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Abstract

Fluctuations in the frequency of daily precipitation occurrence and in the intensity of
daily precipitation over the United States during the period 1948-2004 are identified and
linked to leading sources of interannual and interdecadal climate variability. The El
Nifio-Southern Oscillation (ENSO) phenomena are implicated in interannual fluctuations
while the Pacific Decadal Oscillation (PDO) and the Arctic Oscillation (AO) are linked to
recent interdecadal fluctuations.

For the conterminous United States as a whol e there have been increases in the annual
frequency of occurrence of wet days and heavy precipitation days and in the mean daily
and annual total precipitation over the past several decades, though these changes have
not been uniform. The possibility of significant natural forcing of these interdecadal
variations in precipitation is explored. It is shown that the PDO is associated with these
fluctuations over the western and southern United States, while the AO is also associated
with them but to a much lesser extent over the southeastern United States. Because the
interdecadal fluctuations are linked to changes in the global scale circulation and sea
surface temperatures associated with the PDO, the resultsimply that a significant portion
of the skill of climate models in anticipating fluctuations in daily precipitation statistics
over the United States will arise from an ability to forecast the temporal and spatial
variability of the interdecadal shiftsin tropical precipitation and in the associated

teleconnection patterns into midlatitudes.



1. Introduction

Progress in determining how natural climate variability and change are related to
extreme precipitation events has been hampered by alack of accurate and complete long
term estimates of precipitation at high spatial and temporal resolution. There are many
problems with the climate records for precipitation (e.g. Easterling et al. 2000), including
inaccessibility of sufficiently long data records at daily timescales, incomplete and
declining spatia coverage, and lack of consistent, high resolution, quality controlled
analyses. Severa previous studies have been successful in identifying the basic
characteristics of trends in extreme precipitation events over the past several decades for
specific regions such as the United States (e.g. Karl et al. 1995; Karl and Knight 1998,
Changnon 1998, Kunkel et al. 1999, Easterling et al. 2000, Groisman et a. (1998, 2001,
2004, 2005)), but additional studies of the mechanisms that relate climate variability and
change to the frequency of occurrence of daily precipitation events are needed.

Most areas of the globe are not adequately sampled, either by in situ or remote
sensing, which makes accurate quantification of the basic statistical aspects of daily
precipitation difficult to document. However, over the past decade the Climate
Prediction Center (CPC) has devel oped a Unified Raingauge Database (URD) consisting
of daily datafrom multiple sources and a precipitation quality control system and
analysis (Higgins et al. 2000b) that permits reasonable quantitative estimates of daily
precipitation statistics over the United States. An important aspect of the present study is
to demonstrate this capability by exploiting a historical (1948-2004) daily precipitation
analysisfor the United States to address the following basic question:

What are the observed characteristics of fluctuations in daily precipitation

occurrence and extremes over the United States, and how are they changing?



Evidence is mounting that some primary patterns of climate variability can
significantly alter the daily weather patterns including the frequencies, intensities and
locations of extreme events (e.g. floods, droughts, hurricanes). These patterns include
ENSO (e.g. Gershunov and Barnett 1998a; Gershunov 1998; Cayan et a. 1999;
Gershunov and Cayan 2003; US CCSP 2003), ENSO-like decadal variability (e.g.
Gershunov and Barnett 1998b; Gershunov et al. 1999), the Northern Hemisphere and
Southern Hemisphere annular modes (Thompson and Wallace 1998; Thompson and
Wallace 2001) and possibly others. In addition, Groisman et al. (1998, 2001, 2004, 2005)
have documented the existence of long-term trends in heavy precipitation eventsin the
U.S. that are likely to provide a significant source of seasonal predictability, especialy in
non-ENSO years.

Fortunately, over the past decade it has been recognized that much of climate
variability is associated with arelatively small number of these recurrent patterns or
modes (e.g. Higgins et al. 2000a). This makes it possible to investigate relationships
between these modes and fluctuations in the characteristics of the daily weather patterns.

The El Nifio / Southern Oscillation (ENSO) phenomenon is the major, and best
understood, source of interannual climate variability. For most of the world, El Nifio is
considered to be an abnormal warming of the equatorial Pacific that has a recognizable
signature in the global patterns of atmospheric pressure (e.g. Walker and Bliss 1932,
Troup 1965, Berlage 1966; Bjerknes 1966, 1969), atmospheric circulation (e.g. Arkin
1982), and precipitation and temperature patterns (e.g. Caviedes 1973; Hastenrath and
Heller 1977; Rasmusson and Carpenter 1983; Bhlame et al. 1983; Kousky et al. 1984;

Ropelewski and Halpert 1986, 1987; Aceituno 1988; Kiladis and Diaz 1989; Halpert and



Ropelewski 1992). Over the past couple of decades, the concept of the ENSO cycle has
developed (e.g. Horel and Wallace 1981; Simmons et al. 1983; Held and Kang 1987;
Karoly et al. 1989; Rasmusson and Mo 1993), which includes awarm phase (El Nifio) at
intervals of every 4-5 years, a cold phase (La Nifia), and intervening transition periods
characterized by near-normal ocean temperatures.

Conventional ENSO indices based on equatorial Pacific sea surface temperature or
the sea-level pressure difference between Darwin and Tahiti exhibit very little variability
from one decade to the next. However, many of the tropical and extratropical
expressions of ENSO exhibited along term shift toward more ‘ El Nifio-like' conditions
after 1975 (e.g. Nitaand Y amada 1989; Trenberth 1990; Trenberth and Hurrell 1994;
Graham 1994; L atif and Barnett 1994, Gu and Philander 1997), which was detectable in a
variety of Pacific basin ecological systems (e.g. Ebbesmeyer et al. 1991; Mantua et a.
1997). Thereiswell documented evidence of an analogous climate shift, but in the
opposite sense around 1946 (and possibly also after the mid-1990's), that has also had a
discernable influence on wintertime temperature and rainfall patterns over the United
States (Zhang et al. 1997; Mantua et al. 1997; Hare and Mantua 2000; Dettinger et al.
1998; Higgins et al. 2000a). Thislonger term Pacific decadal variability is often referred
to as the Pacific Decadal Oscillation (PDO) (e.g. Mantua et al. 1997) and we will use that
notation here. Gershunov and Barnett (1998) have argued that the effect of the PDO on
precipitation (specifically the frequency of extreme daily rainfall) over the contiguous
U.S. islargely through its modulation of ENSO.

