the total number of years for a given period). To verify and gauge the reasonability in the output
values, I plotted preliminary graphs in the form of simple histograms showing annual
distributions of temperatures and precipitation for all ensembles.
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3.2 Analyses performed from the distributions
3.2.1 Temperature analysis
To categorize the change in means (of monthly temperature) between two periods, we (Dr. Shell
and I) reordered the data by month for each city and obtained histograms of temperature (daily
maximum and daily minimum). The distributions were statistically analyzed by applying
Student’s t-test and Levene’s test of equal variance to assess if there is a difference in the
distributions between the two times. The results were compared with figure 8 to categorize the
observed changes into three categories-:
1. Increase/ Decrease in the mean with no change in the variance.
2. Increase/ Decrease in the variance with no change in the mean.
3. Increase/ Decrease in the mean along with changes in the variance.
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Figure 8. Three possible scenarios for temperature distributions between two periods. This
shows how changes in mean and variance affect record events. (a)If there is a change in mean
temperature, more “hot day” events are likely to happen in the future climate. (IPCC, 2013)

To investigate the changes in heat waves in future, we looked at the increase in number of days
on which maximum temperature exceeded critical temperatures (𝑇𝑐 ) of 32𝑜 𝐶, 35𝑜 𝐶 or 40𝑜 𝐶.
We wrote a program that counted number of days in a given year for each ensemble on which
maximum temperature exceeded each 𝑇𝑐 . The number of days were averaged across all 100
16

ensembles to get the average temperature for a given year. This step was repeated for all years
for a given time period to obtain a grand average (along with standard deviation).
For the cold wave analysis, we looked at the increase in number of nights where the minimum
temperature dropped below 0𝑜 𝐶, −2𝑜 𝐶 and −8𝑜 𝐶. We used the similar program to count the
number of nights (across each ensemble for a given year) at which the temperature dropped
below each of those 𝑇𝑐 . We repeated it for all other years for both periods and noted the change.
This was followed by analyzing the trend in the ratio of number of record high temperatures set
to number of record low temperatures set i.e.
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑐𝑜𝑟𝑑 ℎ𝑖𝑔ℎ 𝑡𝑒𝑚𝑝𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑐𝑜𝑟𝑑 𝑙𝑜𝑤 𝑡𝑒𝑚𝑝𝑠
If this ratio is greater than 1 then that implies a warming climate as we are setting more record
highs than record lows for a given time period. If the climate is stationary, then the number of
record highs being set should equal the number of record low temperatures being set i.e. the ratio
should be one.
Furthermore, the probability of setting a new record high (or a record low) should decrease as
1/n, with n being number of years (29 for this study). This makes sense as the ability to “break” a
record decreases over time as intuitively we have more years to compete with and this trend
follows the 1/n curve.
3.2.2 Precipitation analysis
To begin, we plotted precipitation (in mm) for each month (averaged over all ensembles) to get
annual distributions for both periods. We statistically analyzed them to see if the distributions
were different between the two periods.
We also obtained monthly distributions for both periods. Then, we moved onto breaking down
the observed changes in precipitation between the two periods (Δ𝑝) in terms of frequency (Δ𝑓)
and intensity (Δ𝐼) of precipitation events i.e.
Δ𝑝 = Δ𝑓 + Δ𝐼

(3.1)

Δ𝑓 = (Δ𝐷)(𝜇𝑝 )

(3.2)

Δ𝐼 = (𝜇𝑝 )𝐷𝑓

(3.3)

Δ𝑝 was calculated as 𝑝𝑓𝑢𝑡𝑢𝑟𝑒 − 𝑝ℎ𝑖𝑠𝑡𝑜𝑟𝑖𝑐 (i.e. changes in amount of precipitation for each month
between two periods) (mm).
μp = Average rate of precipitation for that month (mm/day)
ΔD= Difference in the number of wet days for each month between the two periods (where “wet”
is described as a day that received more than 0.5mm of rain).
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𝐷𝑓 = Ensemble mean number of wet days in future for a given month.
To assess the strength of this model (described by (1)), intensity was re-calculated as the residual
of the sum in equation (1), i.e.
Δ𝐼 = Δ𝑝 − Δ𝑓 In addition, the results were compared with Δ𝐼 calculated using (3).

