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ABSTRACT

A historical record of Pacific Northwest (defined here as west of the CascadeMountains inWashington and

Oregon) heat waves is identified using theU.S. Historical Climate Network, version 2, daily data (1901–2009).

Both daytime and nighttime events are examined, defining a heat wave as three consecutive days above the

99th percentile for the maximum and minimum temperature anomalies separately. Although the synoptic

characteristics of the daytime and nighttime heat events are similar, they do indicate some differences be-

tween the two types of events. Most notable is a stronger influence of downslope warming over the Cascade

Mountains for the daytime events versus amore important role of precipitable water content for the nighttime

events, presumably through its impact on downward longwave radiative fluxes. Current research suggests that

the frequency and duration of heat waves are expected to increase in much of the United States, and analysis

of the heat events reveals that a significant, increasing trend in the frequency of the nighttime events is already

occurring in the Pacific Northwest. A heat wave occurred in 2009 that set all-time-record maximum tem-

peratures inmany locations and ranked as the second strongest daytime event and the longest nighttime event

in the record.

1. Introduction

Western Washington and Oregon (hereinafter re-

ferred to as the PNW) typically experience a mild

summer climate with few instances of extreme weather.

Nevertheless, the PNW suffered a heat wave in July

2009 that set all-time-high temperature records

throughout western Washington [e.g., Seattle–Tacoma

International Airport reached 39.48C (1038F)] and

shattered single-day maximum temperature records from

Medford, Oregon, to Bellingham,Washington. This event

was notable in that overnight minimum temperatures

were also high for over a week. We use this event as the

impetus to explore the frequency and magnitude of PNW

heat waves in the recent past. We examine the synoptic

pattern of these events as well as the trends in the record.

Heat waves are expected to increase in both intensity

and duration with global climate change (Clark et al.

2006; Kunkel et al. 2010; Meehl and Tebaldi 2004), and

the frequency of hot days is virtually certain to increase

(Allen et al. 2012). Heat waves have received worldwide

attention in the last couple of decades, especially re-

garding major events in Chicago, Illinois, in 1995 (e.g.,

Kunkel et al. 1996), Europe in 2003 (e.g., Beniston 2004),

and Russia in 2010 (e.g., Grumm 2011). Significant mor-

tality was associated with all three of these events.
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Heat is among the top weather-related causes of

mortality in the United States, responsible for 1500

deaths per year, on average (National Oceanic and At-

mospheric Administration 2012). A study by Hoshiko

et al. (2009), for example, found a statistically significant

(95% confidence level) 6% increase in California deaths

during the heat event of 2006. Despite this evidence,

many people have incorrect perceptions of weather dan-

gers and do not adequately prepare for these types of

hazards (Changnon et al. 1996). Additionally, parts of the

country that are historically not prone to extreme heat

waves, such as the PNW, are likely to experience greater

negative impacts on residents and increased mortality

because of the relative rarity of occurrence (McGeehin

and Mirabelli 2001; Meehl and Tebaldi 2004).

The vulnerability of PNW residents to heat waves is

twofold: residents often lack effective cooling measures

and are not acclimated to hot weather. The lack of

home air conditioning (AC) units in westernWashington

(Jackson et al. 2010; Davis et al. 2003) and western

Oregon is especially relevant considering the docu-

mented importance of AC as a protective factor in

preventing heat-related sickness and death (e.g., Reid

et al. 2009; Semenza et al. 1996; Naughton et al. 2002).

However, it is important to recognize that the use of AC

can bring an economic burden, particularly to the el-

derly who may be living on a fixed income (Luber and

McGeehin 2008) and are already vulnerable because of

their decreased tolerance for heat (Kovats and Hajat

2008). In a recent nationwide urban vulnerability study,

Reid et al. (2009) took many of these factors into ac-

count and found that parts of Washington’s Puget

Sound and Oregon’s Willamette Valley were highly

vulnerable to heat and that Pierce County, Wash-

ington, was among the 13 census tracts with the highest

heat vulnerability index values nationwide.

Understanding the impact of heat events on humans is

important, even for the PNW where heat waves tend to

be less severe than in many other parts of the country. A

preliminary examination of western Washington heat-

related hospitalizations (whichwere coded as ‘‘excessive

heat due to weather’’) since 1987 during the heat events

that we define in this study revealed that the longest-

lasting nighttime event (in 2009) and the warmest

nighttime event (in 2006) had the most hospitalizations,

suggesting that it is likely a combination of the intensity

and duration of the event that yields the greatest impact

on human health. Additionally, summers with heat events

as defined here were accompanied by about a 50% in-

crease in heat-related hospitalizations. Our analysis is by

no means exhaustive but it does illustrate that the PNW

does have measurable health impacts from heat, as has

also been reported upon by Chestnut et al. (1998) and

Jackson et al. (2010). The expectation that heat events

will increase in the future coupled with the vulnerability

of the PNW population to extreme heat means that heat

waves should remain a prominent issue in local climate

adaptation planning, primarily at the urban level.

There is not a one-size-fits-all definition of a heat

wave, although some combination of intensity and du-

ration is typically involved. Solomon et al. (2007) define

heat waves as temperature extremes of short duration.

The approach to defining a heat wave varies in the lit-

erature (e.g., Davis et al. 2004; Hajat et al. 2006; Lyon

2009), and accepted definitions for PNW heat waves are

lacking specifically. Both daytime and nighttime heat

waves are considered in this paper; warm nighttime

temperatures have been shown to have a greater in-

fluence on human health (e.g., Gershunov et al. 2011;

Bohr 2009; Kalkstein and Davis 1989).

The next section of this paper describes the data used

in this study, our definition of PNW heat waves, and our

analysis methods. The characteristics (intensity, dura-

tion, and timing) and trends identified in the PNW heat

events are presented in section 3. Section 4 reviews the

synoptic pattern of the daytime and nighttime heat

events, section 5 examines the relationship between our

heat events and several climate indices, and section 6

includes concluding discussion.