The circulations of both hemispheres exhibit important ring-like (or annular) modes

of variability encircling the poles that fluctuate on time scales ranging from aweek to



decades (e.g. Thompson and Wallace 2000). The Northern Hemisphere annular mode,
often referred to as the Arctic Oscillation (AO) (Thompson and Wallace 1998), is marked
by opposing fluctuations in barometric pressure over the polar cap region and the
midlatitudes, together with opposing fluctuations in the strength of the westerlies at
subpolar and subtropical latitudes. The AO has wide ranging effects on weather over
North America, Europe and Asia (e.g. Thompson and Wallace 1998; Thompson and
Wallace 2001). During the period from 1960-1990 atrend towards lower pressure over
the poles, higher pressure in midlatitudes and stronger subpolar westerliesindicated a
more persistent positive phase of the AO (Thompson et al. 2000). Since 1990 a
discernable trend in the AO islessclear. The well-known North Atlantic Oscillation
(NAO) teleconnection pattern (Hurrell 1995) can be viewed as the regiona expression of
the AO in the Atlantic sector (Wallace 2000), though questions remain on the dominance
of the AO versusthe NAO (e.g. Ambaum et a. 2001). Thereisaso evidence for tropical
forcing of recent NAO activity (e.g. Hoerling et a. 2001). A substantial portion of the
AO variability is chaotic, or random (e.g. Frederiksen and Zheng 2004), so it remains to
be determined what fraction of the AO variability is potentially predictable at seasonal-
to-interannual timescales.

Focused study of these leading sources of climate variability over the last several
years has revealed that they account for much of the systematic (i.e. predictable) portion
of the atmospheric variability on seasonal-to-interannual-to-decadal timescales (e.g.
Higgins et al. 2000a). The background variability that remains after the effects of these
leading modes are accounted for and removed from the climate record (referred to as a

residual) is attributable to other possible factorsincluding (1) random chance, (2) poorly



understood episodic phenomena (including other forms of natural climate variability,
possible interactions of the effects of the main climate modes), (3) changesin the
observing system, (4) global warming, and (5) anthropogenic influences. Statistical
relationships between temporal indices of the leading sources of climate variability and
changesin daily weather patterns (both temperature and precipitation) can provide quite
detailed information on the climatic signature of these modes. Motivated by this, we
employ the historical daily precipitation analysis for the United States discussed above
and appropriate indices for ENSO, the PDO and the AO to examine some aspects of a
second key question:

What are the relationships between these leading sources of climate variability and

fluctuationsin the frequency of daily precipitation occurrence over the United States

on interannual and interdecadal time scales?

The current study is an extension of our earlier work (Higgins et a. 2000a), which
emphasized the influence of the leading sources of climate variability on the seasonal
predictability and long term trends of U.S. precipitation. It builds on the results of
previous studies (cited above) that have considered the interpretation of the leading
modes of climate variability, and their possible role in the variability and predictability of
precipitation. Here we focus on daily statistics and highlight changes that have occurred
between the periods before and after the mid-1970s. Geographic maps are used to
examine these fluctuations in more detail for all wet days and for specific thresholds (e.g.
90" percentile events). Because the analyses are carried out at higher spatial and
temporal resolution than in our previous work, the results are in aform convenient for

validation of state-of-the-art model simulations, such as the high-resolution simulations



with the NOAA coupled Climate Forecast System currently underway at the National
Centersfor Environmental Prediction (NCEP). We note that the present study does not
emphasi ze precipitation events with durations longer than a day, though we recognize the
need for improved understanding of relationships between multi-day rain events and
flooding.

The datasets and analysis procedures used in this study are discussed in section 2. A
brief review of the climatology of precipitation for the conterminous United States based
on the URD is given in section 3 prior to the detailed analysis of daily precipitation
statistics which are examined in detail in section 4. NOAA operational definitions for El
Nifio and La Nifiaare used to relate ENSO to daily precipitation statistics in section 5.
Changes in the frequency of daily precipitation between the periods (1948-1975) and
(1976-2004), chosen to separate the well documented climate shift towards more EI-Nifio
like conditions after 1975, are discussed in section 6. Linear regression techniques are
used in section 7 to determine relationships between the PDO, the AO, and observed
changes in the frequency of daily precipitation occurrence over the past few decades. A
summary and future plans are given in section 8.

2. Data sets and analysis procedures

The daily precipitation analysisis obtained from CPC’ s Unified Raingauge Database
(Higgins et al. 2000b). The database contains information from over 8000 stations across
the United States each day. Typically, the station density is highest in the eastern two-
thirds of the United States, but coverage over the western United States is relatively good,;
geographic distributions of station data and the associated daily analysis are shown on the

CPC website (www.cpc.ncep.noaa.gov/products/precip/reatime/us_precip.shtml). The



URD was used to produce the multi-year (1948-2004) daily precipitation analysis (12Z-
127) for the United States. The daily data were gridded at a horizontal resolution of (lat,
lon)=(0.25°x0.25°) over the domain (140°W-60°W,10°N-60°N) using a Cressman (1959)
scheme with modifications (Glahn et al. 1985; Charba et al. 1992). Several types of QC
were applied including a "duplicate station check” to eliminate duplicates and key punch
errors, a"buddy check” to eliminate erroneous extreme values, and a standard deviation
check that compares the daily raingauge data against a gridded daily climatology (see
Higgins et al. 2000b for details).

