Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 March 2018 d0i:10.20944/preprints201803.0192.v1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Changes in Temperature and Rainfall as a Result of Local Climate Change in Pasadena, California

David Eugene Kimbrough, Water Quality Manager, City of Pasadena, Water & Power Department, 150
S. Robles Ave., Suite 200, Pasadena, CA, 91101, USA, V 626.744.7315

dkimbrough@cityofpasadena.net

Abstract: The City of Pasadena is located in southern California; a region which has a
Mediterranean climate and where the vast majority of rainfall occurs between October and
April with the period between January and March being the most intense. A significant amount
of the local water supply comes from regional rainfall, therefore any changes in precipitation
patterns in the area has considerable significance. HYPOTHESIS: Local climate change has
been occurring in the Pasadena area over the last 100 years resulting in changes in air
temperature and rainfall. AIR TEMPERATURES: Between 1886 and 2016 the air temperature
in Pasadena, California has increased significantly, from a minimum of 23.8°C in the daytime
and 8.1°C at night between 1911 and 1920 to 27.2°C and 13.3°C between 2011 and 2016.
The increase in nighttime temperature was uniform throughout the year, however daytime
temperatures showed more seasonal variation. There was little change in the daytime
temperatures May through July but more change the rest of the year. For example, the median
daytime temperature for June between 1911 and 1920 was 27.9°C but was 28.7°C between
2011 and 2016, a difference of 0.8°C. In contrast, for October for the same periods the median
daytime temperatures were 25.6°C and 28.9°C, a difference of 3.3°C. RAINFALL: There has
been a change in local rainfall pattern over the same period. In comparing rainfall between
1883 — 1949 and 1950 — 2016, there appeared to be less rainfall in the months of October,

December, and April while other months seemed to show no change in rainfall. For example,
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between the two periods mentioned above, the median rainfall in October was 12.4 mm and
8.9 mm respectively while for December they were 68.6 mm and 40.4 mm. There was
comparatively a smaller change in the median volume of rainfall in April (18.8 mm vs. 17.5
mm). However, between 1883 and 2016 there were 13 with less than 1 mm of rain, 12 of which
occurred after 1961. In the same line of logic, no measureable amount of rain occurred for 23
Octobers, 15 of those occurred after 1961. CONCLUSION: As air temperatures increased over
the last 100 years in the Pasadena area, rainfall may have decreased in October, December,

and April.

Keywords: local climate change; spring drying; rainfall pattern changes

Introduction

In a recently published study, it has been shown that median air temperatures have increased
significantly in the City of Pasadena over the last 100 years, (Kimbrough 2017) which resulted in
significant stream flow changes in the Arroyo Seco. The paper argued that these changes in air
temperature and stream flow were the result of Anthropogenic Climate Change (ACC). It would not be
too surprising to speculate that rainfall in the Pasadena area would also be affected by ACC. Some
models project changes in rainfall as a result of ACC in the southern California region (United States
Bureau of Reclamation 2016). This paper examines how increasing air temperatures in the Pasadena

region correlate with changes in rainfall patterns.
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Pasadena and Its Environment

The City of Pasadena is located in Los Angeles County, at the southern, windward side of the
San Gabriel Mountains, which are approximately 1,700 m high, and 40 km from the Pacific Ocean.
Pasadena is located 15 km north-east of downtown Los Angeles and sits atop of the Raymond Basin, an
alluvial aquifer in the north-west corner of the highly urbanized San Gabriel Valley. The area has a
Mediterranean climate with the overwhelming majority of rainfall occurring between October and April.
Most of Pasadena is approximately 260 m (780 ft) above mean sea level but it ranges from 180 m (540

ft) to 460 m (1380 ft).

Study Design

1. Hypothesis

Southern California has been experiencing ACC and as a result, rainfall patterns have been and
continue to be altered in the Pasadena area. The change in climate is shifting air temperatures unevenly
which results in daytime and nighttime temperatures deviating at different rates and during different

seasons. As a result, any changes in rainfall would not be uniform.