2. Region and events defined: Data

Our analysis is based on daily values of warm-season

(1 June–30 September; JJAS) maximum and mini-

mum temperatures for Washington and Oregon for

1901–2009 from the U.S. Historical Climate Network,

version 2 (USHCN v2), dataset (http://cdiac.ornl.gov/

ftp/ushcn_daily/). Daily National Weather Service

(NWS) Cooperative Observer Program (COOP) data

from Seattle–Tacoma International Airport and Portland

(Oregon) International Airport were added from the

National Climatic Data Center’s (NCDC) quality con-

trolled dataset. These two stations were added to ac-

count for the region’s two major population centers.

The region of analysis was restricted to west of the

CascadeMountains inWashington (1228W) andOregon

(1218W), since it is relatively homogeneous in its climate

and includes the bulk of the population in each state;

further considerations on station selection in the western

regions of the two states are described below. To define

our heat events, summertime temperature anomalies

were computed against the JJAS average for each sta-

tion, and then those anomalies were averaged together

for the whole region of study. This serves to minimize the

impacts of the changes in the number of stations available

over the period of analysis. Although fewer stations
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were included in the regional mean in the earlier part of

the record, a test using only the stations with a full 1901–

2009 record indicated that the heat events selected only

differed slightly from those selected using all stations,

regardless of the duration of the record.

The maximum and minimum temperatures were eval-

uated separately in order to define events as predom-

inantly daytime (Tmax) or nighttime (Tmin) events.

Although there are a variety of definitions of a heat

event, the 99th percentile as a threshold for identifying

extreme heat events has been used previously (e.g.,

Clark et al. 2006; Meehl and Tebaldi 2004). In addition,

using the 99th percentile allowed us to restrict the

analysis to the most extreme events but also included

enough events for the composite results to be mean-

ingful. Our specific definition of a heat wave is three or

more consecutive days above the 99th percentile for the

maximum [9.58C (17.18F)] or minimum [4.68C (8.38F)]
temperature anomalies. These thresholds were found

using the mean regional anomaly across all stations.

Therefore, the 99th percentile anomaly corresponds to

different temperature thresholds at each station, as

shown in Fig. 1.

While an initial test of dividing the region into smaller

subsets revealed that the strongest heat waves are

manifested across the entire region, concern about local

climate variations in the region, namely that the coastal

portion of Oregon and Washington tends to be cooler

than the inland portion, prompted further examination.

For this exercise, we relaxed our heat-event threshold

from the 99th percentile to the 95th percentile to get a

larger set of hot days for the 41 USHCN stations and the

2 COOP stations (a total of 321 and 340 days for Tmax

and Tmin days, respectively). We computed Pearson

correlation coefficients R for each station against the re-

gional average anomaly of the 95th-percentile hot days.

Four of the Tmin stations did not have statistically sig-

nificant correlations (at the 99% confidence level) with

the regional average. In other words, these stations did

not consistently have warm anomalies when the rest of

the region was warm. On the basis of these results, one

coastal station in Washington (Long Beach, 454748),

and three stations along the Oregon coast (Brookings,

351055; Newport, 356032, and North Bend, 356073) were

removed from the dataset. The Tmax correlations for

these four stations were statistically significant, but mar-

ginally so, and those stations were also excluded in the

analysis of Tmax events for consistency between the two

types. Our final regional heat wave analysis was based on

39 stations (Fig. 1).

The difference in the synoptic pattern between

the warm days and warm nights was examined by

FIG. 1. Circles representing the 37USHCNv2 stations and the 2 COOP stations used in the analysis with the (a) Tmax

and (b) Tmin 99th percentile thresholds for each station color coded (8C).
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constructing composites for all of the days above the

Tmax threshold (46 days) separately from composites

for all of the days in our Tmin events (61 days). The

500-hPa geopotential height, 850-hPa temperatures, total

precipitable water, and sea level pressure anomaly com-

posites (with respect to the 1981–2008 climatology) were

considered using data from version 2 of the Twentieth

Century Reanalysis Project (Compo et al. 2006, 2011).

The daily composites are the average of the 0000, 0600,

1200, and 1800 UTC values, meaning that the synoptic

conditions for the given calendar day are, in local time,

for 1700 Pacific daylight time (PDT) on the previous

calendar day to 1100 PDT on that calendar day. To ac-

count for UTC time, the Tmin event composites begin

on the actual calendar day of the heat event, but the

Tmax events were shifted forward 1 day to match local

PDT. Composite anomalies are considered statistically

significant (at the 95% confidence level) where they

exceed thresholds determined by t tests based on the

pattern in standard deviation in daily values for July–

August of 1951–2010, and assuming there is a single

degree of freedom for each of the individual heat waves

included in the composite. These thresholds were also

used as a measure of the statistical significance of dif-

ferences between composites for the Tmax and Tmin

events. We constructed 850-hPa vector wind compos-

ites using the mean field, rather than anomalies, and

determined the statistical significance as described

above for the wind speed only. In addition to com-

posites spanning the entire event, the synoptic patterns

of evolution of the Tmax and Tmin heat events were

examined by constructing composite images for the

first day of the 13 (15) Tmax (Tmin) events as well as

the day before, the last day, and the day after the event.

Finally, we removed five events that were present in

both the Tmax and the Tmin events and constructed

the same composites described above without the

overlapping events.

The number of pressure observations available to be

assimilated in the Twentieth Century Reanalysis dataset

increases with time over the period of record used here

(Compo et al. 2011). This implies that the atmospheric

fields used in our composites may include greater errors

in the early part of the record. We do not expect that to

compromise our results for two reasons. First, changes in

errors over the course of the twentieth century appear to

be modest for the Northern Hemisphere (e.g., Fig. 3a in

Compo et al. 2011). Second, assuming the errors are quasi

independent, there will be substantial cancellation in

their effects on composites because of the averaging. In

addition, we constructed Tmax and Tmin composites for

the events since 1948 using the National Centers for En-

vironmental Prediction–National Center for Atmospheric

Research (NCEP–NCAR) reanalysis (Kalnay et al. 1996)

and found very similar differences between the types

of events as shown using the Twentieth Century Re-

analysis. These supplementary composites are not pre-

sented here.