A classification of historical warm (El Nifio) and cold (La Nifia) episodes devel oped
by NOAA'’s Climate Prediction Center is used to examine relationships between ENSO
and fluctuations in daily precipitation statistics. The historical episodes are identified
using an Oceanic Nifio Index (ONI), which is one of the principal measures used by
NOAA for monitoring and assessing ENSO. The ONI is computed from three-month
running-mean values of SST departures from average in the Nifio 3.4 region using a set
of improved homogeneous historical SST analyses (Extended Reconstructed SST —
ERSST.v2 of Smith and Reynolds 2003). The NOAA operational definitions of El Nifio
and La Nifa are keyed to the ONI: (i) El Nifio: characterized by a positive ONI greater
than or equal to +0.5°C; (ii) La Nifia: characterized by a negative ONI less than or equal
to -0.5°C. These definitions properly identify all historical warm and cold episodes
(defined as 5 consecutive 3-month seasons in which the El Nifio or La Nifia definition is
satisfied) back to 1950. Numerical values of the ONI for each 3-month season since
1950 and Tables of historical warm and cold episodes are found on the CPC website at

http://www.cpc.ncep.noaa.gov/products/preci p/ CWIink/M JO/enso.shtml




The PDO index is derived as the leading PC of low pass filtered monthly SST
anomalies in the Pacific Ocean north of 20° N (Mantua et al. 1997; Zhang et a. 1997).
The monthly mean global average SST anomalies for the period of record have been
removed to separate this pattern of variability from any "global warming" signal that may
be present in the data. The AO index was developed at CPC for real-time monitoring
purposes by applying the methodology of Thompson and Wallace 1998. The AO index
is defined on the basis of the leading principal component time series of monthly-mean
NH 1000-hPa height anomalies for all months of the year. Anomalies are with respect to
1979-2000 base period monthly means. Details are found on the CPC web page at
http://www.cpc.ncep.noaa.gov/products/precip/ CWIlink/daily_ao_index/ao.shtml

Annual time series of the ONI, PDO and AO indices (1948-2004) are shown in Fig. 1.
Each index has been normalized by the annual standard deviation intheindex. Trendsin
the PDO and AO indices are clearly evident.

In section 7 linear regression techniques are used to examine relationships between
the PDO, the AO and observed changes in the frequency of daily precipitation occurrence
over the United States. The calculations are based on differences between the period
(1976-2004) and (1948-1975) computed from the observed data at each gridpoint.
Relationships between the climate variability and changes in precipitation statistics are
estimated quantitatively as follows: (i) regress the observed precipitation time series onto
the PDO (or AO) index to obtain regression coefficients, (ii) reconstruct the time series
using the regression coefficients and the appropriate index, and (iii) take the difference
between the period (1976-2004) and (1948-1975) using the reconstructed time series.

These computations provide quantitative estimates of the influence of the PDO and AO
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to the observed fluctuations between the two periods. A residual is computed by
removing the PDO and AO estimates from the total observed change between the two
periods; the residual includes several possible components as discussed in section 1. We
note that this methodology has been applied in our earlier studies (e.g. Higgins et al.
2000a) to examine the dominant factors influencing trends in seasonal mean United
States precipitation and surface air temperature, but it has not been used to examine
changesin the frequency of daily precipitation occurrence.

Critical values of the change in frequency of daily precipitation occurrence, of the
changein total precipitation accumulation, and of the composite mean differencesin the
ENSO composites were evaluated statistically using at test. The effective time between
independent samples was computed using the method of Livezey (1995). In each case
statistical significance was assessed relative to the 95% confidence level.

3. Climatology

A brief review of the climatology of precipitation for the conterminous United States
based on the URD is given so that fluctuations in the daily precipitation statistics can be
characterized in a proper historical context.

The mean (1948-2004) annual precipitation based on the daily precipitation analysis
for the United Statesis shown in Fig. 2. In an annual mean sense the wettest parts of the
continent are in the Pacific Northwest and along the Gulf Coast, where annual average
precipitation amounts exceed 1500 mm (60 in) at some locations. The driest areas of the
continent are in the Desert Southwest where annual precipitation below 250 mm (10in) is
common. In portions of the West the datain the URD is more limited, and the terrain is

very complex, which may contribute to significant errorsin the analysisin these regions.
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A Pacific Northwest precipitation maximum occurs in the fall and winter, but it is
nearly absent in summer. A central Gulf Coast precipitation maximum occurs throughout
the annual cycle, but it is suppressed to the immediate Gulf Coast and includes Florida
during the summer months. During the summer a precipitation maximum occurs over the
Great Plains in association with increased nocturnal convection.

4. Daily Statistics

4.1 Frequency

The pattern of mean (1948-2004) annual frequency of measurable (> 1 mm) daily
precipitation occurrence in the United States (Fig. 3a) is similar in many respects to the
pattern of mean annual precipitation (Fig. 2). The highest frequencies (greater than 40%
of the days) tend to occur in the same regions as the largest annual precipitation totals.
One exception is aong the western slopes of the Appalachians, where the frequency of
measurable daily precipitation is relatively high but the annual precipitation totals are not
as high asin the Pacific Northwest and along the Gulf Coast. The lowest frequencies (less
than 10% of the days) occur in the Desert Southwest where the mean annual precipitation
issmall.

Because the data have been objectively analyzed, the spatial coverage of light events
is somewhat high and the coverage of heavy rainfal eventsis somewhat low. These are
artifacts of all objective analysis techniques including the Cressman scheme. To explore
the sensitivity of the frequency of measurable daily precipitation occurrence to the
precipitation threshold, we show results for athreshold > 25 mm (Fig. 3b). At this
threshold the highest frequencies (3-4% of the days) are found in the regions mentioned

above.
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Daily precipitation statistics from the gridded analysis and the station observations for
several major citiesin the United States are compared in Table 1. At athreshold of 1 mm
the station observations yield mean annual frequencies of daily precipitation occurrence
that are up to afactor of two lower than the analyzed frequencies at the more arid
locations (e.g. Dallas, Los Angeles and Phoenix). A comparison of the frequency of
extreme events (>25 mm) shows that there are generally fewer of them in the gridded
anaysis than at the stations, except at the west coast sites (Seattle and Los Angeles).
Annual precipitation totals tend to be comparable or lower at individual stations
compared to the corresponding gridpoints, except at the wettest coastal locations (e.g.
Seattle and Miami) where individual daily events tend to be heavier and influenced to a
lesser extent by surrounding observations in the objective analysis. The standard
deviation of daily precipitation is somewhat higher at the station locations than at the
corresponding gridpoints. Though the results indicate that daily precipitation frequencies
at athreshold of 1 mm (25 mm) may be generally too high (too low) in the gridded
analysis, thiswill not change the interpretation of the results in the remainder of this
paper.