2. Study Periods

There are two parts to this study. The first part involves air temperatures in the City of Pasadena for
evidence of local climate change. If the daytime or nighttime temperatures increase or decrease
significantly between 1885 and 2016 that would be an indication that climate change has been occurring.
The second component involves measuring rainfall in the Pasadena area between 1883 and 2016 to
determine if there has been a significant change in rainfall. In both parts, the data is divided first into

two halves of approximately equal sizes and the median values for each are compared. In this study the


http://dx.doi.org/10.20944/preprints201803.0192.v1
http://dx.doi.org/10.3390/hydrology5020025

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 March 2018 d0i:10.20944/preprints201803.0192.v1

67

68

69

70

71

72

73

74

75

76

1

78

79

80

81

82

83

84

85

86

87

88

89

two periods were divided at December 31, 1949, the period ending on this day and is the Control
Period and the period beginning on the next day and ending on December 31, 2016 is the Test Period.
These two periods were selected to divide the rainfall data into two equal halves and the air temperatures
into two approximately equal populations. If there is not a statistically significant difference between
the two periods, these periods will be divided into smaller sub-sets to assess why there was no change.
Furthermore, for the rainfall portion of the study, the 100 wettest and 100 driest months will be
identified in the entire study period. The rainfall data was then divided by months for both the Control
Period and the Test Period and the ten wettest and driest months were determined and compared. If
there is no significant change in rainfall over the study period, there should approximately be equal
numbers of the driest and wettest months in the Control Period as in the Test Period, both overall and on

a month by month basis.

3. Statistical Procedures

The normality of each data set was assessed using the Kolmogorov-Smirnov test. Air temperatures
and rainfall in all study periods were non-normally distributed (P<0.001);the results were strongly
skewed and kurtotic. This means that rather than distribute in a normal bell-shaped curve with data
evenly balanced on both sides of the mean, more data was on one side than the other and the shape of
the curve was wider than expected.

The rainfall and air temperature data were compared pair wise by using the Mann-Whitney Rank
Sum Test (MWRST) and the non-parametric equivalent to the Student’s t-test. The data grouped based
on decade and were compared to the most recent decade using the Kruskal-Wallis One-Way Analysis of
Variance on Ranks (KW). If a significant difference was determined to be present, i.e. if the Kruskal-

Wallis Statistic (H) is above the critical value, then each group was compared against a control group
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90 using Dunn’s Test. Dunn’s Test produces a Studentized Range value, ¢, which is assessed in the same
91 fashion as the Student’s t-test critical values with probabilities critical values corresponding to levels of
92  probability, o, of incorrectly rejecting the null hypothesis.

93 The rainfall data was also assessed for extremes. The number of driest and wettest months were

94  calculated for each period using the Fisher Exact (FE) Test.

95 The critical value for this study for o was 0.05 for both KW, MW, and FE tests.
96 4. Data Acquisition and Assessment
97 A. Air - PWP has extensive written records of atmospheric temperatures in Pasadena dating back to
98 the 1880’s collected mostly by the employees of the City of Pasadena but the records from 1882
99 to 1890 were collected by a private resident of Pasadena, Dr. Thomas Rigg. However, there are
100 two significant gaps in the temperature records; one between 1890 and 1893 and the other
101 between 1895 and 1908. The first gap is the time between when Dr. Rigg stopped collecting
102 data and when the City started collecting data. The second gap was caused in part by the loss of
103 paper records stored by the Department of Commerce in San Francisco following the earthquake
104 and fire of 1906. The records were supplemented by and checked against records from the
105 National Oceanic and Atmospheric Administration’s National Climatic Data Center (NOAA-
106 NCDC). A database of the daily maximum temperature (all maximum temperatures occurred
107 during the daylight hours are referred as “daytime temperatures”), minimum temperatures (all
108 minimum temperatures occurred during the nighttime hours are referred as “nighttime
109 temperatures”), and precipitation were created and checked for accuracy (paper records vs.
110 electronic, missing data, and obvious outliers). A database of air temperatures was created with

111 both the daytime (n = 41,201) and nighttime temperatures (n=45,964) for Pasadena (most of the
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data was collected at City Hall, +34.15, -118.14 while other data were all collected within a
kilometer of it).

