








examine this we adopted the Plumb flux (Plumb 1985)

to reveal possible source regions for the stationary waves

in Fig. 11. In the horizontal plane, the Plumb flux (F) may

be expressed as
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where c9 is the geopotential streamfunction with the zonal

mean removed; p is the pressure level; a is the radius of

the earth; and f and l are latitude and longitude, respec-

tively, as was used in Barlow et al. (2001). The Plumb flux

diagnostic of stationary wave activity can capture the

tropics-to-midlatitude Rossby wave propagation resulting

from a tropical heating source.

The 200-hPa Plumb flux regressed with the leading

EOFs of x9Q are superimposed with the stationary eddies

in Fig. 11. In the warm phases of the Pacific QDO (Fig.

11a), a flux of stationary wave activity emanates from

the central tropical Pacific toward North America fol-

lowing the classic PNA great circle route (Karoly et al.

1989). However, during the transition phases of the

Pacific QDO (Fig. 11b), the flux of stationary wave ac-

tivity comes mainly from the western North Pacific with

weak influx from the central tropical Pacific. This signifies

the difference in source regions of the teleconnection

pattern between the warm/cool phases and the transi-

tion phases of the Pacific QDO. Note that the tropical–

extratropical connection is not solely reflected in the

stationary waves and so, may not be fully revealed by

Plumb flux analysis (Barlow et al. 2001). Wang et al.

(2010) contended that the moist teleconnection mecha-

nism (Neelin 2007), in which moist static energy is redis-

tributed and propagated through the divergent circulation,

may contribute to the tropical–extratropical teleconnec-

tion of the wave train. The results in Fig. 11 bring to light

the fact that precipitation in the Great Basin is modu-

lated by a teleconnection pattern that is distinct from the

classic PNA pattern.

4. Precipitation cycles in the preinstrumental
record

Despite the striking consistency among the quasi-decadal

cycles revealed from the eclectic analysis of various

FIG. 10. MTM coherence and phase of monthly DSST(Niño-4) with (a) EOF 1 and (b) EOF 2 of the transient moisture flux potential

(x9Q) lowpassed by 18 months (to eliminate seasonality) using three 2p tapers following Figs. 3d–f. The phase difference at the quasi-

decadal frequency in (b) has DSST(Niño-4) leading EOF 2 of x9Q by 908. (c) EOF 1 and (d) EOF 2 of the 10–15-yr bandpassed x9Q
superimposed with divergent water vapor flux (vectors). (e) and (f) Normalized eigencoefficients (solid curve) corresponding to (c) and

(d) superimposed with the bandpassed (e) DSST(Niño-4) and (f) precipitation in the Great Basin (shaded curves), with the correlation

coefficients and confidence levels shown in the upper left. The GSL is marked by a star in (c) and (d).
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hydrological variables, we take note that the short

observational time period with limited QDO episodes

may not represent enough degrees of freedom to have

enough statistical power with perfect confidence. In-

strumental precipitation data in the Great Basin only

date back to the 1890s, and the length of reliable at-

mospheric data is considerably shorter. Thus, proxy

precipitation constructed by tree-ring chronology was

used. Compiling the tree-ring records in northeastern

Utah, Gray et al. (2004) constructed a 776-yr precipi-

tation record from 1226 to 2001. Because the area where

the tree-ring samples were collected is a part of the GSL

watershed, it is reasonable to examine Gray et al.’s tree-

ring proxy precipitation in order to evaluate the sig-

nificance of the QDO and other low-frequency cycles

revealed from the GSL elevation and instrumental

precipitation data. The correlation coefficient between

the tree-ring precipitation and the annual precipitation

in the Great Basin from 1900 to 2001 is 0.72. The time

series of this tree-ring precipitation is shown in Fig. 12 as

a gray histogram smoothed by a 6-yr lowpass filter.