Thereisalarge seasona cycle in the frequency of daily precipitation occurrence in
the Pacific Northwest (frequencies exceed 50% of the days during the winter, but drop to
less than 30% of the days during the summer) and in the monsoon regions of the
Southwest (not shown). In contrast, the seasonal cycleisrelatively small over the eastern
two-thirds of the United States.

An examination of the mean frequency of measurable (> 1 mm) daily precipitation

occurrence by decade (1950s, 1960s, 1980s, 1980s and 1990s), expressed as a percent
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departure from the frequency for the entire period (1948-2004) (Fig. 4) shows that daily
precipitation events have increased over much of the western half of the United States
(more than 30% at some locations) over the five decade period. Some of the signal in the
west (particularly at high elevations) may be due to overestimates of the frequency of
occurrence of light intensity events by the objective analysis scheme combined with
fluctuationsin the station coverage (see section 5).

The standard deviation of the frequency of measurable (> 1 mm) daily precipitation
occurrence shows avery different pattern for the NH summer (JAS) as compared to the
other seasons. During autumn, winter and spring, the highest values are found in the
Pacific Northwest and along the central Gulf Coast due to synoptic-scale storm systems
and mid-latitude fronts that provide focusing mechanisms for precipitation episodes. In
summer the variability in these regions is much lower, but it increases in the Great Plains
and in the monsoon area of the Southwest.

4.2 Extremes

Daily accumulations of precipitation were ranked (locally) for the period 1948-2004
(by season) and heavy precipitation days were defined as those in the upper 10% of the
daily distribution. For these calculations we used daily precipitation time series for wet
days (awet day at a particular grid point is defined as a day with measurable precipitation
exceeding a threshold of 1 mm day™ at that gridpoint). Geographical maps of the
threshold for ranked daily precipitation at the 90" percentile by season (not shown) reveal
amarked annual cyclein the threshold in some regions. For example, in portions of the
Pacific Northwest, northern California and along the Gulf Coast the threshold is at |east

two times higher during the winter (in excess of 25 mm) than during the summer (around
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10 mm). The annual cycle is much weaker over the eastern United States, where
precipitation occurs more regularly throughout the year.

The annual cycle of the fraction of total seasonal precipitation due to heavy (>90™
percentile) precipitation days (not shown) is aso large in areas with pronounced wet and
dry seasons. For example, in the Southwest the fraction of total rainfall explained by
heavy precipitation days drops substantially during the summer monsoon (JAS)
compared to the other seasons. On the other hand, the annual cycle is much smaller in
the eastern United States where it tends to rain more consistently throughout the year.

The total accumulated precipitation due to heavy (> 90" percentile) precipitation days
has increased substantially (as much as 20%) over portions of the western and west-
central United States during the past severa decades (Fig. 5). These results are consistent
with the observed changes in the mean frequency of measurable (> 1 mm) daily
precipitation occurrence in the region (Fig. 4). They are also consistent with the results
of earlier studies by Groisman et al. (1998, 2001, 2004, 2005). Since the threshold for
ranked daily precipitation at the 90" percentile has not changed by more than a few
millimeters at any given location during this five-decade period (not shown), thisimplies
that the average intensity of extreme events on the tails of the distribution (i.e. the
variance) isincreasing in these regions.

5. Interannual Fluctuations

A classification of EI Nifio and La Nifia episodes (section 2) was used to examine
relationships between ENSO and interannual fluctuationsin daily precipitation statistics
in the United States. Composite mean differences of the frequency of measurable (> 1

mm) daily precipitation occurrence and of the total precipitation due to heavy (>90"
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percentile) precipitation days are shown in Figs. 6 and 7, respectively. Results are shown
by season for moderate /strong (hereafter m/s) El Nifio and m/s La Nifia episodes, which
are defined as those with ONI > +1.0 (ONI <-1.0) (see section 2). The numbers of El
Nifio and La Nifia episodes in each composite are indicated on the figures, and areas
where the composite differences are significant at the 95% level are indicated by shading.

The Southwest (Pacific Northwest and Ohio Valley) averages up to 15% more (fewer)
wet days per winter season during m/s El Nifio compared to m/s La Nifa (Fig. 6).

Similar features are observed during the transition seasons, though the patterns are
weaker. During the summer the northern United States averages up to 15% more wet
days per season during m/s El Nifio compared to m/s La Nifia episodes.

Extreme events over portions of Californiaand the Southeast contribute an additional
50 mm or more per winter season during m/s El Nifio compared to m/s La Nifia (Fig. 7);
thisis consistent with the changes in the frequency of measurable daily precipitation
occurrence (Fig. 6). Decreases of up to 50 mm are observed in the Ohio Valley. During
NH summer the heavy precipitation days contribute 25 mm or more per m/s El Nifio over
portions of the Northern Plains and Midwest.

The above features generally agree with previous studies (e.g. Kousky et al. 1984;
Ropelewski and Halpert 1987; Aceituno 1988; Kiladis and Diaz 1989) that have
highlighted regional precipitation anomaly patterns associated with ENSO events. We
note that there is considerable non-linearity in ENSO’ s effect on heavy precipitation
frequency over the contiguous U.S. (e.g. Gershunov 1998), suggesting that there may be

better ways to examine the ENSO signal than composite differences.
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6.0 Interdecadal Fluctuations

In anticipation of section 7, here we examine the frequency distributions of daily
precipitation for two periods, namely 1948-1975 and 1976-2004, chosen to separate the
well documented climate shift towards more El-Nifio-like conditions after 1975. We
examined the conterminous United States as a whole, as well as selected regions, and
individual locations. Because the conterminous United Statesis alarge region, the area
mean daily accumulations are small (on the order of afew mm or less), but the frequency
of measurable (> 1 mm) daily precipitation occurrence is large because precipitation is
almost always occurring somewhere in the United States. The frequency distributions are
for all days of the year, and results are based on the average number of wet days per year
in each precipitation class. The precipitation classes are 0-1 mm, 1.01-2 mm, etc.