4. Results
4.1 Temperature distributions:
Graphs 9-12 display the maximum and minimum temperatures for both cities.

Change in the Minimum Temperature between the Historic
(1985-2014) and Future (2030-2059) Period for Corvallis, OR
Avg. Minimum temperature (◦C)
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Figure 9. Average minimum temperature for Corvallis for both periods.
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Change in Minimum Temperature for Los Angeles between the
Historic and Future Period
Avg. Minimum Temperature (°C)
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Difference
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Figure 10. Average minimum temperature for Los Angeles for each month and for both periods.

Change in the Maximum Temperature between the Historic (19852014) and Future (2030-2059) Period for Corvallis, OR
Average maximum temperature (°C)

35
30
25
20
Average Tmax (°C) (Historic)

15

Average Tmax (°C) (Future)

10

Difference

5
0

Month

Figure 11. Average maximum temperature for Corvallis for each month and for both periods.
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Change in Maximum Temperature for Los Angeles between the
Historic and Future Period
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Figure 12. Average maximum temperature for LA for each month and for both periods

From figures 9- 12, it is clear that warming is happening in both the daytime as well as the
nighttime temperatures. Every month in the future appears to be warmer as average (maximum
and minimum) temperatures appear to have increased. See Appendix 1 Table 1 for exact monthly
values. The greatest increase is happening in the summer season (June, July and August) for both
cities. The difference is almost uniform for all months and for both cities.
A natural way to interpret the increase in temperatures is to look at the change in frequency of
“extreme” temperatures. Extreme is a relative term as temperatures considered extreme for one
location might be normal for another city. However, with Corvallis and LA, both cities with
relatively mild climates, Table 1 and Table 2 depict the change in frequency of number of days /
nights above/ below a certain temperature.
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Days below-:
2° (36°)
0° (32°)
-5° (23°)
-8°(18°)

Historically
67± 9
40±6
6±2
1±0.5

Future
44±7
23±4
3±1
<1±0.01

Table 1-: Average number of nights below a certain temperature for Corvallis for both periods.

Days above-:
32.2°C (90°)
35°C (95°)
37.7°C (100°)

Historically
32 ± 4
17 ± 2
8±2

Future
46 ± 5
27 ± 4
14 ± 3

Table 2-: Average number of days above a certain temperature for Corvallis for both periods

Days above-:
32.2°C (90°)
35°C (95°)
37.7°C (100°)

Historically
60± 6
28± 4
10± 2

Future
78± 6
40 ± 5
17 ± 3

Table 3-: Average number of days above a certain temperature for LA for both periods

Days below-:
2° (36°)
0° (32°)
-1° (23°)
-2°(18°)

Historically
8± 3
7±3
0.6±0.3
0.24±0.12

Future
2±1
2±1
0.1±0.10
<0.04±0.01

Table 4-: Average number of nights below a certain temperature for LA for both periods

4.2 Record highs trend
Next, to see if the number of record highs/ lows signifies a warming trend, I plotted Figure 13. If
there is no trend present, the curve should follow the probabilistic model of 1/n, where n is the
number of years (29 in this case). One can clearly see that the trend in Figure 13 fits the model
quite well and hence, there is no signature of warming presented by this graph within this period.
The natural variability seemed to have been a dominant factor that is masking the effects of any
trend during these periods.
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Figure 13. Number of record high temperatures plotted against years for the historical period. Since the
model started in 1985, every day was a record high as there was nothing to "beat". The trend is modeled
by 1/n (n being number of years). Both (Tmax and Tmin) follow the expected trend.

Figure 14. Number of record high temperatures plotted against years for the future period. Since the
model started in 2030, every day was a record high as there was nothing to "beat". The trend is modeled
by 1/n (n being number of years). Both (Tmax and Tmin) follow the expected trend.
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Figure 15. Number of record high temperatures plotted against years for the historical period. Since the
model started in 1985, every day was a record high as there was nothing to "beat". The trend is modeled
by 1/n (n being number of years for which the trend is being studied; 29 for this study). Both (Tmax and
Tmin) appear to follow the expected trend.