B. Rainfall — The City of Pasadena began officially collecting rainfall data with its own staff in
1883 near the same location used for measuring temperature. Later, this site was coordinated
with NOAA. Rainfall data was downloaded from the same webpage as the temperature data and
the two databases were crosschecked.

Results

1. Atmospheric Temperatures

All of the daily maximum (daytime) and minimum (nighttime) temperatures recorded in Pasadena
between March of 1885 and December 31, 2016, the Study Period, are summarized in the first line of
Table 1 and Table 2 respectively. The Study Period was the divided into two periods, the first between
1885 and 1949, the Control Period, and the other including 1950 until 2016, the Test Period. The two
groups were tested using MW. Table 1 shows the number of daily maximum readings for the entire
Study Period, the Control Period, and the Test Period for all years and each month as well as the mean,
median, 25" percentile, 75" percentile, and the results of the MWRST. Table 2 shows the same results
for daily minimum readings for the entire year and for each month separately. Both the daytime and
nighttime results were non-normally distributed. In all cases but one, (November daytime temperatures)
the Test Period had significantly higher temperatures than the Control Period. The data was then
divided up by decades, 1881 — 1890, 1891 — 1990, &c and plotted against the month and are shown in
Figures 1 and 2 for daytime and nighttime temperatures respectively. The November daytime
temperature divided by decade was tested using the KW test and it was shown that there was a
significant difference (H = 97 with 13 degrees of freedom P = <0.001). Using Dunn’s Test and using

the 2011 — 2016 as a control, the g value for the decade of 1881 — 1890 was 6.8 (p<0.001), for 1891 —
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1900 it was 4.1 (p<0.005), for 1901 — 1910 it was 3.5 (p<0.01) and all other decades had a q value of 2.5
or less which was not significant (p > 0.05). The mean daytime temperatures for the decade of 1881 —
1890 was 20.0<C (n = 150), for 1891 — 1900 it was 20.0TC (n = 60), for 1901 — 1910 it was 21.7<C (n =
90), and for 2011 — 2016 it was 23.9C (n = 171).

Overall, the daytime median temperatures increased by 5% between the Control Period and the Test
Period (24.4<C to 25.6<C,a difference of 1.2<C) however, the amount of that increase varied
considerably for different months. Generally colder months showed larger increases than warmer
months. Figure 1 show that the median temperatures in the winter, such as January, were considerably
greater than in the summer, such as July. In Table 1, the median air temperature increased 9% in
January between the Control Period and the Test Period but in July, the median air temperature only
increased 2% while in November there was no measurable increase at all.

The nighttime air temperatures showed a much larger and more consistent increase. The median
nighttime temperatures increased by 24% (9.4<C to 11.7°=C or 2.3<C) which is larger both in absolute
terms and as a percentage. In Table 2 and Figure 2, every month showed large increases in the median
nighttime temperature as compared to daytime temperatures. However, there were still considerable
variations between months. Colder months showed greater increases than warmer months. January
showed the largest difference between the Control Period and the Test Period, 2.8 <C or a 64% increase,
while July only showed a 2.3<C change or a 16% increase in median air temperature.