For the conterminous United States there have been increases in the frequency of
heavy precipitation days (all thresholds exceeding 2 mm day™) and decreases in the
frequency of light precipitation days (thresholds less than 2 mm day™) and days without
precipitation during the recent (1976-2004) period when compared to the earlier (1948-
1975) period (Fig. 8). It isimportant to note that these increases have not been uniform.
Notably, the largest increases (up to 20% when expressed as a fraction of the total
number of daysin aparticular interval) are for the extreme events. The change in shape
of the distributions between the two periods (Fig. 8¢) indicates that the increasein
extreme events is associated with increased variability of daily precipitation. These
results are consistent with studies of long-term trends that have shown that areas with
increasesin daily rainfall have experienced increases in extreme events (e.g. Karl and

Knight 1998; Groisman et a. 1998, 2001, 2004, 2005).
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In addition to the frequency distributions for the conterminous United States as a
whole, we also examined the distributions for specific locations and for selected regions.
Increases in the frequency of heavy precipitation days have occurred in many areas of the
country since the mid-1970s, especialy in the west. In contrast to the area average
results for the entire United States (Fig. 8), the frequency distributions for individual
locations and for small regions have more dry days and more extremely wet days;
consequently, the relative changes between the two periods are larger than for the area
average results. In our future work we will examine the frequency distributionsin more
detail, with emphasis on the mechanisms for these fluctuations.

Overall, these results are consistent with previous studies that have reported
interdecadal variations of precipitation over western portions of the conterminous United
States that are tied to interdecadal shifts of global atmospheric circulation and SST
anomaly patterns (e.g. Higgins et al. 2000a), suggesting that the precipitation fluctuations
are at least partly due to low-frequency climate processes on the global scale (e.g. Cayan
et a. 1998; Gershunov and Cayan 2003).

7. Relationshipsto Climate Variability

Relationships between the PDO, AO, and long-term (interdecadal) fluctuationsin the
frequency of daily precipitation occurrence are estimated quantitatively using the method
outlined in section 2. Changes in the frequency of measurable (> 1 mm) daily
precipitation occurrence (Fig. 9) and in the total accumulated precipitation per year for all
wet days (Fig. 11) and for heavy (> 90" percentile) precipitation days (Fig. 12) are based

on differences between the periods (1976-2004) and (1948-1975) at each gridpoint over
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the United States. Areas where the changes are significant at the 95% level are indicated
by shading on each figure.

Observed changes in the frequency of measurable daily precipitation occurrence (Fig.
9a) are largest over the western US, where increases exceed 5% of the number of daysin
ayear. The PDO-related (Fig. 9b) changes are substantial, and explain about half of the
observed increase over the western half of the Nation. The residua change (Fig. 9d),
obtained by removing the PDO-related (Fig. 9b) and AO-related (Fig. 9¢) changes (Fig.
9a) isgenerally small and mainly confined to the Intermountain West. Recall that the
residual is attributable to other possible factorsincluding (1) random chance, (2) poorly
understood episodic phenomena (including other forms of natural climate variability and
possible interactions of the effects of the main climate modes), (3) changesin the
observing system, (4) global warming, and (5) anthropogenic influences.

The results shown in Fig. 9 are in doubt in areas of the Intermountain West at
locations where significant changes in the observing system have occurred during the
period of record. A time series of the annual average number of daily station reports for
the northern Rockies (115°W-105°W, 40°N-48°N) during the period 1948-2004 confirms
that the station counts increased with the introduction of the SNOpack TEL emetry
(SNOTEL) data (NCDC 2002a) starting in 1978 and again with the introduction of the
River Forecast Center (RFC) data (NCDC 2002b) starting in 1992 (Fig. 10a). Both
networks emphasize mountain / alpine locations where precipitation tends to occur more
frequently than in adjacent valleys. Asaconsequence, thereisan increase in the
frequency of measurable daily precipitation for the gridded analysis during the more

recent period. The corresponding time series of the annual frequency of measurable (> 1
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mm) daily precipitation occurrence, expressed as a fraction of the number of daysin a
year (Fig. 10b), exhibits atrend that is ssimilar to that in the time series of station counts
for thisregion (Fig. 10a). Overall, these resultsindicate that the change in the frequency
of measurable daily precipitation occurrenceis at least partly due to changesin the station
network. In section 7.1 we use a different precipitation dataset (the Hourly Precipitation
Dataset of Higgins et a. 1996) to examine the possible influences of spatial homogeneity
and temporal continuity on the results.

Changes in the frequency of measurable (> 1 mm) daily precipitation occurrence
generally correspond to changes in the total accumulated precipitation per year (Fig. 11),
with substantial increases over most of the US, except in portions of the Southeast,
northern tier-of-states, and along the Pacific Northwest Coast. Much of the change
between the two periodsis explained by the PDO (Fig. 11b). Relationships with the AO
areweak (Fig. 11c) and not statistically significant.

Increases along the Gulf Coast exceed 100 mm (4 inches) per year at some locations
(Fig. 11a). Since the mean annual precipitation totals are as large as 1500 mm in this
region (Fig. 2), thisincrease represents roughly 5%-10% of the mean annual rainfall.
Increases exceeding 50 mm are also observed at many locations in the central and
western US (Fig. 11a), and again this represents a 5%-10% increase.

Previous studies of long-term trends in precipitation have shown that in many regions
where average rainfall has been increasing, there have also been trendsin extreme
precipitation events (e.g. US CCSP 2003). A comparison of the patternsin Figs. 11aand
12a confirms that thisis also true when differences between the two periods (1948-1975)

and (1976-2004) are considered.
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The seasonality of the changes documented in Figs. 11 and 12 has also been
examined. The changes along the southern tier-of-states have primarily occurred during
the winter and spring seasons (not shown), consistent with the relative increase in El
Nifio events, and consequently El Nifio-related influences on precipitation during the
more recent period.