Extreme events such as heat waves are rare by defi-

nition, which complicates an analysis of trends. Here,

we use the Mann–Kendall (MK) test, a nonparametric

rank-based test for monotonic trend in a time series

lacking normal distribution. The MK test provides the

direction of the trend by calculating a z value, and the

sign indicates the direction of the trend (positive 5
increasing; negative5 decreasing). A significance p value

of 0.05 (95%confidence)was used to determine statistical

significance (Kendall 1955). To calculate trends, each

heat event must be quantified in a manner in which it can

be ranked and there must be at least 10 temporally sep-

arate cases. Each event was assigned a magnitude score,

defined as the mean temperature anomaly of the entire

event, a duration score, and a chronology rank.

The change from liquid-in-glass thermometers to

maximum–minimum temperature sensors (MMTS) in

the mid-1980s and urban growth at many of the stations

that make up the USHCN daily database have the po-

tential to impact estimates of the trends (Quayle et al.

1991). In recognition of this issue, we applied the

monthly USHCN temperature adjustments to our daily

data according to the breakpoints identified by NCDC’s

pairwise algorithm (Menne et al. 2009). The adjustments

specifically take into account the instrument switch to

the MMTS and any changes in microclimate surround-

ing the stations. The majority of the adjustments fell

between218 and 18C for Washington and Oregon with

the largest adjustment on the order of 38C.Weperformed

the trend analysis on the daily, adjusted dataset as well as

the unadjusted data (both shown in Figs. 2 and 3). Else-

where in the paper, only the unadjusted data were used.

We also examined the relationship between our heat

events since 1950 and the strength of several climate

indices, including ElNi~no–SouthernOscillation (ENSO),

the Pacific decadal oscillation (PDO), and so on, to help

determine the potential for anticipating heat events on

longer time scales.

3. Identified events and trends

Using the 99th-percentile threshold described above,

13 Tmax events (Fig. 2, black and red dots) and 15 Tmin

events (Fig. 3, black and red dots) were identified from

1901 to 2009. The Tmax and Tmin events occur exclu-

sively in July and August. The earliest Tmax (Tmin)

event began on 30 June (1 July) in 1942; the latest Tmax

event began on 10 August (1977), and the latest Tmin
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event began on 27 August (1935). The average start

dates for the Tmax and Tmin events were near the end

of July: 23 July and 26 July, respectively. Five of the heat

waves (in 1941, 1942, 1981, 2006, and 2009) were in both

the Tmax and Tmin sets; the other 18 individual events

were of just one type.

The severity of each event can be categorized in sev-

eral ways. Here, we rank each event both by average

anomaly and by duration (Tmax and Tmin events are

shown in the top and bottom of Table 1, respectively).

On average, the nighttime events (4 days) persisted 0.5

days longer than the daytime events (3.5 days). For

Tmax events, the 1981 event was the top ranked in

terms of intensity and duration. It is worth noting that

the 2006 event, ranking as the most intense nighttime

event but only tying for ninth in terms of daytime in-

tensity, occurred on the same dates as the California

and Nevada heat wave that was studied by Gershunov

et al. (2009) andHoshiko et al. (2009), among others. The

longest-lasting Tmin event, in 2009, had eight consecutive

days with minimum temperatures above the threshold.

The 2009 event was also notable for its high ranking in

both the Tmax and Tmin categories.

As seen in Figs. 2 and 3, applying the NCDC adjust-

ments to each individual station results in only slightly

different sets of heat events. The 99th-percentile thresh-

old anomaly for both the Tmax and Tmin events re-

mained the same, and most of the events identified

overlapped when using the two separate datasets. A

statistically significant (p 5 0.05) increasing trend in

frequency was found for both the unadjusted and ad-

justed Tmin events for the period of record. On the

other hand, no statistically significant trend was identi-

fied for either the unadjusted or adjusted Tmax events.

Trends in magnitude or duration were also not statisti-

cally significant for either the Tmax or Tmin events.

4. Synoptic weather patterns

Fivemeteorological fields were considered toward the

characterization of the regional circulation associated

with PNW heat waves. Our focus is on the periods of

extreme event, (i.e., the Tmax and Tmin days), and

discussion is also included on the typical evolution in the

fields over the course of the events.

a. 500-hPa geopotential heights

The 500-hPa geopotential height Z anomaly com-

posite for all of days in the Tmax events is shown on the

left-hand side (lhs) of Fig. 4a and is very similar to its

counterpart for all of the Tmin days in shape and pattern

(rhs of Fig. 4a). The difference is in the amplitude of

the 500-hPa Z anomalies: Tmax events have a higher-

amplitude ridge with a large area of anomalies greater

than 100m and a peak amplitude greater than 120m.

The Tmin events are associated with a smaller region of

anomalies exceeding 100m. The differences in heights

between the Tmax and Tmin events during the entire

duration of the event are near the ;20-m threshold of

statistical significance but are not quite over the threshold

for the sets to be statistically distinct from one another.

Still, the stronger 500-hPa ridge might be expected to

promote greater subsidence on the west side of the Cas-

cadeMountains for the Tmax events, relative to the Tmin

events. Stronger subsidence was indeed found in the

700-hPa omega anomaly composite for all of the Tmax

FIG. 2. The Tmax events based on the unadjusted and adjusted

daily USHCN data. The black dots represent the events that were

identified by both the adjusted and unadjusted data while the red

represents the event defined by the unadjusted only. The day of

year ranges from 180 (29 June) to 245 (2 September).