To further assess the nature of these temperature changes, the same data used in Figure 1 and 2 were
recalculated as a frequency. The percentage of days within a given range of temperatures was calculated
and plotted in Figure 3. For clarity, only two decades are shown, the period between 1911 and 1920 and
the period between 2011 and 2016. There is little change in the frequency distribution of hotter days

while there has been much more of a change during colder days. For example, in the 1911 — 1920
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period, there are substantial number of days with a maximum temperature of less than 10<C while in the
2011 — 2016 period there are almost none. In contrast, the number of days with a maximum daytime
temperature above 40 <C has hardly changed at all. This would create the impression that there is a
maximum daytime temperature that is generally not exceeded.

Figure 4 shows a very different pattern. The entire distribution has shifted toward higher
temperatures with the frequency of colder nights changing as much as warmer nights. For example, in
the 1911 — 1920 period there are a substantial number of nights with a minimum temperature below 0<C
while in the 2011 — 2016 period there were none at all. Similarly, in the 1911 — 1920 period there were
almost no nights with a temperature greater than 20<C but in the 2011 — 2016 period there were a great
many. This would not suggest any sort of maximum nighttime temperature in the same way that the

daytime temperature distribution does.

2. Rainfall

Table 3 provides a summary of the rainfall in Pasadena for the entire Study Period, in the Test
Period, and the Control Period for the entire year and for the months of October through April. All of
the data in all of the periods examined were non-normally distributed. Table 3 provides the number of
results, the mean, median, 25" percentile, 75" percentile, the number of driest and wettest months, and
the results of the MWRST and FE tests. In every case except one (November), the mean, median, 25"
percentile, and 75" percentile values are lower in the Test Period than the Control Period. In none of
those cases was the degree of difference statistically significant although in three cases the probability
that the difference was caused by other effects was 0.2 or less: the entire year, October, and December
(p-value for the November MWRST result was also less than 0.2 but the median November rainfall was

higher in the Test Period as compared to the Control Period). The percent change in the median value
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for these three study groups was 11%, 28%, and 42% respectively (November was 183%). March
showed a 25% decrease in median rainfall between the Control and Test Periods but the p-value was
0.338. There were 23 months that were equally the driest in the Study Period for October, 15 of those
were in the Test Period. Conversely eight of the ten wettest Octobers were in the Control Period and the
p-value for the FET were 0.2 or less for both the wettest and driest months in October. In December,
like October, eight of the ten wettest months occurred in the Control Period, but only five of the driest
months occurred in the Control Period, which is similar to March. April showed only a small decrease
in the median rain fall (7%), however of the 13 driest months, 12 occurred during the Test Period. This
was a statistically significant deviation from the overall all pattern using the FET. It is important to note
that the years 2011 through 2016 were marked by the most severe drought in California’s history
(Kimbrough 2017) and three of the driest periods in April occurred in that time span.

Discussion

Daytime temperatures in Pasadena have increased significantly since records were first collected in
1885 but only for certain times of the year. This is consistent with local climatic models which predict
increases in local temperatures (Sun et al 2015). Since nighttime temperatures are rising more rapidly
than daytime temperatures, the difference between the two should be decreasing; the data on Table 1 is
suggestive of this, but it is not conclusive.

This difference between June and January temperatures is likely due to the Marine Layer in southern
California (Edinger 1963). The Marine Layer consists of low altitude stratus clouds that form over the
Pacific Ocean coast which is then advected by on shore winds over large areas of coastal California.
These clouds form a sheet like deck which is rather uniform in depth of 500 to 2000 m and extends for
large distances inland. Further inland motion is generally prevented by the line of very high coast