7.1 Influence of spatial and temporal continuity

The Hourly Precipitation Database (HPD) of Higgins et al (1996) does not include the
SNOTEL or the RFC stations, and hence is a more spatially and temporally homogeneous
data set than the URD. The HPD still suffers from some incomplete station records, but
to alesser extent than the URD (afactor we intend to address in follow-on studies).

A reexamination of the annual frequency of measurable daily precipitation occurrence
for the Northern Rockies (Fig. 13b) shows a slow steady increase since the late 1940s,
though the frequencies are lower than in the URD (Fig. 10b) as would be expected due to
the lack of mountain sitesin the HPD. Overall there is an increase of roughly 6% (22
days per year) from the 1940s to the 1990s. An examination of the station countsin this
region from the HPD (Fig. 13a) shows that there are no large jumpsin the late 1970s or
early 1990s as in the URD (Fig. 10a), though there is an unexplained change during the
1950s (Fig. 13a). However, the relatively stable station counts since then lend credence
to the conclusion that the annual frequency of measurable daily precipitation occurrence
has increased in thisregion (Fig. 13b).

The HPD was also used to reexamine the rel ationships between the PDO and AO, and
changes in the annual frequency of measurable (> 1 mm) daily precipitation occurrence

expressed as afraction of the number of daysin the year (Fig. 14a). The HPD patternis
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similar to the URD pattern (Fig. 9a), except that the differences in mountainous areas of
the western United States are somewhat lower, averaging around 2-3% (7-11 days).
Again the PDO-related changes are significant in the western United States (Fig. 14b)
while the AO-related changes are negligible (Fig. 14c). Theresidua (Fig. 14d) isarather
uniform increase of roughly 1% (~ 4 days) over most of the nation, though these changes
are significant in limited portions of the west-central United States..

The HPD was also used to examine changes in the accumulated precipitation per year
due to wet days (not shown) and due to heavy (>90™ percentile) precipitation days (not
shown). The patterns are qualitatively similar to those shown in Figs. 11 and 12,
respectively, and the quantitative comparison is quite good for the eastern two-thirds of
the US. Additional details (including the seasonality of these changes) will be examined
after the HPD and URD datasets are reanalyzed using temporally complete station
records.

8. Summary and Future Plans

Fluctuations in the frequency of daily precipitation occurrence over the United
States during the period 1948-2004 were identified and linked to some leading patterns of
climate variability. The ENSO phenomena were implicated in interannual fluctuations
while the PDO (and to alesser extent the AO) were implicated in long-term (interdecadal)
fluctuations. The analysis of long-term changes confirms that there have been increases
in the annual frequency of wet days and heavy precipitation days, and in the mean daily
(and annual) precipitation over the past several decades, though these changes have not
been uniform. Increases in the annual number of wet days average 5-10 days per year in

the eastern United States and 10-15 days per year in the western half of the nation. We
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are more confident of the resultsin the eastern half of the nation due to the relative
stability of the station network during the period of record. The PDO accounts for about
half of the total observed change in the Intermountain West, while the combination of the
PDO and the AO account for between a quarter and a half of the change in the Southeast
(though the AO results are generally not statistically significant). Theresidual changeis
interpreted as the integrated effect of other patterns of climate variability, random noise,
changes in the raingauge network, global warming, anthropogenic influences, and other
possible influences.

Because the interdecadal fluctuationsin the frequency of daily precipitation
occurrence and in the intensity of daily precipitation are linked to changes in the global
scale circulation and sea surface temperatures associated with the PDO, the results imply
that a significant portion of the skill of climate models in anticipating these fluctuations
will likely arise from an ability to forecast the temporal and spatial variability of the
interdecadal shiftsin tropical precipitation and associated teleconnection patterns into
midlatitudes.

A key challenge is to develop models that capture this climate variability and the
statistics of daily precipitation as found in nature. Diagnostic studies that compare state-
of-the-art climate model simulations and observations can then be used to address a

number of basic questions concerning the extreme events:

Do climate models simulate the observed linkages between (interannual and interdecadal)
climate variability and changes in the frequency of daily precipitation extremes?

Are changes in the statistics of extreme events predictable?
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Does the simulated frequency of daily precipitation extremes lie within or outside the

range of natural variability?

Continued progress will require advancements in scientific understanding of the climate
variations themselves and in quantitative estimates of how these variations alter the
frequency of daily precipitation occurrence. Improved climate-quality daily precipitation
data sets are essential.  Ultimately, these studies should lead to improved forecasts of
precipitation extremes.

One of the key issues raised in this study concerned changes in the observationa data
base over the western United States during the period of record. By comparison of the
URD (less homogeneous in space and time) to the HPD (more homogeneous in space and
time), we were able to obtain an improved quantitative estimate of the daily precipitation
fluctuationsin that region. In the future, we will improve our quantitative estimates
further by requiring that station records be sufficiently complete (e.g. 80% or greater)
prior to the objective analysis. In the future we also plan to apply the method used in
section 7 to a study of long-term fluctuations in other types of extreme weather events
(e.g. daytime maximum temperature, nighttime minimum temperature). Thiswill include
assessments of the ability of state-of-the-art climate models to simulate observed
fluctuations in weather extremes during the 20" century. Models are also getting to the
point that it will be useful to examine the regionality of the fluctuations in extreme

weather events in more detail than has been done in the past.
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11. Figure Captions

Figurel. ONI, PDO and AO indices (1948-2004). Each index has been normalized by
the annual standard deviation in the index. An 11-yr running mean (solid line) is also
shown on each panel.

Figure 2. The mean (1948-2004) annual precipitation (units: mm) based on the daily
precipitation analysis for the United States.

Figure 3. Mean (1948-2004) annual frequency of daily precipitation occurrence at
thresholds of (a) > 1 mm and (b) > 25 mm, expressed as a percentage of the number of
daysin ayear (units. percent).

Figure 4. Mean frequency of measurable (> 1 mm) daily precipitation occurrence by
decade (1950s, 1960s, 1980s, 1980s and 1990s) expressed as a percent departure from the
mean frequency of measurable daily precipitation occurrence for 1948-2004 (units:
percent).