Figure 16. Number of record high temperatures plotted against years for the future period. Since the
model started in 2030, every day was a record high as there was nothing to "beat". The trend is modeled
by 1/n (n being number of years for which the trend is being studied; 29 for this study). Both (Tmax and
Tmin) appear to follow the expected trend.
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4.3 Ratios trend
To see if there is a trend towards a warming climate, Figure 17 shows the ratio of annual number
of record maximum temperatures to annual number of record minimum temperatures for the
historical period. If within a year, more record highs are being set / broken than number of record
lows being set/ broken, the ratio would be greater than one. From the below figure, there does
not appear to be solid trend as ratio fluctuates between “less than 1” to “more than 1”.

Figure 17. Ratio of number of record high temperatures to the number of record low minimum
temperatures (for Historical period). A ratio of 1.0 implies that equal numbers of record highs/ lows are
being set and a stable climate is in play while ratio greater than 1 indicates more record highs than
record lows. The year “0” corresponds to 1984 and 29 corresponds to “2014”.

Figure 18 shows the same information but for the future period. Again, similar to figure 17, there
does not appear to be a trend. There is however, an outlier for the year 2059 as the ratio climbs to
4.2. Since, this is an isolated incident within the dataset; nothing much can be said about it other
than it is an anomaly.

24

Figure 18. Ratio of number of record high temperatures to the number of record low minimum
temperatures. A ratio of 1.0 implies that equal numbers of record highs/ lows are being set and a stable
climate is in play while ratio greater than 1 indicates more record highs than record lows. The year “0"
corresponds to 2030 and "29 "corresponds to 2059.

Figure 19. Ratio of number of record high temperatures to the number of record low minimum
temperatures (for Historical period). A ratio of 1.0 implies that equal number of record highs/ lows are
being set and a stable climate is in play while ratio greater than 1 implies more record highs are being
set. Hence, a ratio that is greater than 1.0, implies that more record highs were set than record low
minimum temperatures.
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Figure 20. Ratio of number of record high temperatures to the number of record low minimum
temperatures. A ratio of 1.0 implies that equal number of record highs/ lows are being set and a stable
climate is in play while ratio greater than 1 implies more record highs are being set. Hence, a ratio that
is greater than 1.0, implies that more record highs were set than record low minimum temperatures.
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4.4 Precipitation results:
Figure 21 shows a change in the annual distribution of precipitation for Corvallis. There is
overwhelming statistical evidence that there is an increase in future precipitation as indicated by
a shift in the center (p-value <10−23).

Figure 21. Distribution of annual precipitation for Corvallis. The historic distribution is centered at
944.1 mm and the future distribution is centered at 992.0 mm. There is overwhelming statistical evidence
that the future precipitation has increased as indicated by Students’ T-test (p-value = 10−23 ).

Figure 22 shows a change in the annual distribution of precipitation for Los Angeles. There is
little to no statistical evidence that there is an increase in future precipitation as indicated by the
Students’ T-test. (P-value = 0.32). However, there is a change in the variance as demonstrated by
Levene’s equal variance test.
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Figure 22. Distribution of annual precipitation for LA. Mean historic is 264.29 mm and mean future is
260.37 mm. There is no evidence that there is a change in the future precipitation for LA (Students’ Ttest: P-value =0.32). However, there is overwhelming evidence that there is a change in the variance
between two periods (Levene’s equal variance test: p-value = 10−5 ).

From figures 21 and 22, a natural question to ask is, how much of this “additional/ new”
precipitation would occur due to either:
1. An increase in the number of days with precipitation i.e. change in frequency of
precipitation events or
2. A change in intensity i.e. same number of days but heavier/ more potent storms.
Figure 23 attempts to answer this question by breaking down the modeled changes in terms of
changes in frequency or intensity (of precipitation). Precipitation appears to have increased for
all months except summer. Secondly, we are getting more intense storms in winter months.
Possible explanations are discussed in the Discussions section.
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Precipitation Analysis for Corvallis, OR
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Figure 23. Precipitation analysis for Corvallis. All changes refer to the difference between the 20302059 average and 1985-2014 average.

Lastly, Figure 24 breaks down the change in precipitation in terms of changes in frequency or
intensity. Summer precipitation (like Corvallis) has decreased but unlike Corvallis, there is not a
consistent trend for winter season. Excluding December, winter precipitation has increased.
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Precipitation analysis for Los Angeles, CA
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Figure 24. Precipitation analysis for LA. All changes refer to the difference between the 2030-2059
average and 1985-2014 average.