mountain ranges, such as the San Gabriel Mountains. It is thus not unusual for there to be many
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continuous days and weeks between April and June when the weather in Pasadena is cool and overcast
(informally locally known as “May Gray” or “June Gloom "), although this sort of weather can occur at
any time of year. The marine layers may last a few hours or an entire day but typically “burns off” by
mid-afternoon (Edinger 1963). This greatly reduces incoming solar radiation, including both incoming
incident shortwave radiation (ISR) and longwave radiation (ILR) as they are reflected back into space by
the surface of the clouds. The ISR and ILR that do reach the ground are reflected or absorbed and re-
emitted as outgoing shortwave radiation (OSR) and longwave radiation (OLR) with an increased ratio of
longwave to shortwave radiation. Furthermore, the low cloud deck reflects both OSR and OLR back
towards earth and are likewise both emitted and reflected by the earth’s surface. Greenhouse Gases
(GHGsS), e.g. carbon dioxide, absorb ILR and OLR but not ISR and OSR so as the concentrations of
GHGs increase, the amount of energy captured by the atmosphere increases. However, the Marine
Layer creates a well buffered environment which minimizes significant increases in atmospheric
daytime temperatures. Nevertheless in the winter and summer, these conditions do not prevail nearly as
much because as more sunlight reaches the surface, more OLR will be emitted and less OLR will be
reflected back toward the surface, so GHGs can capture more OLR hence atmospheric temperatures can
increase. The Marine Layer has both an energy reflecting effect and an energy trapping effect. This
dynamic does not occur the same way at night since there is no ISR or ILR, only OSR and OLR and as a
result, the Marine Layer only has an energy trapping effect but no energy reflecting effect. This
explains why the nighttime temperatures have increased faster than daytime temperatures and why there
is less variability between seasons at night as compared to during the daylight hours (Hatzianastassiou et
al 2004).

Additionally there is the Urban Heat Island (UHI) effect (Terjung & O’Rourke, 1980). Urban areas

with their large masses of concrete, asphalt, steel, and glass can absorb much more heat than agricultural
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and rural areas. Therefore as an area becomes more urbanized, air temperatures will increase separately
from climatic changes caused by GHGs and the absorption of OLR. However, it is not very likely that
the UHI effect is a major contributor to the atmospheric effects as the location of the temperature
measuring equipment has always been in a significantly urbanized area even in the 1880’s. The city was
largely as urbanized as it is today, especially near the measuring equipment since the 1920°s. Further, as
can be seen in all four Figures, temperatures have increased since the 1920°s when there was no
appreciable increase in the degree of urbanization in Pasadena.

This change in atmospheric temperatures appears to have had some measureable impact on local
rainfall. While the median rainfall declined in all months studied except November, the differences
were generally not large or statistically significant with two exceptions. The months of October and
April did appear to show measurable differences in rainfall as measured by changes in median rainfall,
the frequency of extremely dry months and extremely wet months. Most rainfall in the Pasadena area
occurs in the colder months of the year, October through April, and generally arrives in the form of front
storms generated in the Bering Sea thousands of kilometers to the northwest. Local climatic changes in
Pasadena undoubtedly cannot have any direct impact on the pattern of storm formation and movement
into southern California. However, since October and April are months characterized by the least
amount of rainfall in general, the “edges” of the rainy season as it were, it could be possible that the
higher temperatures could impact smaller storm events. Pasadena is located on the windward side of the
San Gabriel Mountains creating conditions for orographic lift with associated adiabatic cooling and
increasing relative humidity and vapor pressure. With smaller cold fronts, local warming may raise the
temperature in the clouds, reducing vapor pressure and inhibiting droplet formation.

Conclusions
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It is very clear that there is ACC on a local scale in the Pasadena area since air temperatures have
been increasing over the last 100 years to a measurable and statistically significant degree. Nighttime
temperatures have increased much more than daytime temperatures and temperatures in the colder
months have increased more than warmer months. The data suggests that there is a maximum daytime
temperature of approximately 40 <C, which limits the amount of increase possible during daylight hours.
It would appear that this change in air temperature may be having some limited impact on rainfall in the

months of April and October.
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320 Figure 1

321
Median Daytime Temperatures by Decade and Month
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322 Figure 2

Median Nighttime Temperatures by Decade and Month
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Figure 3

Frequency of Daytime Temperatures in Pasadena
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Figure 4

Nighttime Temperatures in Pasadena
by Decade 1911 - 2016
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