FIG. 3. As in Fig. 2, but for Tmin events. Blue dots represent the

events identified using adjusted daily USHCN data.
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days relative to the Tmin days (not shown). The

strongest anomalous sinking motion occurred through

central and northern Puget Sound extending north to

British Columbia, Canada, for the Tmax events (be-

tween 0.075 and 0.135 Pa s21) whereas the Tmin days

had lower omega anomaly values in that same region

(between 0.03 and 0.105 Pa s21). There was not any

anomalous sinking motion in western Oregon for the

Tmin events, and there was modest anomalous sinking

motion there for the Tmax events (between 0.015 and

0.045 Pa s21).

The evolution of the 500-hPa Z anomalies also shows

a consistently stronger 500-hPa ridge for the Tmax events

(Fig. 5). Even the day before the start of the daytime

event has Z anomalies between 140 and 160m (Fig. 5a),

and these anomalies strengthen on the first day of the

event (not shown). For theTmin event, the day before the

start of the event has considerably weaker anomalies av-

eraging between 100 and 120m (Fig. 5b), making the

difference between the Tmax and Tmin events statistically

significant. TheZ anomalies do strengthen on the first day

of the Tmin events (between 120 and 140 m), but they

are weaker and cover a smaller area than the Tmax Z

anomalies, resulting in statistically significant differences

between the two types of events (not shown).

Further analysis was carried out on the relationship

between themagnitudes of the 500-hPaZ anomalies and

the surface temperature anomalies on the first day of the

Tmax and Tmin events. An index for the former was

created by determining the maximum 500-hPa Z anom-

aly in the area with the largest signal in the composite

anomaly patterns (498–558N, 1318–1258W). A positive

relationship was found between the value of the highest

500-hPa Z anomaly and the average regional maximum

temperature anomaly (R-squared value of ;0.32). Es-

sentially no relationship (R-squared value of ;0.02) was

found between the 500-hPa Z and the temperatures for

the Tmin events. In other words, variations in the exact

location and amplitude of the 500-hPa Z anomalies do

not play as strong of a role in determining the intensity of

the Tmin events.

b. 850-hPa temperatures

The 850-hPa temperature anomaly composite for the

all of the days in the Tmax events features a peak value

of about 88C as compared with about 68C for the Tmin

events (Fig. 4b). The 28C difference between the two

types of events is at or slightly below the threshold

of statistical significance. The distinctions between the

850-hPa temperatures tend to be greater on the day

before the start of the heat waves (Fig. 6), during which

the peak anomalies on average are 38C greater for the

Tmax events than for the Tmin events (significant). This

difference tends to decrease over the course of the heat

waves and is not statistically significant by the last day of

the events.

c. Total precipitable water

The total precipitable water (PW) anomalies for all

of the days composing the Tmax events (lhs of Fig. 4c)

are positive over most of Oregon and negative over

Washington. Only a small area of the positive PW anom-

alies, mainly over southern Oregon, is statistically signifi-

cant, however. On the other hand, the composite for all

of the Tmin days (rhs of Fig. 4c) includes statistically

significant positive anomalies over a larger area of west-

ern Oregon and positive anomalies over the study region

as a whole. These PW differences between the Tmin

and Tmax events are marginal; composite anomalies are

significant at magnitudes of about 1.5–2kgm22, and the

differences between the Tmax and Tmin composites are

less than that.

TABLE 1. The start date, average temperature anomaly (8C), and
total duration (days) for the Tmax and Tmin events. A ranking for

the intensity and duration for each event is also listed.

Year

Start

date

Avg

anomaly

(8C)
Intensity

rank

Duration

(days)

Duration

rank

Tmax event

1911 15 Jul 10.5 11 3 —

1926 9 Jul 10.6 9 3 —

1928 22 Jul 11.0 6 4 3

1941 13 Jul 11.5 4 5 1

1942 30 Jun 11.6 3 4 3

1956 18 Jul 10.4 12 3 —

1961 11 Jul 11.5 4 3 —

1971 9 Aug 9.9 13 3 —

1972 6 Aug 10.7 7 3 —

1977 10 Aug 10.7 7 4 3

1981 7 Aug 12.5 1 5 1

2006 22 Jul 10.6 9 3 —

2009 28 Jul 12.1 2 3 —

Tmin event

1906 11 Jul 5.1 11 5 4

1935 27 Aug 5.1 11 3 —

1941 14 Jul 6.9 2 6 3

1942 1 Jul 6.4 3 3 —

1981 8 Aug 5.7 6 4 5

1990 11 Aug 5.1 11 3 —
1993 3 Aug 4.9 15 3 —

1994 21 Jul 5.2 10 3 —

1995 18 Jul 5.1 11 7 2

1998 26 Jul 5.6 7 3 —
2006 22 Jul 7.7 1 3 —

2007 21 Jul 5.6 7 3 —

2007 11 Jul 5.4 9 3 —

2008 15 Aug 5.9 5 4 5

2009 26 Jul 6.1 4 8 1
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FIG. 4. Composite anomalies of (left) all Tmax event days and (right) all Tmin event days for (a) 500-hPa

geopotential heights (m), (b) 850-hPa temperatures (K), (c) total PW (kg m22), and (d) SLP (Pa). Shaded

areas showwhere the t statistic for the compositemean indicates anomalies that are significantly different from

zero at the 95% confidence level, assuming a single degree of freedom for each heat wave.
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The composites showing the evolution of the events

indicate greater PW in general for the Tmin events than

for the Tmax events (Fig. 7) and are significantly different

from each other on the day before the start of the event

and on the last day of the event. The PW anomalies are

negative for the Tmax events on the day before the

event throughout Washington and Oregon (from21 to

24 kgm22; Fig. 7a) and are statistically significant. This

pattern remains similar for the first day of the event (from

21 to 23 kgm22 anomalies over western Washington

and northernOregon; not shown), but with a smaller area

of statistical significance on the border of Washington

andOregon extending off the coast. For the Tmin events,

positive PWanomalies exist off the coast of the study area

and in southern Oregon on the day prior to the Tmin

events (1–2 kgm22; Fig. 7c), although only the positive

anomalies farther off the coast are significant. Positive

PW anomalies do develop over the study area for the

Tmax events on the last day, and a small area of those

anomalies is statistically significant in western Oregon

and in southern British Columbia (Fig. 7b). The ter-

mination of the Tmin events is associated with greater

moisture totals with a larger area of statistical significance

(Fig. 7d). For both types of heat waves, there is in general

moistening over the course of the events.

d. Sea level pressure

Both Tmax and Tmin events are characterized by

positive sea level pressure (SLP) anomalies over the

continental United States and Canada and negative

anomalies for the PNW extending westward over the

Pacific Ocean, as shown in the composites for all of the

Tmax days versus all of the Tmin days (Fig. 4d). This

setup brings about a low-level flow of warm, conti-

nental air to western Washington and Oregon. There

are discernible differences between the two types of

events. In particular, the negative SLP anomalies over

the Pacific Ocean through the study area, and the positive

anomalies inland, are stronger in the Tmax versus Tmin

events over their lifetimes as a whole. Themagnitudes of

these differences are about 1 hPa, which is below the

FIG. 5. The composite anomaly 500-hPa Z pattern (a) the day

before the Tmax events and (b) the day before the Tmin events.