5. Discussion
5.1 Temperature distributions
Effects of climate change can be clearly seen in Corvallis, OR and Los Angeles, CA as indicated
by the temperature graphs (Fig: 9-12). Temperatures (daytime maximum and nighttime
minimum) seem to have risen by same amount in both cities. The p-value for the hypothesis,
“Would the temperatures be warmer in future?” was 2 ∗ 10−62 . Hence, there is overwhelming
evidence that future temperatures would be warmer. Both cities will have more days above
“uncomfortably hot (90°F+)” temperatures and fewer nights close to or below freezing (p-value:
10−10).
A second way to detect warming signature is to look at trends in record high temperatures being
set in comparison to record lows (Fig: 12, 13, 20 and 21). If a record high is set on a given day,
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then there is 50% probability that a new record (high or a low) would be set on that day (or
probability = ½). Similarly, after 3 years, there is a 1 in 3 chance (probability = 1/3) of setting a
new record high. Therefore, if a “1/n” (with n being number of years) trend is observed, then the
climate is behaving “normally” and hence can be deemed as stable. If more record highs are set,
climate is not stable and warming is happening.

5.2 Record highs trend
Figures 12 and 13 for Corvallis show that both trends (record highs and record lows) follow the
probability model almost exactly and hence warming is hard to detect from this analysis. This is
not a sign that no warming is expected as figures 8 and 9 clearly show future temperatures being
warmer than now. The parameter of record highs is not a useful parameter to assess the warming
trend as it fails to show a shift in the trend. In short, it is not an “if and only if” statement i.e. if
the trend deviates from probabilistic trend than that implies warming but it is not true the other
way around.
For Los Angeles, there is a slight deviation in the trend of record highs from the probabilistic
model as seen in figures 20 and 21. The trend of setting record highs is higher than the 1/n trend,
implying a warmer climate, as only a warming climate can allow more record highs to be set.

5.3 Ratios trend
A different way to look at warming signature is to look at the ratio

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑐𝑜𝑟𝑑 ℎ𝑖𝑔ℎ𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑐𝑜𝑟𝑑 𝑙𝑜𝑤𝑠

. If

this ratio (for a given year) is higher than one and that trend continues for the entire period, then
that implies a warming climate. This is because only a warming climate allows for more record
highs to be set than number of record lows. Figures 10, 11, 18 and 19 depict these ratios as a
function of time for both periods.
For Corvallis, figures 10 and 11 appear to be as random as figures could be. The ratio does not
appear to follow a definitive trend as for both periods; there are years where the ratio is less than
one or greater than one. However, for Los Angeles, there does appear to be a trend, as more data
points or “ratios” are greater than one. Just like, the “record high trend”, the “ratio” trend is not
an “if and only if” statement. Therefore, warming is expected to happen but cannot be detected
using this test.

5.4 Precipitation analysis
Figures 21 and 22 portray changes in annual precipitation for each city. Till now both cities have
shown pretty consistent results without any major differences in terms of temperature changes. It
is from these figures (21 and 22) that a striking difference between these Corvallis and Los
Angeles emerges. There is very strong evidence that Corvallis’ future average annual
precipitation is expected to increase from 944 mm to 992 mm (p-value =10−23 ), however for
Los Angeles, there was no evidence to suggest that there is any change in average annual
precipitation. Next, figures 23 and 24 further break down the observed changes in terms of
changes in frequency and changes in intensity. For Corvallis, there is a consistent increase in
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Winter season precipitation. The frequency (of precipitation events) has increased along with the
intensity. To attribute this increase in precipitation, Sihan Li and David Rupp looked at changes
in the surface pressure for the future period and observed that Winter precipitation changes are
associated with a southeastward extension of the Aleutian low-pressure center and strengthening
and eastward expansion of the upper subtropical jet stream (Sihan Li, 2017). For Corvallis,
summer precipitation changes are associated with a high-pressure anomaly centered over the
northwest at the 500-hPa level, contributing to drying in the northwest (Sihan Li, 2017).
For Los Angeles, there is not a consistent pattern for winter precipitation. There are some months
(December and March) in which the precipitation decreased while it increased in January and
February. This is a sign of “shortening” of the wet season for L.A. The “wet season”, instead of
lasting the “now-normal” four months (Dec-March) is expected to last for two months.