Figure5. Total accumulated precipitation due to heavy (> 90" percentile) precipitation
days by decade (1950’s, 1960's, 1970's, 1980's, 1990’ s) expressed as a percent departure
from the total accumulated precipitation due to heavy (>90™ percentile) precipitation days
for the entire period 1948-2004 (units. percent).

Figure 6. Composite difference of the mean frequency of measurable (> 1 mm) daily
precipitation occurrence between m/s warm (El Nifio) and m/s cold (La Nifia) episodes
by season (contours). Results are expressed as a percentage of the number of daysin the
season (units: percent). The contour interval is 5% and the zero contour has been omitted.
Shading indicates areas where the composite differences are significant at the 95% level.
Results are based on daily datafor the period 1948-2004. The number of warm and cold
episodes in each composite is indicated on the figure.

Figure 7. Composite difference of the accumulated precipitation per year due to heavy
(> 90™ percentile) precipitation days (units: mm) between m/s warm (El Nifio) and m/s
cold (La Nifia) by season (contours). The contour interval is 25 mm and the O contour
has been omitted. Shading indicates areas where the composite differences are
significant at the 95% level. Results are based on daily data for the period 1948-2004.
The number of warm and cold episodes in each composite is indicated on the figure.
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Figure 8. Frequency distributions of daily precipitation for the conterminous United
States for (a) 1948-1975 and (b) 1976-2004 and (c) the difference [(1976-2004)-(1948-
1975)]. Results are based on all days of the year and are annual averages for each
period. The precipitation classes are 0-1 mm, 1.01-2 mm, 2.01-3 mm, etc. as indicated
along the abscissa. In (c) the dark (light) shaded areas indicate increases (decreases) in
the annual number of events for each precipitation class.

Figure 9 Percent change of the mean frequency of measurable (> 1 mm) daily
precipitation occurrence between the period (1976-2004) and the period (1948-1975).
Results are expressed as a fraction of the number of daysin ayear (units. percent). The
contours are -5%, -3%, -1%, 1%, 3% and 5%. (&) Total observed change, (b) PDO-
related contribution to the observed change, (c) AO-related contribution to the observed
change, (d) Residual (total observed change minus PDO-related and AO-related
contributions). Shading indicates areas where changes are significant at the 95% level.
Figure 10. (a) Time series of the annual average number of daily station reports for the
northern Rockies (115W-105W, 40N-48N) during the period 1948-2004 from the Unified
Raingauge Database (URD). (b) Time series of the frequency of measurable (>1 mm)
daily precipitation occurrence expressed as a percentage of the number of daysin ayear
for the northern Rockies (115W-105W, 40N-48N).

Figure 11. Change of the total accumulated precipitation per year (units: mm/year) due
to wet days (> 1 mm) between the period (1976-2004) and the period (1948-1975). The
contours are -100 mm, -50 mm, -25mm, 25 mm, 50 mm and 100 mm. (a) Total observed
change, (b) PDO-related contribution to the observed change, (¢) AO-related contribution
to the observed change, (d) Residual (total observed change minus PDO-related and AO-
related contributions). Shading indicates areas where changes are significant at the 95%
level.

Figure 12. Change of the total accumulated precipitation per year (units. mm/year) due
to heavy (> 90" percentile) precipitation days between the period (1976-2004) and the
period (1948-1975). The contours are -40 mm, -20 mm, -10 mm, 10 mm, 20 mm and 40
mm. (a) Total observed change, (b) PDO-related contribution to the observed change, (c)
AO-related contribution to the observed change, (d) Residual (total observed change
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minus PDO-related and AO-related contributions). Shading indicates areas where
changes are significant at the 95% level.

Figure 13. (a) Time series of the annual average number of daily station reports for the
northern Rockies (115W-105W, 40N-48N) during the period 1948-1998 from the Hourly
Precipitation Database(HPD). (b) Time series of the frequency of measurable (>1 mm)
daily precipitation occurrence expressed as a percentage of the number of daysin ayear
for the northern Rockies (115W-105W, 40N-48N) as obtained from the HPD.

Figure 14. Percent change of the mean frequency of measurable (> 1 mm) daily
precipitation occurrence between the period (1976-1998) and the period (1948-1975)
from the HPD. Results are expressed as a fraction of the number of daysin ayear (units:
percent). The contours are -5%, -3%, -1%, 1%, 3% and 5%. (a) Total observed change,
(b) PDO-related contribution to the observed change, (c) AO-related contribution to the
observed change, (d) Residual (total observed change minus PDO-related and AO-related
contributions). Shading indicates areas where changes are significant at the 95% level.

12. Table Captions
Table 1. Comparison of daily precipitation statistics for 10 major citiesin the United
States computed from raw station data and from the analyzed gridpoint nearest the city.

Only annual statistics are shown.



Table 1. Comparison of daily precipitation statistics for 10 mgjor citiesin the United
States computed from raw station data and from the analyzed gridpoint nearest the city.

Only annual statistics are shown.

City Annual Total  Annual Annual Annual Daily Daily
Station Total Grid Frequency Frequency  Variance Variance
(mm) (mm) Imm (25mm) Grid (%) Station (mm) Grid (mm)
Station (%)
Chicago 903.1 899.7 27.6 (2.6) 34 (1.4) 55.7 30.9
Dalas 894.6 903.5 13.9(2.9) 27.9(1.9) 76.9 434
Miami 1473.2 1289.9 25.9 (4.2 47.9 (1.8) 154.0 46.2
New York 1147.8 1165.7 26.4 (2.5) 37.4(2.3) 79.3 47.2
San Francisco 513.8 542.4 13.3(1.3) 17.3(0.9) 294 22.9
Sedttle 1930.1 1614.0 36.5(1.4) 52.0 (2.5) 62.1 519
Boston 1089.9 1172.0 28.7 (3.5) 38.1(2.3) 717 47.1
LosAngeles 313.7 401.8 6.8 (0.6) 10.6(1.2) 235 25.3
Washington ~ 979.2 1058.5 26.1 (2.8) 36.4(1.8) 584 39.4
Phoenix 190.2 223.0 6.5 (0.3 12.5(0.2) 7.9 4.5
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Figure 1. ONI, PDO and AO indices (1948-2004). Each index has been normalized by
the annual standard deviation in the index. An 11-yr running mean (solid line) isalso