Shading is as described in Fig. 4.
FIG. 6. As in Fig. 5, but for the 850-hPa temperature pattern.
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threshold (about 2 hPa) for statistical significance. The

nature of these SLP dipoles and the differences between

types of events continue throughout the evolution of

the event (not shown). On the day before the start of

the event and on the first day, the Tmax positive SLP

anomalies over British Columbia are significantly larger

(greater than 2hPa) than the Tmin positive anomalies in

the same region. On the last day of the event, the Tmax

negative SLP anomalies throughout Washington and

northwestern Oregon are significantly larger than those

for the Tmin events. More information on the thermally

induced low pressure that can develop in the coastal re-

gion of the PNW is provided by Brewer et al. (2012).

e. 850-hPa vector wind

The mean composites for all of the Tmax days versus

all of the Tmin days for the 850-hPa vector wind (Fig. 8)

reveal similar wind directions (northeasterly over

Washington andOregon) for both types of events. There

are stronger winds off the coast and over Oregon for the

Tmax events. These differences are marginal in most

locations averaged over the course of the events, with

a difference between 0.8 and 1m s21 needed for statis-

tical significance. As with the SLP anomalies, the dis-

tinctions in the strength of the 850-hPa flow anomalies

between the Tmax and Tmin events tend to be greater

near the start and lesser near the end of the events.

The 850-hPa flow is statistically significantly stronger for

the Tmax events on the day before the start of the event

and on the first day of the event, by 2–2.5 and 1–2m s21,

respectively. Both types of events feature a transition to

anomalous northwesterly flow by the last day. The moist-

ening that occurs at that time (as illustrated in Fig. 7) ap-

pears to be due in general to the cessation of strong sinking

motion rather than the low-level advection of relatively

moist air from the south.

FIG. 7. The composite PW anomalies for (a) the day before the Tmax events, (b) the last day of the Tmax events, (c) the day before the

Tmin events, and (d) the last day of the Tmin events. Shading is as described in Fig. 4.
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f. Composites without overlapping events

Todrawout the distinctions between theTmax andTmin

heat events, the five overlapping events (1941, 1942, 1981,

2006, and 2009) are removed, resulting in composites of all

of the days in the remaining 8 (Tmax) and 10 (Tmin) events.

Note that the events removed were the strongest (Table 1),

resulting inweaker composite fields inmany cases. The 500-

hPa Z, for example, showed weaker Z anomalies for both

the Tmax and Tmin composites but retained the difference

between the Tmax and Tmin events at;20m (not shown).

There were some notable differences, and the com-

posites for the PW (Figs. 9a,c) and SLP (Figs. 9b,d)

without the five overlapping events are presented here.

For PW, the Tmax events are drier over Washington by

1–2 kgm22 relative to the composite that uses all of the

events (Fig. 9a). This is not statistically significant, in

part because the smaller sample size of eight means the

signal must be larger to reach the 95% confidence level,

but does show an increase in the magnitude and area of

negative PW anomalies relative to the composite in-

cluding the overlapping events. For the Tmin events, the

magnitude of the positive PW anomalies is 2–3 kgm22

greater over Oregon and the extent of the statistically

significant anomalies is larger as well (Fig. 9c).

The differences in the SLP anomalies without the

overlapping events can help explain the changes in the

PW fields. Relative to the composites with all of

the events, the Tmax events exhibit much stronger posi-

tive SLP anomalies inland with statistical significance

extending farther west (Fig. 9b). This is lacking in the

Tmin events, and the inland high is muchweaker (Fig. 9d).

The stronger Tmax gradient in the SLP anomalies is

consistent with stronger downslope warming at low levels

(also reflected in the Tmax 850-hPa temperatures; not

shown) as compared with the Tmin events where the SLP

gradient is much weaker.

5. Teleconnections

Here, we examine the linkages between PNW heat

waves and large-scale, long-term (monthly and longer)

aspects of the atmospheric circulation. Forecasts of the

latter are being made by general circulation models for

seasonal weather prediction of mean temperature and

precipitation, and in principle there is the potential to

provide information on the relative odds of heat waves

for an upcoming summer season. A full investigation of

the feasibility of making seasonal predictions of heat

waves is outside the scope of the present study, but we

have taken a first step in assessing the strength of re-

lationship(s) between the episodic, extreme events

represented by PNWand the state of the climate system.

Our approach involved determining the mean and

standard deviation in the state of various climate indices

during the months in which our heat waves occurred

(since 1950). Our results represent simple composites

for our extreme events as opposed to a regression-based

analysis used by Guirguis et al. (2011) in a study of the

relationships between both warm and cold events in

winter with a variety of climate modes. The indices

considered here are as follows: ENSO, PDO, the

Arctic Oscillation (AO), the Pacific–North American

pattern (PNA), the North Pacific Gyre Oscillation

(NPGO), and the east Pacific–North Pacific pattern

(EP–NP). Each of these indices is standardized to zero.

The first four indices have been used in a large variety

of studies for characterizing the climate variability of

the PNW. The latter two may not be as familiar to most

readers but they do project on atmospheric variables in

the region of interest. A description of the NPGO is

provided by DiLorenzo et al. (2008), and the EP–NP is

FIG. 8. The mean composite for (top) all Tmax event days and

(bottom) all Tmin event days for the 850-hPa vector wind (m s21).