6. Conclusion
This study used one hundred ensembles to model temperature and precipitation trends for
Corvallis and Los Angeles. Average monthly maximum and minimum temperatures increased
for both cities. Years 1985-2014 were chosen as the “basis” years and future results were
reported for the 2030-2059 period. For Corvallis, average annual maximum temperature
increased from 18.5 ± 0.4 °𝐶 to 20.1 ± 0.4 °𝐶 (p-value 10−5 ). The average annual minimum
temperature increased from 7.1 ± 0.3 °𝐶 to 8.7 ± 0.3°𝐶. Average annual temperature increased
from 12.8 ± 0.3°𝐶 to 14.4 ± 0.3 °𝐶. From tables 1 and 2, Corvallis’ extremes in temperature
increased as well i.e. more hot days in future and less cool nights. We failed to detect warming in
Corvallis using “record highs” trend and the “ratios” trend. However, our failure does not
contradict the overwhelming evidence against the effects of anthropogenic warming on
Corvallis. The failure was simply a reflection of the fact that the effects of warming do not affect
the record high temperature trends or uneven warming of the daytime vs. nighttime temperatures.
Precipitation increased uniformly for the Winter season and decreased for the summer season.
The frequency and intensity of the storms increased in winter due to extension and deepening of
the Aleutian low pressure center. Summer precipitation decreased due to a high-pressure
anomaly over the Pacific NW at 500-hpa level. Annual mean precipitation increased from 942.0
mm to 994.0 mm (p-value 10−23 ).
Similarly, for Los Angeles, average annual maximum temperature increased from 24.7 ± 0.4
°𝐶 to 26.1 ± 0.4 °𝐶 (p-value 10−5 ). The average annual minimum temperature increased from
11.5 ± 0.3 °𝐶 to 12.9 ± 0.3 °𝐶. Average annual temperature increased from 18.1 ± 0.3°𝐶 to 19.5
± 0.3 °𝐶. From tables 3 and 4, Los Angeles’ extremes in temperature increased as well i.e. more
hot days in future and less cool nights. We failed to detect warming in Los Angeles using “record
highs” trend and the “ratios” trend. However, our failure does not contradict the overwhelming
evidence against the effects of anthropogenic warming on Los Angeles. Precipitation increased
non-uniformly for the Winter season and decreased for the summer season. There was not any
statistical evidence to suggest that there was any change in mean annual precipitation (p-value:
0.32). However, there was a change in variance in the distribution of precipitation (p-value:
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10−5, Levene’s Equal Variance test) The wet season’s duration decreased from four months to
two months.
Looking ahead, one can easily extend all the analysis done in this paper to other cities in United
States. The approach of breaking precipitation down in terms of frequency and intensity gives a
better outlook for how the changes in precipitation would affect us in future. Having an outlook
for changes in frequency and intensity of storms is of importance as it is a crucial factor that can
be used to plan city’s future sewer systems to ensure no flooding and better manage the
resources.
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8. Appendix
8.1 For Corvallis
Month

Average Tmax (°C)
(Historic)

Average Tmax
Average
(°C)
Tmin (°C)
(Future)
(Historic)
December
9.59 ± 2.76
3.11 ± 4.59
10.93 ± 2.66
January
9.26 ± 2.78
2.04 ± 4.50
10.62 ± 2.72
February
10.90 ± 3.13
2.18 ± 4.18
12.26 ± 3.13
March
12.81 ± 3.72
2.80 ± 3.55
14.15 ± 3.74
April
15.62 ± 4.39
4.57 ± 3.25
17.00 ± 4.34
May
19.36 ± 4.99
7.23 ± 3.31
21.17 ± 5.10
June
24.22 ± 5.83
10.21 ± 3.59
26.55 ± 5.99
July
30.75 ± 5.31
13.49 ± 3.50
33.06 ± 5.24
August
30.63 ± 5.34
13.54 ± 3.28
32.53 ± 5.32
September
26.69 ± 6.07
11.75 ± 3.45
28.29 ± 6.17
October
19.84 ± 5.51
8.54 ± 3.60
21.21 ± 5.56
November
12.61 ± 3.32
5.33 ± 4.10
13.96 ± 3.40
Table 5 Monthly Averages (across 100 ensembles) for Corvallis for both periods.
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Average
Tmin (°C)
(Future )
4.83 ± 4.21
3.58 ± 4.34
3.71 ± 4.05
4.23 ± 3.42
5.94 ± 3.12
8.73 ± 3.35
12.00 ± 3.67
15.47 ± 3.53
15.38 ± 3.33
13.37 ± 3.54
9.97 ± 3.63
6.71 ± 3.98