The power spectrums of the unfiltered tree-ring pre-

cipitation (Fig. 12c) show three significant modes, with

one covering the 150–200-yr frequency and the other

two corresponding to the 35–50- and 10–15-yr cycles of

the GSL elevation as was observed in Fig. 3b. The tree-

ring precipitation was then filtered by these three fre-

quency bands using the HW filter. The precipitation

QDO (thin solid line in Fig. 12a) prevails throughout the

776-yr period with varying amplitudes. The periods with

large QDO amplitude seem to follow the 150–200-yr

variation mode (thick solid line), as the precipitation QDO

amplifies (decays) during positive (negative) phases of

the 150–200-yr mode. To inspect this observation, we

computed the root-mean-square (RMS) of the precipi-

tation QDO within a 30-yr time span averaged for each

year (15 yr at the two ends), which generates a new time

series measuring the variability of the QDO with time

(dotted line). The RMS of the QDO appears to correlate

with the 150–200-yr mode with a correlation coefficient

of 0.82.

This 150–200-yr mode echoes the ‘‘secular mode’’ of

the GSL elevation pointed out by previous studies (e.g.,

LM95), and its uptrend during the twentieth century

coincides with the climate regime shift observed in the

hydrological cycle in the Colorado River basin (Hidalgo

and Dracup 2003) and the GSL volume change (Mann

et al. 1995) during the 1970s. The precipitation QDO

appears to amplify with the uptrend of the 150–200-yr

mode during the middle twentieth century. However,

the 150–200-yr mode had reached its peak around the

1990s after which it started to downtrend. It correlates

with the weakening signals of QDO in most of the hy-

drological variables after 1990 (Fig. 7). It will be of in-

terest to monitor if precipitation in the Great Basin

continues to follow such a tendency.

The 35–50-yr variation cycle of the tree-ring pre-

cipitation (Fig. 12b) appears to be a prominent climate

mode, as well, though it does not reveal an apparent

association with the other two cycles. This 35–50-yr cycle

is most pronounced between 1500 and 1650 and has

weakened since starting around 1650. Regardless, the

35–50-yr precipitation cycle is consistent with the 35–

50-yr cycle of the GSL elevation: since 1900, the three

peaks of the 35–50-yr cycle in the GSL elevation sys-

tematically trail the 35–50-yr cycle of the tree-ring pre-

cipitation by a quarter-phase (Fig. 12b lower right;

indicated by arrows). This again confirms the results of

LM95 that the GSL volume change is highly coherent

with precipitation in all frequencies. Noteworthy is the

implication made from such a coupling between the

GSL elevation and the precipitation cycles in that the lake

level fluctuations of the GSL during the period covered

by 1500–1600 would have been about 3 times larger than

FIG. 11. Horizontal patterns of bandpassed eddy streamfunction

at 200 hPa superimposed with vectors of the horizontal stationary

wave activity flux regressed upon the normalized coefficients of

(a) EOF 1 and (b) EOF 2 of bandpassed x9Q as in Figs. 10e,f. Vectors

of the Plumb flux below the 90% confidence level and zero con-

tours of the streamfunction are omitted. Positive (negative) areas

of streamfunction are darkly (lightly) shaded. The GSL is indicated

by a star.
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present times, resulting in as much as 5½ m (18 ft) of

lake level drop and rise in the GSL elevation once

every 35–50 yr!

Recent tree-ring chronologies have been developed to

reconstruct proxy indices for atmospheric circulation

patterns. The proxy PDO index constructed by Biondi

et al. (2001) for the time period of 1661–91 was exam-

ined to shed light on possible teleconnection factors

contributing to the precipitation variation in the Great

Basin. (The tree-ring reconstructed precipitation and

PDO proxies were provided by the NOAA/Paleoclima-

tology Program, see online at http://www.ncdc.noaa.gov/

paleo/recons.html.) The MTM coherence analysis be-

tween the tree-ring precipitation and the proxy PDO

index (Fig. 12d) reveals three peaks in the 30–50-, 10–15-,

and 4–5-yr frequency bands that are significant above the

90% confidence level. It is known that the PDO, which

depicts the North Pacific SST variability north of 208N,

contains both the interdecadal and interannual signals in

the tropical Pacific (Zhang et al. 1997; Mantua et al. 1997).

An increasing quasi-decadal signal in the late twentieth

century has also been noted in the PDO (e.g., Minobe

1999). Therefore, the three coherence zones in Fig. 12d

likely correspond to the PDO, QDO, and ENSO modes,

respectively. The result supports the existence of the hy-

drological QDO in the Great Basin. Moreover, it suggests

that the pronounced 35–50-yr cycle recorded in the GSL

elevation may be related to the PDO, though how this

relationship forms requires further investigation.