Images were provided by the National Oceanic and Atmospheric

Administration (NOAA) Earth System Research Laboratory/

Physical Sciences Division, Boulder, CO, from their Internet tool

(http://www.esrl.noaa.gov/psd/).
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described by Bell and Janowiak (1995) and Barnston

and Livezey (1987). The results are summarized in

Table 2.

PNW heat waves are in general related more strongly

to the EP–NP index than to the other climate indices

tested. This is especially the case for Tmax events, dur-

ing which the EP–NP was 0.86 in the mean. In com-

parison the mean value of the EP–NP was 0.44 for the

Tmin events. The positive phase of EP–NP features

positive midtropospheric Z anomalies over Alaska and

western Canada and an enhanced anticyclonic circula-

tion pattern over western North America, similar to the

synoptic pattern identified with our events. Further-

more, warmer-than-normal temperatures along the west

coast of the United States are associated with this pat-

tern. There was less correspondence between the other

indices and the occurrence of our heat events. There has

been a tendency for the AO to be negative during heat

waves, but only marginally so, especially during Tmin

events. The mean values of the PDO, PNA, and NPGO

FIG. 9. The composite (a),(c) PW and (b),(d) SLP anomalies for all of the (left) Tmax days and (right) Tmin days excluding the five

overlapping Tmax and Tmin events. Shading is as described in Fig. 4.

TABLE 2. Themean and standard deviation (in parentheses) of six climate indices during themonth of our defined heat events. Each index

is standardized to zero and has positive, negative, and neutral phases.

Ni~no-3.4 PDO AO PNA NPGO EP–NP

Tmax 0.08 (0.74) 20.19 (0.68) 20.31 (0.74) 0.00 (1.31) 0.37 (0.72) 0.86 (1.04)

Tmin 0.13 (0.44) 0.36 (1.19) 20.08 (0.29) 0.55 (1.13) 0.00 (1.24) 0.44 (0.71)

1628 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 52



indices were markedly different in a relative sense for

the Tmax and Tmin events. Since the characteristic at-

mospheric circulation patterns for the two kinds of heat

waves are not that different from one another, this lack

of consistency suggests these modes, at least on a

monthly time scale, are unlikely to provide reliable in-

formation about the prospects of PNW heat waves. On

the other hand, our results provide tentative evidence

that forecasts of lower or higher odds of their occurrence

may be practicable on the basis of projections of the EP–

NP or associated circulation anomalies on monthly to

seasonal time scales.

6. Discussion and conclusions

The composite patterns of atmospheric properties

associated with the Tmax and Tmin categories of heat

waves share many commonalities in the overall synoptic

pattern. For example, it is well appreciated by the local

forecasting community that PNW heat waves are asso-

ciated with prominent ridges in 500-hPaZ. On the other

hand, there were distinctions between the two categories

in terms of their mean atmospheric anomaly patterns. In

general, the differences between the two types of the

events were either not significant or only marginally so

when considering all of the days of the event, but sta-

tistically significant differences were found in the evo-

lution composites, especially for the early stages of the

events. The stronger 850-hPa winds, higher 500-hPa

geopotential heights, and larger SLP gradient over the

region for the Tmax events all support the idea that

downslope warming over the west side of the Cascade

Mountains is more important for the daytime events.

The positive relationship between the strength of the

500-hPa Z anomalies and the magnitude of the Tmax

regional anomalies also supports this finding.

Conversely, the Tmin events had a weaker 500-hPa

ridge throughout the event in addition to weaker 850-hPa

easterly winds, a weaker SLP gradient, and no relation-

ship between the strength of the 500-hPaZ anomalies and

the regional anomaly. The PW, however, was higher in

the Tmin events than in the Tmax events, suggesting

that the Tmin events are more related to downward

longwave fluxes, as mediated by moisture (and tempera-

tures) aloft. This hypothesis is supported by the rela-

tionship between PW and infrared sky temperature

measured by an IR thermometer (Mims et al. 2011).

While this relationship was not statistically significant in

the composites that included all of the days in the event,

the evolution composites indicated statistically signifi-

cant differences in PW between the Tmax and Tmin

events, and the composites that removed the over-

lapping events showed a greater distinction in moisture

between the two types. Note that more drastic moisture

differences between daytime and nighttime heat events

were found in California and Nevada (Gershunov et al.

2009). The weaker 850-hPa temperatures for the Tmin

events relative to the Tmax events is further evidence that

the nighttime events tend to be associated withmore than

just a strong ridge and warm temperatures aloft to be

consequential.

Most of the statistically significant differences be-

tween the two types of events occurred on the day before

the event and on the first day for all of the variables,

suggesting some implications for operational forecasting.

The output from model output statistics (MOS) has

comparable skill to that of NWS human forecasters dur-

ing typical weather, but that is not generally the case for

extreme events (Baars and Mass 2005). Successful fore-

casts for the latter require recognition of the character-

istic patterns in key atmospheric variables; the fields

described here may be especially valuable in an oper-

ational setting for discriminating between Tmax (e.g.,

stronger ridge and lack of moisture) and Tmin (e.g.,

higher humidity and weaker SLP gradient) events.

While we focused on the synoptic patterns of the

daytime and nighttime events here, we do recognize that

there is mesoscale variability from event to event. For

example, there may be terrain-driven downsloping dif-

ferences between events that are not apparent in our

composite analysis. Mesoscale differences were used, in

part, to determine the region to include in our analysis;

namely, the coastal range in Washington and Oregon

often acts as a barrier to the interior heat and hence

several coastal stations were not included. When those

temperatures do rise around coastal Washington, it is

typical for the coast to cool downmore quickly while the

Puget Sound region usually stays hot for an additional

1–2 days.