Change in
precipitation
Δp (mm)

Change in
Frequency
Δf (mm)

Change in
Month
Intensity
ΔI(mm)
Actual Change in
(Residual)
Correction intensity
December
12.95
7.66
5.29
-0.342
5.632
January
14.27
1.28
12.99
-0.45
13.44
February
7.40
1.41
5.99
-0.13
6.12
March
3.08
-0.63
3.71
0.106
3.604
April
1.63
-0.33
1.96
0.072
1.888
May
-2.40
-3.21
0.81
0.043
0.767
June
-3.11
-3.30
0.19
0.022
0.168
July
-1.04
-0.65
-0.39
-0.042
-0.348
August
-0.25
-1.11
0.86
0.02
0.84
September
1.17
-1.72
2.89
0.3
2.59
October
3.51
-1.82
5.33
0.052
5.278
November
10.62
0.29
10.33
-0.15
10.48
Table 6 Precipitation data for Corvallis. Correction is the difference between modeled precipitation
values and actual values obtained from the climate model.

8.2 For Los Angeles
Month
December
January
February
March
April
May
June
July
August
September
October
November
Average

Historic Tmax
Future Tmax
Historic Tmin
18.71 ± 4.27
7.57± 3.71
20.52±4.49
17.84 ± 3.96
6.73±3.49
19.24±4.00
18.71±4.24
7.15±3.46
20.08±4.31
19.86±4.68
7.79±3.48
21.42±4.74
22.13±5.41
9.45±3.65
23.56±5.37
25.44±5.50
11.79±3.57
26.53±5.23
28.73±4.83
13.79±3.28
29.78±4.80
32.9±4.07
16.95±3.44
34.28±3.97
32.63±4.16
16.95± 3.45
34.03±4.10
29.91±4.87
15.39±3.54
31.09±4.87
27.65±5.00
14.15±3.74
28.87±4.97
22.41±4.81
10.51±
3.84
23.93±4.85
24.74
26.11
11.52±3.55
Table 7 Average monthly values for Los Angeles across 100 ensembles.
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Future Tmin
8.00± 3.86
8.12±3.42
8.56±3.41
9.24±3.48
10.79±3.54
12.96±3.46
15.04±3.23
18.60±3.37
18.57±3.41
16.77±3.55
15.42± 3.68
12.09±3.81
12.97±3.51

Change in
Intensity
ΔI(mm)
Actual Change in
(Residua)
Correction
intensity
December
-4.3241
-1.362704
-2.961396
-0.1232943
-2.8381017
January
4.4828
2.029067
2.453733
-0.115047
2.56878
February
2.277
0.986295
1.290705
-0.033358
1.324063
March
-4.853
-1.93969
-2.91331
-0.154142
-2.759168
April
-2.242
-0.135856
-2.106144
-0.012414
-2.09373
May
0.201
0.69824
-0.49724
0.016051
-0.513291
June
0.553
0.346155
0.206845
-0.011156
0.218001
July
-0.253
-0.199082
-0.053918
0.002402
-0.05632
August
-0.514
-0.3795
-0.1345
-0.0183
-0.1162
September
-0.546
-0.417294
-0.128706
-0.005762
-0.122944
October
-0.013
-0.01612
0.00312
-0.002987
0.006107
November
1.178
-0.12948
1.30748
-0.001282
1.308762
Table 8 Precipitation data for Los Angeles. Correction is the difference between modeled precipitation
values and actual values obtained from the climate model.
Month

Change in
precipitation
Δp (mm)

Change in
Frequency
Δf (mm)
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