5. Conclusions

The variations of precipitation, streamflow, water

vapor flux convergence, and drought conditions in the

Great Basin are characterized by pronounced quasi-

decadal signals. The GSL integrates the hydrological

QDO and forms the distinct 12-yr cycle in lake level

fluctuations as was previously noted (LM95; Mann et al.

1995; and subsequent works). Multicentury records of

proxy precipitation constructed from tree rings show

that the magnitude of this quasi-decadal climate mode

has been exceptionally pronounced during the past half

FIG. 12. Tree-ring reconstructed precipitation over northeast UT (Gray et al. 2004) lowpassed by 6 yr (gray his-

togram) superimposed with (a) the QDO (thin solid curve), the 150–200-yr mode (thick solid curve), and the 30-yr

RMS of the QDO running through the data (dotted curve; see text). (b) As in (a), but superimposed with the 35–50-yr

mode (solid curve) and the GSL elevation (lower-right dashed curve), both bandpassed by 35–50 yr with the HW

filter. (c) The global wavelet power spectrum of the tree-ring precipitation from 1226 to 2001 superimposed with the

red-noise 99% significance level (dotted curve), following Figs. 3a–c. (d) MTM coherence between the tree-ring

precipitation and the proxy PDO index constructed by Biondi et al. (2001) from 1661 to 1991. The three frequency

bands corresponding to the PDO (interdecadal), QDO, and ENSO (interannual) modes are indicated.
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century. Under the assumption that the current climate

maintains its status, the pronounced hydrological QDO

in this region points to a potential for better long-range

(3–6 yr) climate prediction skills to develop based on its

cyclical character.

The coherence between the GSL elevation and the

Pacific QDO was examined. The precipitation QDO in

the Great Basin responds to recurring circulation pat-

terns over the Gulf of Alaska developing during the

warm-to-cool and cool-to-warm transition phases of the

Pacific QDO, which are embedded in an atmospheric

short-wave train dissimilar to the ENSO-like PNA pat-

tern. Such transition-phase circulation patterns induce

abnormal synoptic transient activities across the central

intermountain region, influence the water vapor flux

convergence and divergence, and modulate the precipi-

tation. Because of the quarter-phase (;3 yr) lag of the

GSL elevation behind the precipitation, and the quarter-

phase lag of the precipitation in the wake of the warm/

cool-phase Pacific QDO, the underlining processes lead

to a half-phase (;6 yr) delay in the GSL elevation from

the warm/cool-phase Pacific QDO (cf. Fig. 4). This causes

the opposite, yet coherent, phase relationship between

the GSL elevation and the Pacific QDO.

A proper monitoring of the status of the Pacific QDO

evolution may help predict the precipitation variation in

the Great Basin and the GSL elevation for subsequent

years. Previous studies using statistical models alone

(Lall et al. 1996; Abarbanel and Lall 1996; Moon and

Lall 1996) have demonstrated that the variations of the

GSL elevation may be forecasted for up to 4 yr. Those

studies have hinted, but have not explained, why it is

that the pronounced QDO in the GSL elevation con-

tributes to its relatively high predictability. The present

study goes one step forward in revealing the physical

link between the Pacific QDO and the hydrological

QDO in the Great Basin, providing insight to necessary

processes involved in developing long-range climate

prediction capabilities for the central intermountain

region.

It is well known that the teleconnectional impacts of

tropical and North Pacific variability on the western

United States climate are most significant in the North-

west and the Southwest—with the Great Basin located in

the marginal area (cf. Figs. 5 and 9a). The results of this

study suggest that the central intermountain region is

particularly sensitive to the atmospheric teleconnection

developed in the transition phases, rather than the warm

and cool phases, of the Pacific QDO. In fact, the strong

coherence between the GSL elevation and the Pacific

QDO serves to verify these processes, because of the

impossibility for the GSL to simultaneously respond

to any teleconnection pattern. The impact of such a

transition-phase teleconnection of the Pacific QDO (and

perhaps other oscillating modes) on the global hydro-

logical cycle deserves further attention.
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