Over the historical record of heat waves in western

Oregon and Washington, the 2009 event stands out in

terms of the duration of minimum temperatures. The

2009 event was the only event in the record with eight

consecutive days above the 99th-percentile Tmin thresh-

old (Fig. 3). Prolonged events have been shown to in-

crease the impacts on human health (e.g., Sheridan and

Kalkstein 2004), making the 2009 event more significant

for our region. Despite this extreme, recent event, the

typical duration of a Tmin event has not systematically

changed over the period of record.

Our trend analysis revealed that the increase in the

frequency of Tmin events is the only significant trend

with respect to heat waves in the PNW. This finding,

together with the results of Gershunov et al. (2009),

suggests that this result holds for at least the west coast

of the United States. Trends in nighttime heat events
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are consistent with minimum temperatures increasing

throughout the twentieth century globally (e.g., Vose

et al. 2005) and in the region (Office of the Washington

State Climatologist 2012). It is therefore not surprising

to find this trend given that we used a constant threshold

for defining a heat wave in a nonstationary climate.

Perhaps more interesting then, is the lack of a significant

trend in magnitude or frequency among the Tmax

events. The most recent event in 2009 was the second

strongest event in terms of magnitude, which may lead

to a public misperception that daytime heat events are

increasing. It is premature to make that assertion for the

PNW based on the historical record presented here,

even though climate model simulations indicate future

increases in Tmax events in general (e.g., Clark et al.

2006; Meehl and Tebaldi 2004).

The focus of this study has been on historical heat

waves, but our results are also applicable to consider-

ations of future PNW heat waves. While it is beyond the

scope of the present work, it would be interesting to

examine whether the simulated historical record from

global and regional climate models replicates the ob-

served properties of the regional atmospheric circula-

tion associated with PNW heat waves. Their forecasts of

future regional patterns could answer questions about

the probable changes in the nature of these events. For

example, are these events likely to increase more in fre-

quency or in magnitude? Will future circulation patterns

favor more Tmax- or Tmin-type events? A characteriza-

tion based on the regional atmospheric circulation, which

in principle can be simulated by global-scale models,

would be complementary to a dynamical-downscaling

approach using high-resolutionNWPmodels (e.g., Salath�e

et al. 2008) or regional climate modeling efforts for the

western United States.

Acknowledgments. We thank Ann Lima at the

Washington State Department of Health for providing

the redacted hospitalization data for western Washington

and three anonymous reviewers for their thoughtful

comments that improved the manuscript. Assistance

from Matthew Menne and Claude Williams of the

National Climatic Data Center in providing the USHCN

v2 monthly adjustments is also greatly appreciated. The

U.S. Department of Energy’s Office of Science In-

novative and Novel Computational Impact on Theory

and Experiment program, the Office of Biological and

Environmental Research, and the NOAA/Climate Pro-

gram Office provide support for the Twentieth Century

Reanalysis Project dataset. Funding for this research

was provided in part by the State of Washington through

funding to the Office of the Washington State Clima-

tologist. This publication is (partially) funded by the

Joint Institute for the Study of the Atmosphere and

Ocean (JISAO) under NOAA Cooperative Agreement

NA10OAR4320148.

REFERENCES

Allen, S. K., and Coauthors, 2012: Managing the risks of extreme

events and disasters to advance climate change adaptation:

Summary for policymakers. CambridgeUniversity Press, 19 pp.

Baars, J., and C. Mass, 2005: Performance of National Weather

Service forecasts compared to operational, consensus, and

weighted model output statistics. Wea. Forecasting, 20, 1034–

1047.

Barnston, A. G., and R. E. Livezey, 1987: Classification, season-

ality, and persistence of low-frequency atmospheric circula-

tion patterns. Mon. Wea. Rev., 115, 1083–1126.

Bell, G. D., and J. E. Janowiak, 1995: Atmospheric circulation

associated with the Midwest floods of 1993. Bull. Amer. Me-

teor. Soc., 76, 681–695.

Beniston, M., 2004: The 2003 heat wave in Europe: A shape of

things to come? An analysis based on Swiss climatological

data and model simulations. Geophys. Res. Lett., 31, L02202,

doi:10.1029/2003GL018857.

Bohr, G. S., 2009: Trends in extreme daily surface temperatures

in California, 1950–2005. Yearb. Assoc. Pac. Coast Geogr., 71,

96–119.

Brewer, M., C. Mass, and B. Potter, 2012: The West Coast thermal

trough: Climatology and synoptic evolution. Mon. Wea. Rev.,

140, 3820–3843.

Changnon, S. A., K. E. Kunkel, and B. C. Reinke, 1996: Impacts

and responses to the 1995 heat wave: A call to action. Bull.

Amer. Meteor. Soc., 77, 1497–1506.

Chestnut, L. G., W. S. Breffle, J. B. Smith, and L. S. Kalkstein, 1998:

Analysis of differences in hot-weather-related mortality across

44 U.S. metropolitan areas. Environ. Sci. Policy, 1, 59–70.

Clark, R. T., S. J. Brown, and J. M. Murphy, 2006: Modeling

Northern Hemisphere summer heat extreme changes and

their uncertainties using a physics ensemble of climate sensi-

tivity experiments. J. Climate, 19, 4418–4435.

Compo, G. P., J. S. Whitaker, and P. D. Sardeshmukh, 2006: Fea-

sibility of a 100-year reanalysis using only surface pressure

data. Bull. Amer. Meteor. Soc., 87, 175–190.

——, and Coauthors, 2011: The Twentieth Century Reanalysis Pro-

ject. Quart. J. Roy. Meteor. Soc., 137, 1–28, doi:10.1002/qj.776.

Davis, R. E., P. C. Knappengerger, P. J. Michaels, and W. M.

Novicoff, 2003: Changing heat-related mortality in the United

States. Environ. Health Perspect., 111, 1712–1718.

——, ——, ——, and ——, 2004: Seasonality of climate–human

mortality relationships in US cities and impacts of climate

change. Climate Res., 26, 61–76.

Di Lorenzo, E., and Coauthors, 2008: North Pacific gyre oscillation

links ocean climate and ecosystem change. Geophys. Res.