shown on each panel.
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Figure 2. The mean (1948-2004) annual precipitation (units. mm) based on the daily

precipitation analysis for the United States.
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Figure 3. Mean (1948-2004) annual frequency of daily precipitation occurrence at
thresholds of (a) > 1 mm and (b) > 25 mm, expressed as a percentage of the number of

daysin ayear (units: percent).
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Figure4. Mean frequency of measurable (> 1 mm) daily precipitation occurrence by
decade (1950s, 1960s, 1980s, 1980s and 1990s) expressed as a percent departure from the
mean frequency of measurable daily precipitation occurrence for 1948-2004 (units:

percent).
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Figure5. Total accumulated precipitation due to heavy (> 90" percentile) precipitation
days by decade (1950's, 1960’s, 1970's, 1980's, 1990’ s) expressed as a percent departure
from the total accumulated precipitation due to heavy (>90™ percentile) precipitation days

for the entire period 1948-2004 (units. percent).
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Figure 6. Composite difference of the mean frequency of measurable (> 1 mm) daily
precipitation occurrence between m/s warm (El Nifio) and m/s cold (La Nifia) episodes

by season (contours). Results are expressed as a percentage of the number of daysin the
season (units: percent). The contour interval is 5% and the zero contour has been omitted.
Shading indicates areas where the composite differences are significant at the 95% level.
Results are based on daily datafor the period 1948-2004. The number of warm and cold

episodes in each composite is indicated on the figure.
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Figure 7. Composite difference of the accumulated precipitation per year due to heavy
(> 90™ percentile) precipitation days (units: mm) between m/s warm (El Nifio) and m/s
cold (LaNifa) by season (contours). The contour interval is 25 mm and the O contour
has been omitted. Shading indicates areas where the composite differences are
significant at the 95% level. Results are based on daily datafor the period 1948-2004.

The number of warm and cold episodes in each composite is indicated on the figure.

42



1948—-1975

140
v 1201
> 100
80 1
© 60
H= 40
20
O_
0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8
1976—2004
140
v 1201
> 100
80 1
© 60
Hs 40
20
O_
0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8
i (1976—2004) minus (1948—1975)
10
&
24 ‘
O %:
° 9
= ¢
_8_
_10_
-12

0-1 1-2 2-3 3—-4 4-5 5-6 6-7 7-8
mm day™

Figure 8. Frequency distributions of daily precipitation for the conterminous United
States for (a) 1948-1975 and (b) 1976-2004 and (c) the difference [(1976-2004)-(1948-
1975)]. Results are based on all days of the year and are annual averages for each
period. The precipitation classes are 0-1 mm, 1.01-2 mm, 2.01-3 mm, etc. as indicated
along the abscissa. In (c) the dark (light) shaded areas indicate increases (decreases) in

the annual number of events for each precipitation class.
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Figure9 Percent change of the mean frequency of measurable (> 1 mm) daily
precipitation occurrence between the period (1976-2004) and the period (1948-1975).
Results are expressed as a fraction of the number of daysin ayear (units. percent). The
contours are -5%, -3%, -1%, 1%, 3% and 5%. (&) Total observed change, (b) PDO-
related contribution to the observed change, (¢) AO-related contribution to the observed
change, (d) Residual (total observed change minus PDO-related and AO-related

contributions). Shading indicates areas where changes are significant at the 95% level.



(a) Station Counts for N. Rockies (115W—105W, 40N—48N)
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Figure 10. (a) Time series of the annual average number of daily station reports for the
northern Rockies (115W-105W, 40N-48N) during the period 1948-2004 from the Unified
Raingauge Database (URD). (b) Time series of the frequency of measurable (>1 mm)
daily precipitation occurrence expressed as a percentage of the number of daysin ayear

for the northern Rockies (115W-105W, 40N-48N).
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Figure 11. Change of the total accumulated precipitation per year (units: mm/year) due
to wet days (> 1 mm) between the period (1976-2004) and the period (1948-1975). The
contours are -100 mm, -50 mm, -25mm, 25 mm, 50 mm and 100 mm. (a) Total observed
change, (b) PDO-related contribution to the observed change, (c) AO-related contribution
to the observed change, (d) Residual (total observed change minus PDO-related and AO-
related contributions). Shading indicates areas where changes are significant at the 95%

level.
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(c) AO Contribution

2N

Figure 12. Change of the total accumulated precipitation per year (units: mm/year) due
to heavy (> 90" percentile) precipitation days between the period (1976-2004) and the
period (1948-1975). The contours are -40 mm, -20 mm, -10 mm, 10 mm, 20 mm and 40
mm. (a) Total observed change, (b) PDO-related contribution to the observed change, (c)
AO-related contribution to the observed change, (d) Residual (total observed change
minus PDO-related and AO-related contributions). Shading indicates areas where

changes are significant at the 95% level.
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(a) Station Counts for N. Rockies (115W—105W, 40N—48N) — HPD
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Figure 13. (a) Time series of the annual average number of daily station reports for the
northern Rockies (115W-105W, 40N-48N) during the period 1948-1998 from the Hourly
Precipitation Database(HPD). (b) Time series of the frequency of measurable (>1 mm)
daily precipitation occurrence expressed as a percentage of the number of days in a year

for the northern Rockies (115W-105W, 40N-48N) as obtained from the HPD.
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Figure 14. Percent change of the mean frequency of measurable (> 1 mm) daily
precipitation occurrence between the period (1976-1998) and the period (1948-1975)
from the HPD. Results are expressed as a fraction of the number of daysin ayear (units:
percent). The contours are -5%, -3%, -1%, 1%, 3% and 5%. (a) Total observed change,
(b) PDO-related contribution to the observed change, (¢) AO-related contribution to the
observed change, (d) Residual (total observed change minus PDO-related and AO-related

contributions). Shading indicates areas where changes are significant at the 95% level.
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