Lett., 35, L08607, doi:10.1029/2007GL032838.

Gershunov, A., D. R. Cayan, and S. F. Iacobellis, 2009: The great

2006 heat wave over California and Nevada: Signal of an in-

creasing trend. J. Climate, 22, 6181–6203.

——, Z. Johnston, H. G. Margolis, and K. Guirguis, 2011: The

California heat wave 2006 with impacts on statewide medical

emergency: A space–time analysis.Geogr. Res. Forum, 31, 6–31.

Grumm, R. H., 2011: The central European and Russian heat

event of July–August 2010. Bull. Amer. Meteor. Soc., 92,

1285–1296.

1630 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 52



Guirguis, K., A. Gershunov, R. Schwartz, and S. Bennett, 2011:

Recent warm and cold daily winter temperature extremes in

the Northern Hemisphere. Geophys. Res. Lett., 38, L17701,

doi:10.1029/2011GL048762.

Hajat, S., and Coauthors, 2006: Impact of high temperatures on

mortality: Is there an added heat wave effect? Epidemiology,

17, 632–638.

Hoshiko, S., P. English, D. Smith, and R. Trent, 2009: A simple

method for estimating excess mortality due to heat waves, as

applied to the 2006 California heat wave. Int. J. Public Health,

55, 133–137, doi:10.1007/s00038-009-0060-8.

Jackson, J. E., andCoauthors, 2010: Public health impacts of climate

change in Washington State: Projected mortality risks due to

heat events and air pollution. Climatic Change, 102, 159–186.

Kalkstein, L. S., and R. E. Davis, 1989: Weather and human

mortality: An evaluation of demographic and interregional

responses in theUnited States.Ann. Assoc. Amer. Geogr., 79,

44–64.

Kalnay, E., and Coauthors, 1996: The NCEP/NCAR 40-Year Re-

analysis Project. Bull. Amer. Meteor. Soc., 77, 437–471.

Kendall, M. G., 1955: Rank Correlation Methods. 2nd. ed. Griffin,

196 pp.

Kovats, R. S., and S. Hajat, 2008: Heat stress and public health: A

critical review. Annu. Rev. Public Health, 29, 41–55.

Kunkel, K. E., S. A. Changnon, B. C. Reinke, and R. W. Arritt,

1996: The July 1995 heat wave in the Midwest: A climatic

perspective and critical weather factors. Bull. Amer. Meteor.

Soc., 77, 1507–1518.

——, X.-Z. Liang, and J. Zhu, 2010: Regional climate model pro-

jections and uncertainties of U.S. summer heat waves. J. Cli-

mate, 23, 4447–4458.

Luber, G., and M. McGeehin, 2008: Climate change and extreme

heat events. Amer. J. Prev. Med., 35, 429–435.

Lyon, B., 2009: Southern Africa summer drought and heat waves:

Observations and coupled model behavior. J. Climate, 22,

6033–6046.

McGeehin, M. A., andM.Mirabelli, 2001: The potential impacts of

climate variability and change on temperature-related mor-

bidity and mortality in the United States. Environ. Health

Perspect., 109 (Suppl. 2), 185–189.

Meehl, G. A., and C. Tebaldi, 2004: More intense, more frequent,

and longer lasting heat waves in the 21st century. Science, 305,

994–997.

Menne, M. J., C. N. Williams Jr., and R. S. Vose, 2009: The U.S.

Historical Climatology Network monthly temperature data,

version 2. Bull. Amer. Meteor. Soc., 90, 993–1007.

Mims, F. M., L. H. Chambers, and D. R. Brooks, 2011: Measuring

total columnwater vapor by pointing an infrared thermometer

at the sky. Bull. Amer. Meteor. Soc., 92, 1311–1320.

National Oceanic and Atmospheric Administration, cited 2012:

What is a heat index? Know when you just can’t sweat it

out. [Available online at http://www.noaa.gov/features/

02_monitoring/heatindex.html.]

Naughton, M. P., and Coauthors, 2002: Heat-related mortality

during a 1999 heat wave in Chicago. Amer. J. Prev. Med., 22,
221–227.

Office of the Washington State Climatologist, cited 2012: N.W.

temperature, precipitation, & SWE trend analysis. [Available

online at http://www.climate.washington.edu/trendanalysis/.]

Quayle, R. G., D. R. Easterling, T. R. Karl, and P. Y. Hughes,

1991: Effects of recent thermometer changes in the coop-

erative station network. Bull. Amer. Meteor. Soc., 72, 1718–
1723.

Reid, C. E., M. S. O’Neill, C. J. Gronlund, S. J. Brines, D. G.

Brown, A. V. Diez-Roux, and J. Schwartz, 2009: Mapping

community determinants of heat vulnerability.Environ. Health

Perspect., 117, 1730–1736.

Salath�e, E. P., R. Steed, C. F. Mass, and P. Zahn, 2008: A high-

resolution climate model for the U.S. Pacific Northwest: Me-

soscale feedbacks and local responses to climate change.

J. Climate, 21, 5708–5726.

Semenza, J. C., C. H. Rubin, K. H. Falter, J. D. Selaniko,

D. Flanders, H. L. Howe, and J. L.Wilhelm, 1996: Heat-related

deaths during the July 1995 heat wave in Chicago. N. Engl.

J. Med., 335, 84–90.

Sheridan, S. C., and L. S. Kalkstein, 2004: Progress in heat watch–

warning system technology. Bull. Amer. Meteor. Soc., 85,
1931–1941.

Solomon, S., D. Qin,M.Manning,M.Marquis, K. Averyt,M.M. B.

Tignor, H. L. Miller Jr., and Z. Chen, Eds., 2007: Climate

Change 2007: The Physical Science Basis. Cambridge Uni-

versity Press, 996 pp.

Vose, R. S., R. Easterling, and B. Gleason, 2005: Maximum and

minimum temperature trends for the globe: An update

through 2004. Geophys. Res. Lett., 32, L23822, doi:10.1029/

2005GL024379.

JULY 2013 BUMBACO ET AL . 1631


